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A B S T R A C T  
 

 

In this research, the microstructural evolution and creep behavior of a second-stage vane from a gas 

turbine after 1200 long-term cycles were evaluated through microstructural examinations and creep tests. 

Microscopic analyses revealed an increase in the volume fraction and size of secondary phases such as 
gamma prime and carbides. These microstructural changes led to the embrittlement of the investigated 

nickel superalloy. Hardness testing results indicated an increase in hardness from 420 Vickers to 480 

Vickers for the service-exposed vane after direct exposure to gas heat. Thermal analysis showed a 60°C 
decrease in the complete dissolution temperature, suggesting a need for repair or rejuvenation of the 

alloy. The growth of gamma prime precipitates through the shearing of dislocations and the coarsening 

of carbides due to the inhibition of grain boundary sliding resulted in an 11-hour reduction in creep life. 
The reference sample failed at a stress of 247 MPa and a temperature of 900°C after 40 hours with a 

strain of 9%. In contrast, the service-exposed vane exhibited a reduction in creep life and creep strain to 

29 hours and 4%, respectively. 
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1. INTRODUCTION 

 
Nickel-based superalloys have found indispensable 

applications, particularly in aerospace and high-

temperature environments such as turbine blades (1). The 

continuous pursuit of higher operating temperatures and 

improved performance in gas turbines has driven the 

development of these advanced materials. However, the 

service life of these alloys is significantly compromized 

by various factors including creep, fatigue, erosion, hot 

corrosion, and oxidation. These degradation mechanisms 

often interact synergistically, accelerating the 

deterioration process (2-5). Furthermore, microstructural 

evolution induced by severe service conditions such as 

high temperature and stress plays a crucial role in the 

degradation of these components (6). Next-generation 

nickel-based superalloys are widely used in the 

manufacturing of turbine blades and vanes (7-9). Their 

exceptional high-temperature properties make them 

suitable for challenging applications in the hot section 

components of turbines (8). However, prolonged 

exposure to harsh operational conditions can lead to the 

degradation of mechanical properties. To mitigate these 

challenges, ongoing research is focused on developing 

advanced superalloys such as the oxidation-resistant 

TMS-238 with improved performance characteristics 

(10). Previous research has extensively investigated the 

behavior of nickel superalloys. Tyagunov et al. (11) 

observed the formation of carbides and brittle phases in 

ZhS6U superalloy during prolonged exposure to high 

temperatures. Furthermore, studies by Tewari et al. (12) 

examined the impact of alloying modifications in ZhS6K 

superalloy, indicating that B/C modifications can 

enhance yield strength while potentially reducing 

ductility and tensile fracture properties. These previous 

investigations on ZhS6U and ZhS6K superalloys, which 

are pertinent to the broader family of nickel-based 

superalloys, provide a foundational understanding for 

evaluating the behavior of a next-generation nickel 

superalloy turbine component under direct exposure to 

gas heat from combustion in long-term operation, as 

explored in the present study. Addition of boron can 

significantly alter the microstructure and mechanical 

properties of the investigated nickel superalloy. The 

microstructure of nickel-based superalloys plays a crucial 

role in determining their mechanical behavior. In solid-

solution alloys, larger crystal grain sizes can lead to 

abnormal grain growth, resulting in reduced strength and 

fatigue resistance (5, 13). Moreover, grain boundary 

diffusion facilitates the diffusion of chromium (Cr) and 

carbon (C), depleting the matrix and compromising the 

formation of protective oxide layers (14-19). Such 

phenomena has increased susceptibility to hot corrosion, 

oxidation, and intergranular fracture significantly 

impacts alloy performance. In precipitation-hardened 

alloys, such as ZhS-family superalloys, the 

microstructural variations during working conditions 

become more complex. The size, distribution, and 

morphology of precipitates, such as gamma prime (γ′), 

significantly influence creep resistance. Coarsening of γ′ 

precipitates weakens the alloy by facilitating dislocation 

motion and leading to reduced creep resistance (2, 6, 20-

26). The formation of other detrimental phases, such as 

delta, sigma, and mu, can create lattice mismatches and 

initiate and accelerate crack propagation (16, 27). 

Additionally, the formation of chromium-stabilized 

secondary carbides at grain boundaries can deplete the 

matrix and promote γ′ precipitate growth, which can lead 

to the formation of creep voids and accelerated 

microstructural degradation. The microstructural features 

of Ni-based superalloys, including the solid solution (γ 

phase), primary carbides (MC type), and intermetallic 

precipitates (Ni3(Al, Ti) – γ′), significantly influence their 

mechanical properties (9). Larger precipitates and 

carbides can lead to reduced creep rupture life and 

increased fatigue crack initiation (9). While the presence 

of the γ′ phase generally improves mechanical properties, 

its impact can vary depending on the alloy composition 

and specific microstructure. For instance, in a specific 

single-crystal nickel-based superalloy, the presence of 

the γ′ phase had no significant impact on mechanical 

properties (28). Furthermore, undesirable microstructural 

features, such as segregation of alloying elements, can 

significantly compromise the desired properties. For 

instance, in Ni-Cr-Al-Ti alloys processed by laser 

powder bed fusion, segregation of solute elements to 

grain boundaries during processing can significantly 

affect consolidation behavior (29, 30).  

Turbine blades and vanes are critical components in 

gas turbines.  The microstructure of nickel-based 

superalloys plays a crucial role in determining their 

mechanical behavior. High-performance turbine 

components are typically manufactured from 

precipitation-strengthened nickel-based superalloys, 

which derive their exceptional high-temperature strength 

and creep resistance primarily from the controlled 

precipitation of ordered intermetallic phases, notably the 

γ′ phase.  

The relatively constant high-temperature 

environment prevailing in certain critical stages of a gas 

turbine, such as those exposed to sustained elevated 

temperatures, can accelerate microstructural changes in 

the vanes, leading to embrittlement and reduced 

resistance to impact, wear, and fatigue. This degradation 

can ultimately result in creep and premature failure of 

these critical components. It is significant to delve deeper 

into the changes that occur after long-term operations of 

expensive and critical parts in a gas turbine. Given the 

practicality of advanced single-crystal nickel-based 

superalloys, such as CMSX-4, it is very important to 

investigate their behavior quantitatively and qualitatively 

due to direct exposure to combustion chamber exhaust 
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gas. CMSX-4, as a prominent example of next-

generation superalloys, is characterized by its high 

refractory element content and precise gamma prime 

phase morphology, which contribute to its superior high-

temperature strength and creep resistance. 

While the degradation behavior of nickel-based 

superalloys has been extensively investigated in the 

literature, the majority of these studies have primarily 

focused on laboratory-scale, accelerated aging tests 

conducted on pristine materials. Such controlled 

experiments are valuable for understanding basic 

material behavior, they often fail to replicate the complex 

and synergistic effects of real-world service 

environments, which involve long-term thermal cycles, 

varying mechanical loads, and direct exposure to high-

temperature combustion gases. As a result, these studies 

may not fully capture the material degradation that occurs 

under the actual operating conditions encountered in 

service environments. 

The innovation of our study lies in its focus on a real-

world turbine vane made from a next-generation nickel 

superalloy (CMSX-4), which has undergone 1200 hours 

of long-term service in an operational gas turbine. This 

allows us to provide a unique and authentic dataset on the 

degradation mechanisms that occur under true 

operational conditions. Specifically, our research offers a 

novel contribution in the following ways: 

1. Investigation of a Realistic Degradation Profile: 

Unlike prior studies that typically focus on 

simplified laboratory conditions, our research 

analyzes the response of a full-scale turbine 

component to the complex combination of thermal 

cycling, mechanical stresses, and direct exposure to 

combustion gases. We have identified distinct 

degradation patterns between the hot-gas-exposed 

region and the trailing edge, which has been 

subjected to significantly different thermal histories. 

This nuanced degradation profile, which is directly 

relevant to service environments, is rarely captured 

in laboratory-based studies. 

2. Multi-Scale Characterization and Cause-and-

Effect Relationship: 

Our study employs a comprehensive suite of 

advanced characterization techniques, including 

optical microscopy (OM), field-emission scanning 

electron microscopy (FESEM/EDS), X-ray 

diffraction (XRD/Rietveld analysis), differential 

scanning calorimetry (DSC), hardness testing, and 

creep testing. Through this multi-technique 

approach, we have established a direct cause-and-

effect relationship between the observed 

microstructural evolution (e.g., γ' phase dissolution 

and carbide coarsening) and the corresponding 

changes in mechanical properties, including creep 

resistance. This level of multi-scale analysis 

provides a more detailed and confident 

understanding of the degradation mechanisms, 

surpassing the scope of previous studies that often 

relied on fewer or less comprehensive methods. 

3. Real-World Implications for Turbine 

Component Longevity: 

By studying a turbine component subjected to real-

world operational conditions, our work bridges the 

gap between fundamental materials science and 

practical engineering applications. We provide 

crucial insights into the material's performance 

under service conditions, which is essential for 

predicting the longevity and reliability of turbine 

components. This research not only advances our 

understanding of the material degradation processes 

but also contributes valuable data to the development 

of more reliable turbine components and better 

maintenance strategies. 

 
 
2. EXPERIMENTAL 
 

This study investigated a turbine vane that had undergone 

approximately 1200 operational cycles during its service 

life. Each cycle simulated real-world gas turbine 

conditions involving thermal and mechanical loading . 

During each cycle, the turbine vane was heated to a peak 

temperature of approximately 1000 °C. The vane was 

held at this peak temperature for around 1200 hours, 

corresponding to the steady-state operation phase of the 

engine. Following this hold period, the component 

experienced a controlled cooling stage with a gradual 

temperature decrease during flight. The cooling was 

completed by a rapid quench during engine shutdown, 

which contributed to thermal gradients within the 

material. In addition to thermal cycling, the turbine vane 

was subjected to significant mechanical stresses 

throughout its operation. These stresses originated from 

centripetal forces due to high-speed rotation and from gas 

pressure loads within the turbine. The simultaneous 

exposure to elevated temperature and mechanical loading 

imposed complex thermo-mechanical conditions on the 

component, which are fundamentally different from 

those encountered in typical laboratory tests. The 

cumulative effect of these thermal and mechanical cycles 

led to microstructural changes in the turbine vane, 

including γ′ phase dissolution and carbide morphology 

evolution. These phenomena were investigated to 

understand the long-term degradation behavior under 

realistic service conditions. Figure 1 shows an image of 

the turbine vane  before service exposure (reference 

sample) and after exposure to service. As observed in 

Figure 1, a significant portion of the initial coating on 

these vanes has degraded during service operation. In the 

initial phase of this study, the chemical composition of 

the turbine vane  and the reference sample was analyzed 

using optical emission spectroscopy. This analysis 
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revealed that the turbine vane was fabricated from a 

nickel-based superalloy known as a next-generation 

nickel superalloy. Table 1 presents the weight percentage 

of the selected components. 

Phase analysis of the investigated nickel superalloy 

was conducted using a Siemens D-500 X-ray 

diffractometer. The XRD analysis employed Cu Kα 

radiation with a voltage of 20 kV, a wavelength of 

λ=0.154 nm, and a current of 30 mA. For microstructural 

characterization, samples were cut from the service-

exposed turbine vane and  the reference sample. 

Microstructural studies were carried out using an 

Olympus optical microscope and a TESCAN MIRA3 

field emission scanning electron microscope (FESEM) 

equipped with an energy-dispersive X-ray spectroscopy 

(EDS) system, both manufactured by Czech Republic. 

 

 
Figure 1. Reference sample and service-exposed turbine 

vane 

 

 
TABLE 1. Chemical composition of both the reference sample and service-exposed vane was determined in terms of weight percentage 

Elements Ni C Cr Co Mo Al Ti Si Fe Re Ta B W Hf 

Reference Sample Base 0.07 6.80 9.40 0.75 5.29 1.52 0.03 0.11 2.91 6.66 0.01 6.70 0.11 

Service Exposed Vane Base 0.06 6.35 8.91 0.60 5.25 1.16 0.01 0.17 2.92 6.55 0.01 6.65 0.95 

 

 

Prior to analysis, samples were meticulously polished 

with sandpaper up to 3500 grit and then subjected to 

microetching on the damaged sample according to the 

ASTM E404-2015 standard, and electropolishing for the 

undamaged sample. The etching solution consisted of 

170 ml phosphoric acid, 10 ml sulfuric acid, and 16 g 

CrO3. Samples were electropolished in this solution at 5 

volts for 5-7 seconds (20, 31, 32). Hardness 

measurements were conducted using the Vickers method, 

with an average of five indentations recorded for each 

sample. Rietveld refinement analysis was employed to 

accurately calculate the weight percentage and determine 

the crystallographic information of the present phases. 

This analysis was performed using the MAUD software. 

The quality of the Rietveld refinement was evaluated 

based on the "sigma" and "R" factors. Throughout the 

Rietveld analysis in this study, the sigma and R values 

were consistently below 2 and 10, respectively, 

indicating the reliability of the quantitative analysis. 

Additionally, all peaks were effectively covered by the 

CIF cards of different phases. In summary, the 

combination of XRD, SEM, EDS, and Rietveld 

refinement analyses provided comprehensive insights 

into the phase composition and structural features of the 

sample. To determine the temperature at which liquid 

formation occurs, the initial melting temperature of the 

phases was investigated using differential scanning 

calorimetry (DSC) with a Netzsch STA449 F3 Jupiter 

device in an argon environment. The sample was heated 

at a rate of 20 °C/min up to 1500 °C.  The sub-size creep 

tests were conducted using a SANTAM STM-20M2 

creep testing machine under constant uniaxial tensile 

stress conditions. The test temperature was maintained at 

900°C, and a constant stress of 247 MPa was applied 

throughout the experiments. These conditions were 

carefully selected to simulate the high-temperature 

mechanical environment typically experienced by 

turbine vanes during service . The creep specimens were 

extracted from both the service-exposed turbine vane and 

the reference material, and all samples were prepared 

using consistent machining and surface finishing 

procedures to ensure the reliability of the comparison. 

The specimens were designed and machined in 

accordance with the specifications for sub-size 

specimens as per ASTM E139 standard, with a gauge 

length of 25 mm and a gauge diameter of 5 mm. 

 

 

3. RESULTS AND DISCUSSION 
 

Figure 2 presents OM images of the microstructure in the  

referenve sample of the vane, which was subjected to 

lower temperatures and was not in direct contact with 

heat. In the microstructural examination of turbine 

components such as blades and vanes, regions such as the 

root and areas experiencing lower stress and temperature- 

like the bolt region in vanes- are commonly considered 

as reference points, representing microstructures similar 

to new, unexposed component (31). Figure 2(a) shows 

the metallographic image of that region after polishing 

without any etching. Blocky precipitates with 

morphologies consistent with MC carbides are clearly 
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observed on grain boundaries and within grains. 

Although optical microscopy primarily reveals 

morphological features, the blocky shape and distribution 

of these precipitates, combined with the known phase 

formation tendencies of nickel-based superalloys- where 

MC carbides are typically the first to from- strongly 

support their indentification as MC carbides. MC 

carbides are the primary solidification phase in such 

alloys and, due to hydrostatic tension from the 

surrounding melt during solidification, they exhibit 

diverse morphologies (20, 31). Similar observations of 

MC carbides morphology and distribution have been 

reported in previous studies, supporting our 

interpretation (20). Another prominent feature in this 

image is the grain boundaries that have not coarsened, 

where fine precipitates consistent with secondary M23C6 

carbides appear discontinuously. optical microscopy 

reveals their morphology and distribution patterns, and 

their finer size and discontinuous presence on grain 

boundaries, along with the established metallurgy of 

nickel-based superalloys under prolonged elevated 

temperatures, strongly indicate their identity as M23C6 

carbides. This observation aligns with previous  findings 

indicating that such secondary carbides contribute to the 

material’s high-temperature strength and reflect an 

absence of severe thermal exposure or microstructural 

degradation that could jeopardize the component's 

integrity (20). In Figure 2(b), besides the primary MC 

carbides, dense regions rich in γ' precipitates are visible. 

Given their fine size and high density, it can be inferred 

that this microstructural zone was not subjected to high-

temperature fields capable of causing significant 

microstructural evolution. Figure 2(b) also highlights 

regions marked with a red circle containing dense, 

uncoarsened minute features (or fine, unresolved 

precipitates). Due to the resolution limits of optical 

microscopy, these appear as high-density areas; however, 

their precise morphology and phase cannot be 

conclusively identified at this magnification. 

Figure 3a shows an unetched OM image of the 

service-exposed turbine vane  region in the damaged 

area. This image reveals no voids or creep cavities, nor 

any cracks resulting from structural changes. However, a 

notable feature in Figure 3a is the increased volume 

fraction of carbides. Unlike gamma prime, which 

 
 

  
Figure 2. OM images of the low-damage region of the vane 

in this study: (a) high magnification; and (b) low 

magnification 

typically undergoes coarsening and/or dissolution during 

high-temperature service, the observed increase in the 

secondary M23C6 carbide volume fraction is attributed to 

thermal exposure promoting their precipitation, 

consumption of matrix elements for their formation, or 

perhaps slight carburization, if applicable. This change in 

carbide distribution and quantity can significantly 

influence grain boundary integrity or overall mechanical 

properties. Figure 3a clearly illustrates an increased 

volume fraction of secondary M23C6 carbides. This 

observation is made by direct comparison with the 

microstructure of the reference sample (Figure 2a), which 

represents the as-received state or less thermally affected 

region of the material. The elevated temperature 

exposure during service has evidently promoted further 

precipitation of these carbides. Carbides are coalescing 

along interdendritic regions and approaching each other. 

Typically, the volume fraction of secondary carbides 

increases due to long-term aging or service conditions. 

Under these conditions, with high temperature and 

applied stresses, diffusion finds favorable conditions. 

Under these circumstances. MC carbides, which are the 

primary source of carbon in the structure, begin to 

dissolve according to reaction 1 and form M23C6 

carbides, stabilizing them. In this case, microstructural 

observations (Figures 2a and 3a) suggest a 

transformation process where chromium, molybdenum, 

and tungsten may react with carbon to form complex 

chromium-based carbides. This is consistent with the 

widely reported reaction in the literature for such alloys 

(20, 31):  

MC + γ = M23C6 + (MC)Transformed  (1) 

In fact, by consuming carbon and γ, the volume 

fraction of secondary precipitate phases will increase. 

With the decomposition of the primary MC carbide, 

titanium and niobium present in the structure are released 

(32). The released carbon combines with chromium to 

form complex M23C6 carbides. With the depletion of 

chromium from the γ matrix, γ becomes unstable, and 

conditions are created for nickel to participate in the 

formation of γ'. (32). The titanium released from MC 

reacts with nickel in the matrix to form Ni3Ti (32). As 

this process continues, if Al is released from the γ matrix, 

a complex γ' phase is formed. Otherwise, the formation 

of a blocky η phase is possible. The overall description 

of this issue can be summarized in reaction 2 (31). 

MC + γ = M23C6 + γ'                (2) 

The coarsening of carbides and their coalescence to form 

a carbide film, along with the growth of γ' precipitates, 

can be seen in Figure 3b. Along the grain boundaries of 

the carbides, a eutectic carbide structure is evident. The 

presence of hafnium and tungsten usually stabilizes 

eutectic structures, which limit and reduce the dissolution 

temperature (33). Since eutectic phases are the last phases  
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Figure 3. OM images of the high-damage region of the vane 

in this study: (a) low magnification; and (b) high 

magnification 
 

 

to form during solidification, they are the first to dissolve 

and, due to their presence, the dissolution temperature 

cannot be significantly increased as it would lead to local 

melting and structural damage (34, 35). 

Figure 4 presents FESEM images of the investigated 

nickel-based superalloy in both the reference sample and 

service-exposed conditions, providing insight into the 

microstructural evolution under operational stresses. In 

Figure 4(a), the image of the reference sample after 

electropolishing is shown. Electropolishing enhances the 

surface morphology by selectively removing material 

and revealing precipitate shapes more clearly, allowing 

the observation of cubic γ' precipitates characteristic of a 

virgin microstructure. These cubic γ' precipitates are 

well-known as the primary strengthening phase in nickel-

based superalloys and their morphology, size, and 

distribution critically influence the mechanical 

properties, especially at elevated temperatures (34, 36). 

The clear visualization of these cubic γ' precipitates in the 

FESEM image confirms the successful preservation of 

the initial heat-treated microstructure in the reference 

sample. Figure 4(b) presents the FESEM image of the 

nickel superalloy after 1200 service cycles, taken from 

the mid-span region of the 2nd stage vane. This image 

was intentionally obtained without electropolishing in 

order to capture the surface morphology and real 

operational microstructural state, including possible 

surface degradation, oxidation, or precipitate evolution 

under service conditions. Such an approach allows the 

investigation of γ' precipitate coarsening, morphological 

changes, and potential formation of secondary phases in 

a state representative of actual turbine service (35). It is 

important to note that surface etching was performed in 

separate samples to quantitatively assess the volume 

fraction of γ' precipitates, as etching enhances contrast 

between the matrix and precipitates. Typically, in the 

micrographs of the reference sample, a bimodal 

distribution of γ' precipitates is observed: primary cubic 

γ' precipitates, which tend to coarsen and slightly change 

morphology after aging, and secondary, nano-sized 

spherical γ' precipitates formed during prolonged aging. 

The primary precipitates are clearly visible even at 

moderate magnifications in FESEM images (34, 36), 

while the secondary precipitates, due to their nanoscale  

  
Figure 4. FESEM images of the Next- Generation Nickel 

Superalloy microstructure: (a) reference sample, and (b) 

service exposed vane 
 

 

dimensions, are discernible only at higher magnifications 

or using advanced characterization techniques such as 

FESEM. This bimodal γ' microstructure is essential for 

balancing strength and creep resistance in service 

conditions. In contrast, the investigated superalloy in this 

study exhibits a predominantly mono-phase and uniform 

γ' precipitate structure in the reference condition, which 

might reflect specific heat treatment parameters or alloy 

composition aimed at optimizing service performance. 

Such a uniform γ' distribution can also influence the 

hardness and creep properties, as finer and more uniform 

precipitates generally improve high-temperature 

mechanical behavior (34, 36). 

Table 2 presents the statistical results of the structural 

analysis of γ' precipitates. As can be seen, the volume 

fraction of γ' precipitates has increased by 5 %, and their 

average size has increased by approximately 230 nm after 

service. The small change in volume fraction and the 40 

% increase in precipitate size indicate that the component 

was subjected to high temperature and low stress fields. 

This is consistent with the fact that the reference sample 

is a vane and operates stationarily in the turbine, so it is 

naturally subjected to low stress, and the damage caused 

by high temperature is more significant. . Another point 

that can be inferred is that, despite the observed changes 

in the ́ γ precipitate content and size, the alloy maintained 

structural integrity under these service conditions for 

1200 cycles, suggesting a degree of physical stability 

within the operational limits, even with microstructural 

evolution.  

Figure 5 presents FESEM images of the MC carbide-

containing region in the Service-exposed vane after 

operational use, captured in both backscattered electron 

 
 

TABLE 2. Statistical results of the analysis of γ' precipitate 

characteristics in reference and service exposed vane 

Sample Condition 
Volume Fraction 

of ΄γ (%) 

Average size of 

΄γ(nm) 

Reference sample 43.72 530 ± 15 

Service Exposed Vane 48.86 763 ± 15 
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(BSE) mode (right) and secondary electron (SE) mode 

(left), accompanied by the elemental distribution map of 

the same area. These imaging techniques provide 

complementary insights, with BSE highlighting 

compositional contrasts and SE revealing surface 

morphology, thereby enabling a comprehensive 

microstructural characterization of the carbide phases 

and their surroundings. Although precise nanoscale 

modifications and subtle morphological deviations of the 

γ' precipitates (approximately 0.7 µm in size) remain 

challenging to resolve fully at this magnification scale 

(10 µm scale bar), a qualitative trend of γ' coarsening is 

evident. Notably, there is a discernible morphological 

transition from the initial well-defined cubic shape 

toward a more spheroidal form. This observation aligns 

with prior studies documenting γ' phase coarsening as a 

common microstructural evolution under prolonged 

high-temperature service conditions, which significantly 

influences mechanical properties such as creep resistance 

(37). The elemental distribution map further reveals 

significant enrichment of Ti and C within the carbide-rich 

regions, confirming the presence and remarkable stability 

of TiC carbides after 1200 service cycles. This finding 

corroborates earlier reports indicating that TiC carbides 

exhibit strong thermal stability, which plays a critical role 

in maintaining microstructural integrity during high-

temperature exposure (37, 38). The formation and growth 

of M23C6 carbides in this nickel-based superalloy are 

typically linked to the partial decomposition of primary 

MC carbides. During service, constituent elements 

initially stabilizing MC carbides—often Nb and Ta rather 

than Ti—are released into the matrix upon 

decomposition, providing the requisite elements for the 

nucleation and subsequent growth of M23C6 carbides. 

Existing literature suggests two primary transformation 
 
 

 
Figure 5. FESEM image in both BSE and SE modes along 

with an elemental map of the region 

pathways: direct conversion of MC carbides to M23C6 or 

a two-step transformation via an unstable M6C 

intermediate phase before stabilizing as M23C6 (37). 

Importantly, the stability of these carbides, attributed to 

their preferential localization at interdendritic sites, 

impedes grain boundary migration, thereby enhancing 

creep resistance and overall mechanical stability during 

high-temperature service (38). To quantitatively evaluate 

the chemical stability and elemental distribution within 

the carbides and their adjacent regions, EDS analysis was 

conducted on selected areas marked in Figure 5. This 

analysis confirms the compositional variations consistent 

with the aforementioned transformation mechanisms and 

phase stability, thereby providing a more comprehensive 

understanding of microstructural evolution in service-

exposed nickel superalloys. 

Based on the elemental maps, except for C and Ti 

which are highly concentrated in the M(Ti)C region, the 

remaining elements are well-distributed within the γ 

matrix. The Al elemental map clearly shows the 

enrichment of this element in certain regions, attributable 

to the growth and coarsening of γ' precipitates. Figure 6a 

presents the EDS spectrum and results for region A in 

Figure 5. The EDS results for this region confirm that it 

is the γ phase. The presence of Ti and Al in the analysis 

results for this region is due to the larger EDS analysis 

window compared to the region of interest, which 

includes contributions from the surrounding γ' 

precipitates. These observations also hold true for region 

B in Figure 5, which is also the γ matrix phase. For region 

C, based on the EDS results, it can be concluded that this 

carbide is of the MC type, given the absence of Cr, and is 

stabilized by Nb, Ti, W, and Ta. The EDS results for 

region D, which is another part of the same carbide, are 

very similar. Typically, during service, MC carbides 

undergo compositional changes, either directly or 

through intermediate phases like M6C, before 

transforming into M23C6. However, the observed stability 

in various regions of the carbide indicates that the carbide 

in question has not yet entered the dissolution stage. This 

supports the previous claim regarding the stability of TiC 

carbides. The EDS results for region E, as shown in 

Figure 6e, also confirms the presence of MC carbide 

stabilized by Nb, Ti, W, and Ta. 

The XRD and Rietveld analysis results in Figure 7 

reveal a significant increase in the gamma prime phase 

content of the in-service vane compared to the reference 

sample. This increase can be attributed to the structural 

and thermodynamic changes occurring in the 

investigated nickel superalloy during service. 

Thermodynamic laws support these changes. The 

increase in gamma prime and intermetallic phases 

signifies a decrease in the system's degrees of freedom 

(F), as predicted by the Gibbs phase rule. As the number 

of phases (P) increases, the system moves toward a new 

equilibrium state with greater stability. 
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F = C - P + 2 (3) 

Furthermore, the Gibbs-Helmholtz equation indicates 

that with increasing temperature and entropy during 

service, the Gibbs free energy (ΔG) decreases. A 

decrease in ΔG favors the formation of new and more 

stable phases, including the gamma prime phase . 

ΔG = ΔH – TΔS (4) 

T ΔS > ΔH (5) 

ΔG < 0 (6) 

 

 

 

 

 

 

 
Figure 6. EDS results of the marked regions in the FESEM 

image (Figure 5): (a) Region A, (b) Region B, (c) Region C, 

(d) Region D, and (e) Region E 
 

 

 
Figure 7. XRD and Rietveld analysis results of reference sample and service exposed vane 
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Rietveld results also confirm these findings, 

indicating significant microstructural evolution during 

service. Specifically, the gamma phase decreased from 

66.39 to 51.90 wt%, while the gamma prime phase 

increased from 29.51 to 42.30 wt%. This observed 

increase in the gamma prime phase content in the in-

service vane, while less common than coarsening, 

suggests that under these specific service conditions 

thermal cycles, there might be a driving force for 

additional precipitation from the supersaturated gamma 

matrix. This phenomenon, which represents a 

combination of continued precipitation and subsequent 

grain growth mechanisms during service, is influenced 

by various factors such as internal stresses due to 

temperature changes, the presence of alloying elements, 

and atomic diffusion within the crystal lattice. A 

comparison of the calculated lattice parameters for the 

gamma' phase also indicates a slight lattice expansion and 

the possibility of crystal defects in this phase. These 

substantial changes in the microstructure directly affect 

the mechanical properties of the vane, leading to reduced 

strength and increased creep. 

Figure 8 presents a schematic of the γ' precipitate 

growth mechanism. The corners of cubic γ' precipitates 

are more susceptible to diffusion due to lattice mismatch 

and the localized increase in surface energy. This 

phenomenon, which is well-documented in the literature, 

causes atoms to diffuse from the high-energy corners to 

the lower-energy interfaces, causing the precipitates to 

gradually become quasi-spherical (39). As the 

morphology of the γ' precipitates approaches a quasi-

spherical shape, external stress influences their 

preferential growth, a key characteristic of stress-induced 

directional coarsening, or rafting. This growth typically 

occurs perpendicular to the applied tensile stress 

direction, as the elastic strain energy is minimized by this 

specific orientation (40). Subsequently, the precipitates 

coarsen and preferentially become elliptical, marking the 

beginning of the rafting stage. The formation of these 

aligned γ' rafts leads to a significant decrease in the 

overall high-temperature mechanical properties and 

creep resistance of the superalloy (41). This behavior is 

attributed to the reduced interface area between the γ and 

γ' phases and the formation of continuous γ channels, 

which facilitate dislocation motion and bypass 

mechanisms. Our observations of γ' precipitate growth 

and rafting are consistent with the findings of other 

researchers who have studied the microstructural 

evolution of nickel-based superalloys under similar 

thermo-mechanical conditions (42, 43). The transition 

from a stable cubic morphology to a rafted structure is a 

crucial degradation mechanism in these alloys, directly 

impacting their service life. This highlights the 

importance of microstructural stability in maintaining the 

long-term performance of components exposed to high 

temperatures and mechanical loads. 

The solidification sequence of next-generation nickel 

superalloy was determined experimentally and is 

observed to be as follows: 

L → L + MC → L + MC + γ → L + MC + γ + γ' (7) 

This sequence was primarily established through 

DSC conducted on the as-cast samples, complemented by 

microstructural examination of the solidified structure. 

To determine the initial melting temperatures of the 

various phases, DSC heating curves were obtained for 

both reference sample and service-exposed vanes (Figure 

9). Results indicate that the initial melting temperatures 

of the γ + γ', γ + MC, and γ matrix phases did not exhibit 

significant changes between the reference sample and 

service-exposed vanes, which is consistent with FESEM 

results.  It is important to note that for typical nickel-

based superalloys, the gamma matrix generally has a 

melting point in the range of approximately 1350-1450 

ºC, while the gamma' phase has a solvus temperature 

(dissolution temperature) typically ranging from 1100-

1250 ºC, and its full melting occurs at higher 

temperatures, often very close to or overlapping with the 

gamma phase melting point, depending on composition. 

The observed increase in the overall melting temperature 

in the service-exposed vane indicates a shift in the 

thermodynamic equilibrium of the system. This shift in 

equilibrium can be attributed to the significant increase 

in the gamma' phase content during service, which alters 

the average composition and phase balance, thereby 

affecting the solidus/liquidus temperatures of the bulk 
 

 
 

 
Figure 8. Mechanism of morphology change and growth of γ' precipitates during service 



1838                                     A. Faraji et al. / IJE TRANSACTIONS B: Applications  Vol. 39, No. 08, (August 2026)   1829-1842 

 
 

 
Figure 9. DSC analysis results of reference sample and 

service exposed vanes 
 

 

material. Also, the increase in melting temperature in the 

service-exposed vane indicates a shift in the 

thermodynamic equilibrium of the system. This shift in 

equilibrium can be attributed to the significant increase 

in the γ' phase (20, 32). The formation and growth of the 

γ' phase lead to a decrease in the Gibbs free energy of the 

system, establishing a new equilibrium state. The 

thermodynamic mechanisms governing this process 

include a reduction in interfacial energy between 

different phases and a decrease in strain energy due to 

accommodating lattice mismatches (32, 34). It is 

important to note that these temperatures may exhibit 

some acceptable deviations due to the influence of 

thermal history. The DSC thermal lag, which is a constant 

independent of heating rate, can also affect the measured 

onset temperature of the melting peaks. Additionally, the 

models used in these studies tend to underestimate the 

experimental values. 

Figure 10 presents the hardness results of reference 

sample and service-exposed vane, elucidating the 

hardness changes during service. As observed, the 

hardness exhibited an approximate increase of 60 

Vickers, primarily attributed to the growth of gamma 

prime precipitates, their coalescence, and the formation 

of M23C6 carbide films. The coarsening of secondary 

precipitates led to the formation and strengthening of 

barriers against dislocation motion. The creation of these 

barriers and the subsequent restriction of dislocation 

movement hindered plastic deformation during the 

hardness test, a phenomenon previously reported in the 

literature (32). Plastic deformation during static loading 

in hardness testing is suppressed. While detrimental TCP 

phases such as sigma and mu phases are reported in the 

literature to affect hardness, in the current study these 

phases were not clearly detected by XRD or 

FESEM/EDS, likely due to their very low volume 

fraction. Therefore, the observed hardness increase is 
 

 
Figure 10. Hardness change in reference sample and service 

exposed vanes 

 

 

primarily attributed to the growth and coalescence of 

gamma prime precipitates and the formation of M23C6 

carbide films. These phases create significant obstacles 

to dislocation motion, contributing to increased hardness. 

The trapping of dislocations behind these obstacles 

resulted in increased hardness. Additionally, the high 

density of secondary phases increased the anti-phase 

boundary content, contributing to the overall hardness 

increase (44). This change in hardness led to a 

compromise in creep resistance and overall component 

performance. During high-temperature operation, a 

constant interplay between hardening and softening 

governs the creep life of the component. Excessive 

softening, due to plastic deformation, elongation, and 

severe contact with opposing equipment, can lead to 

catastrophic failure. On the other hand, excessive 

hardening can render the component unable to withstand 

stress, resulting in brittle fracture (44-46). Therefore, 

both reference sample and service-exposed vanes were 

subjected to creep tests. 

Figure 11 presents the creep test results for both the 

reference sample and service-exposed vane. Notably, the 

service-exposed vane exhibited a rapid and brittle failure 

compared to the reference sample. In the creep curve of 

the reference sample, all three creep regions are 

observable, whereas only regions 1 and 2 are evident in 

the service-exposed vane. The absence of the tertiary 

creep region in the service-exposed vane is a direct 

consequence of its brittle failure, which occurs without 

any significant necking. This behavior is attributed to the 

extensive microstructural changes that occurred during 

service, particularly the growth of gamma prime 

precipitates and the formation of continuous carbide 

films at grain boundaries. These microstructural changes 

significantly alter the deformation mechanism. The 

formation of carbide films, in particular, renders grain 

boundary sliding extremely difficult, if not impossible.  
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(a) 

 

 
(b) 

Figure 11. (a) Variation of creep properties, and (b) SEM 

images of the fracture surfaces of the reference sample and 

service-exposed vanes 

 

 

The resistance created against sliding induces a shift in 

the deformation mechanism, a phenomenon well-

documented in the literature (47, 48). Consequently, 

creep cavities form and coalesce at grain boundaries, 

leading to crack initiation. The rapid propagation of these 

cracks under high stress and temperature conditions 

results in the observed swift failure. Additionally, the 

formation of other cracks within the dendritic regions due 

to the interaction and shearing of dislocations and 

obstacles, as reported by other researchers (48, 49), 

further accelerates the failure process. The presence of a 

tertiary creep region in the reference sample, however, 

indicates a classic interplay between softening and 

hardening mechanisms, leading to a much longer creep 

life. This is consistent with findings in other studies on 

similar alloys (50). Furthermore, based on the SEM 

images, the reference sample exhibits numerous dimples 

indicative of ductile failure, characterized by significant 

energy absorption. This ductile failure is attributed to the 

nucleation, growth, and coalescence of creep cavities, 

which is consistent with stable crack propagation. The 

presence of these dimples and the distinct ductile fracture 

morphology confirm a more gradual failure process, with 

cracks propagating predominantly through the gamma 

matrix in a relatively dispersed manner. In contrast, the 

SEM images of the service-exposed vane reveal cleavage 

facets, which are typical of brittle failure and associated 

with rapid crack propagation and low energy absorption. 

This brittle behavior is consistent with both the absence 

of significant necking in the creep curve and the lack of 

a tertiary creep region, as previously discussed. This 

observed shift from a ductile to a brittle failure 

mechanism is a critical finding that is well-aligned with 

the documented effects of long-term thermal exposure on 

nickel-based superalloys (49, 50). The formation and 

growth of gamma prime precipitates and the 

development of carbide films at grain boundaries 

contribute significantly to the observed creep resistance 

but also promote brittleness by inhibiting grain boundary 

sliding. This microstructural evolution is confirmed as 

the key factor underlying the shift from ductile to brittle 

failure in the service-exposed vane. 

As illustrated in Figure 11, the reference sample 

exhibited a creep life of 40 hours and a creep strain of 

9%. In contrast, the service exposed vane, due to 

degradation mechanisms, displayed a significantly 

shorter creep life of 29 hours and a creep strain of only 

4%. This substantial reduction in creep life clearly 

highlights the impact of degradation mechanisms on the 

material’s properties. 

 

 

4. CONCLUSIONS 
 

This study focused on the independent effects of direct 

gas heat exposure on the microstructure, mechanical 

properties and creep behavior of the Next- Generation 

turbine Nickel Superalloy after 1200 cycles of operation. 

The following results were obtained: 

1. Rietveld refinement was applied and the calculation 

indicated that the gamma prime phase increased 

from 29.51 to 42.30 wt.%, signifying precipitation 

and grain growth mechanisms during service.  
2. An increase in the volume fraction of carbides and 

the growth of γ’ precipitates were observed in the 
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superalloy microstructure after 1200 cycles of 

operation .  
3. The hardness of the superalloy increased from 420 

Vickers for the reference sample to 480 Vickers for 

the service exposed vane after 1200 cycles of 

operation. 
4. Thermal analysis revealed a significant 60°C 

decrease in the complete dissolution temperature 

after service exposure, indicating a reduction in the 

alloy’s overall thermal stability and suggesting the 

need for repair or rejuvenation. However, the onset 

melting temperatures of key phases remain largely 

unchanged, reflecting stable initial melting 

behavior under service conditions. 

5. The creep strain rate of the superalloy decreased 

after 1200 cycles of operation. 
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Persian Abstract 

ده یچک  
 ی هاو آزمون   ی زساختاریر  یهای بررس  ق یاز طر  مدت،ی کارکرد طولان  کلیس  1200گاز پس از    ن یپره مرحله دوم تورب  ک ی  یو رفتار خزش  ی زساختاریپژوهش، تحول ر  ن یدر ا

  ی زساختاریر رات ییتغ  ن یرا آشکار ساخت. ا دهایکاربو  میگاما پر ر ینظ هیثانو یو اندازه فازها یدر کسر حجم شیافزا یکروسکوپی م یزهای قرار گرفت. آنال ی ابیمورد ارز یخزش

را نشان داد.   سیپره تحت سرو  یبرا  کرزیو  480پره نو به    یبرا  کرز یو  420از    یسخت  شیافزا  یسنجی آزمون سخت  جی. نتادیگرد  یمورد بررس  کلی ن  اژ یسوپرآل  یمنجر به ترد

برش    ق یاز طر  می. رشد رسوبات گاما پرباشدی م  اژیآل  یایاح  ا ی  ریبه تعم  ازیاز ن  یساخت که حاک  انینما  اانحلال کامل ر  یدر دما  یگرادی درجه سانت  60کاهش    یحرارت   زیآنال

درجه    900  یمگاپاسکال و دما  247. پره نو در تنش  دیگرد  ی ساعته در عمر خزش  11ها، منجر به کاهش  ممانعت از لغزش مرزدانه   ل یبه دل  دهایشدن کاربو درشت   هایینابجا

 نشان داد. %4ساعت و  29به  ب یرا به ترت یو کرنش خزش یکاهش در عمر خزش  سیدچار شکست شد. در مقابل، پره تحت سرو %9ساعت با کرنش  40پس از   گرادیسانت
 
 


