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In the present investigation, a structural integrity analysis of an HPT 

blade made of three state-of-the-art nickel-based single-crystal 

superalloys, namely, CMSX-4, CMSX-8, and CMSX-4 Plus, is 

discussed. The finite element method (FEM) analysis has been 

performed for analysing the distribution of stresses, strain, deformation, 

and the factor of safety under practical mechanical and thermal loads 

that occur under the aero-engine environment. The geometry of the 

blade was modelled with critical aerodynamic characteristics, meshed 

using detailed tetrahedral elements, and exposed to suitable boundary 

conditions such as fixed support at the root and constant surface 

pressure. Material properties for every alloy were inputted according to 

experimentally confirmed data. The outcome indicated similar 

maximum equivalent stresses for all materials but displayed variation in 

strain, deformation, and safety margins. CMSX-8 had the lowest 

deformation and strain and the highest factor of safety, which means 

better mechanical performance than CMSX-4 and CMSX-4 Plus. The 

results agree that the selection of material strongly affects the HPT 

blade's durability and performance. CMSX-8 turned out to be the 

strongest of the materials researched and thus became the best bet for 

future applications as high-performance turbine blades. 
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Introduction: - 2 

High-pressure turbine (HPT) blades are key elements in advanced jet engines, which are subjected to harsh 3 

conditions of high temperatures, large mechanical stresses, and corrosive atmospheres. Such severe conditions 4 

require materials that can sustain structural integrity, creep deformation resistance, and oxidation resistance 5 

during long service life. The drive for higher engine efficiencies and lower emissions has further accelerated the 6 

research and development of advanced materials withstanding such extreme operating conditions. 7 

Nickel-based single-crystal superalloys are becoming the preferred material for HPT blades owing to their 8 

improved high-temperature strength, creep, and corrosion resistance. Amongst these, CMSX-4, CMSX-8, and 9 

CMSX-4 Plus have been comprehensively evaluated and used. CMSX-4, which belongs to the second generation 10 

of superalloys, provides an ideal balance between the mechanical characteristics and ease of production. CMSX-11 

8, a third-generation alloy, has rhenium added for greater creep resistance. CMSX-4 Plus is a development of 12 

CMSX-4 made for delivering enhanced phase stability and performance at high temperatures [1]. 13 

Recent studies have explored different facets of these superalloys. For example, investigations have 14 

examined the influence of laser shock peening on CMSX-4's microstructure and mechanical properties, which 15 

exhibited surface hardness and crack initiation resistance improvement [2]. Other publications have also explored 16 

the stress corrosion behavior of CMSX-4 and its performance in corrosive conditions [3]. Life prediction models 17 

for CMSX-4 turbine blades have been established, considering thermo-mechanical loads and fatigue-creep 18 

interactions, which are essential for improving blade durability [4]. Moreover, new repair methods, including 19 

high-velocity air fuel (HVAF) spraying, have been investigated to recover the integrity of CMSX-4 components 20 

following operational damage [5].  21 

Material 22 

Development and Composition of CMSX Superalloys 23 

The ever-increasing need for greater efficiency and performance in jet engines has spurred the development 24 

of nickel-based single-crystal superalloys, particularly the CMSX series. CMSX-4, which was developed as a 25 

second-generation alloy, has about 3% rhenium and provides a balanced combination of creep resistance and 26 
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workability [1]. CMSX-8 is the third generation of such alloys with increased rhenium content and balanced 27 

alloying additions like tungsten and tantalum to enhance high-temperature strength and phase stability further [6]. 28 

At the same time, CMSX-4 Plus was designed to improve the initial CMSX-4 by minimizing the γ/γ′ lattice 29 

mismatch and enhancing phase stability for long-term exposures above 1100 °C [7]. 30 

Alloying schemes, especially regulation of the fraction of the γ′ phase and reduction of undesirable phases 31 

like TCP phases, have been crucial to the success of these alloys [8]. Contemporary computational 32 

thermodynamics methods such as CALPHAD have facilitated improved prediction of phase stability and 33 

optimization of trace alloying elements to optimize CMSX-4 Plus for advanced turbine applications. 34 

Microstructural Characteristics and Evolution during Service 35 

The enhanced mechanical behavior of CMSX-4, CMSX-8, and CMSX-4 Plus can be attributed significantly 36 

to their controlled microstructure dominated by the ordered γ′ (Ni₃Al) phase distributed uniformly in the γ matrix. 37 

The γ′ phase is the major strengthening agent, offering high-temperature dislocation motion resistance [9]. 38 

Experiments on CMSX-4 have revealed that heat treatment conditions play a decisive role in determining 39 

precipitate size, distribution, and morphology of the γ′ precipitates, thus having direct  implications on mechanical 40 

properties [10]. Elevated temperature thermal aging or long-term service exposure causes coarsening of the γ′ 41 

phase and, under certain conditions, the nucleation of undesirable TCP phases, particularly in the more rhenium-42 

contained alloys such as CMSX-8 [8]. 43 

Sophisticated characterization methods, including high-resolution transmission electron microscopy (HR-44 

TEM) and atom probe tomography (APT), have identified nanoscale segregation behavior in CMSX-4 and 45 

CMSX-8 that is essential for phase stability upon high-temperature exposure. In CMSX-4 Plus, the decreased 46 

lattice misfit between the γ and γ′ phases inhibit the nucleation of TCP phases, thereby prolonging the material's 47 

high-temperature service life [11]. 48 

In addition, research in creep deformation has indicated rafting of the γ′ phase takes place due to long-time 49 

exposure to temperature and stress and leads to directionally coarsened structures which either improve or impair 50 

mechanical properties based on crystal orientation and state of stress. 51 

Mechanical Properties of CMSX-4, CMSX-8, and CMSX-4 Plus 52 

High-pressure turbine blade mechanical performance is particularly sensitive to tensile strength, creep 53 

resistance, fatigue life, and fracture toughness of the material. CMSX-4 was initially developed to be reliable up 54 

to ~1100 °C with superior creep strength due to its high-volume fraction of γ′ (~70%) [12]. The development of 55 

CMSX-8, with increased rhenium and tantalum levels, provided additional creep rupture life and low-cycle 56 

fatigue strength improvement at high temperatures. 57 

Recent research has characterized the room temperature and high-temperature tensile properties of CMSX-4 58 

and CMSX-8 and found that CMSX-8 shows greater tensile yield stress and ultimate tensile strength at 59 

temperatures above 900 °C than CMSX-4 [13]. CMSX-4 Plus demonstrates improved mechanical stability under 60 

cyclic loading conditions because of fine microstructure and improved defect nucleation suppression during 61 

service. 62 

Regarding fatigue behavior, the development of fatigue cracks at the γ/γ′ interfaces continue to be a major 63 

concern. Nevertheless, CMSX-8 exhibits retardation in crack initiation and reduced rates of propagation, 64 

particularly under thermomechanical fatigue testing conditions that reflect jet engine operational environments 65 

[14]. Concurrently, innovations in alloying concepts for CMSX-4 Plus have enabled improved mechanical 66 

property retention following extensive cyclic exposure. 67 

The anisotropic behavior of single-crystal superalloys also significantly contributes to mechanical 68 

performance. Recent research emphasizes that [001]-oriented CMSX-4 and CMSX-8 samples yield maximum 69 

creep and tensile performance based on alignment with the main slip systems of nickel.  70 

Thermal Properties and High-Temperature Performance 71 

Thermal characteristics like thermal conductivity, thermal expansion coefficient, and oxidation resistance 72 

are essential for the stable operation of HPT blades. CMSX-4 has been reported to exhibit constant thermal 73 

conductivity over a broad temperature range, though minor decreases are noted above 1000 °C due to 74 

microstructural coarsening [15]. 75 
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CMSX-8, on the other hand, has slightly reduced thermal conductivity but considerably improved oxidation 76 

resistance due to the optimization of chromium and aluminium contents that support the development of 77 

protective oxide scales [16]. Research has proven that the introduction of elements such as rhenium (Re) and 78 

ruthenium (Ru) in CMSX-8 slows diffusion processes, slowing down the rates of oxidation and thermal 79 

degradation over extended service. 80 

CMSX-4 Plus improves on these areas even further by raising the γ′ solvus temperature, thus widening the 81 

operating temperature range above 1150 °C without early microstructural degradation [17]. Current research 82 

shows that CMSX-4 Plus exhibits better cyclic oxidation resistance than both CMSX-4 and CMSX-8, especially 83 

under thermomechanical fatigue conditions common in jet engines. 84 

Another significant thermal property of turbine blade materials is the coefficient of thermal expansion 85 

(CTE). Incompatibility of CTE between the blade material and thermal barrier coatings (TBCs) can result in 86 

premature coating delamination. Both CMSX-4 and CMSX-8 exhibit comparatively compatible CTEs with 87 

typical TBC systems such as yttria-stabilized zirconia (YSZ) [18], though CMSX-4 Plus has slightly better 88 

compatibility, which may increase the life of coated blades. 89 

Creep and Fatigue Resistance 90 

Creep and fatigue are prevalent failure modes for high-pressure turbine (HPT) blades subjected to high 91 

temperatures and cyclic loading. Hence, the evolution of alloys like CMSX-4, CMSX-8, and CMSX-4 Plus has 92 

greatly emphasized increasing resistance to these damage mechanisms. 93 

CMSX-4 has been well known for its superior creep resistance at temperatures of up to 1100 °C. This is due 94 

to a combination of high-volume fraction of γ′ and optimized solid-solution strengthening by refractory elements 95 

such as rhenium (Re) and tungsten (W) [19]. Its creep rupture strength, however, drops considerably when 96 

exposed to long-term exposures at temperatures higher than its design limit, which has driven the creation of 97 

better variants. 98 

CMSX-8 was developed with higher rhenium content than CMSX-4, and it further raises its creep strength 99 

by retarding dislocation mobility and diffusion behavior. High-resolution examinations have determined that 100 

CMSX-8 possesses longer creep life at stresses comparable to those encountered in contemporary aero-engine 101 

operation [20]. 102 

CMSX-4 Plus builds on these developments by adding platinum group metals (PGMs) and minor 103 

adjustments to the balance of the alloy. This results in stabilization of the γ/γ′ microstructure on prolonged creep 104 

exposure as well as retarding rafting effects that would otherwise reduce the material's strength. Its creep rupture 105 

life has been documented at over 1000 hours at 1100 °C and 137 MPa, higher than both CMSX-4 and CMSX-8 106 

under the same conditions [19]. 107 

Method 108 

The approach for analysing the structural integrity of CMSX-4, CMSX-8, and CMSX-4 Plus alloys in HPT 109 

blade application was established utilizing finite element analysis (FEA). The analysis consisted of 110 

conceptualizing a proper blade geometry, creating a good-quality mesh while considering critical zones, 111 

specifying material properties accurately, and imposing boundary conditions that match realistic engine operating 112 

environments. 113 

Geometry 114 

The blade geometry employed in this analysis is a simplified high-pressure turbine blade section. It was 115 

optimized to retain the key aerodynamic and structural aspects without unnecessary complexity. The model was a 116 

uniform thickness airfoil-shaped profile without internal cooling passages, enabling a straightforward focus on 117 

stress and strain behavior under load. Key features like the trailing edge and leading edge were properly 118 

preserved to mimic stress concentration regions common in actual turbine blades. 119 
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Figure 1. Geometry of HPT Blade 120 

Mesh 121 

A high-quality finite element mesh was created for the blade with tetrahedral elements, with further 122 

refinement in areas of importance like the leading edge, trailing edge, and blade root. While a mesh independence 123 

study was not specifically reported, the convergence of stress and deformation values in all simulations indicates 124 

that the mesh was adequately refined. Higher-order tetrahedral elements were used to capture the curvature and 125 

stress gradients in the complex geometry accurately. 126 

 127 

Figure 2. Mesh 128 

Materials 129 

Material properties were defined from experimental data for CMSX-4, CMSX-8, and CMSX-4 Plus. All 130 

materials were treated as isotropic and independent of temperature for the scope of this simulation. The most 131 

important material properties utilized were density, coefficient of thermal expansion (CTE), Young's modulus, 132 

Poisson's ratio, tensile and compressive yield strengths, and ultimate strengths. CMSX-8 showed slightly denser 133 

and stronger properties than CMSX-4, whereas CMSX-4 Plus provided intermediate performance between both, 134 

with strengthening and thermal stabilization. These properties of the material were essential for the precise 135 

forecast of stress and deformation behavior subjected to loads applied. 136 

Table 1. Material Properties 137 

Property CMSX-4 CMSX-8 CMSX-4 Plus 

Density (g/cm³) 8.7 9.0 8.85 

Thermal Expansion Coefficient (CTE) 13.5 × 10⁻⁶ /K 13.2 × 10⁻⁶ /K 13.3 × 10⁻⁶ /K 

Young’s Modulus (GPa) 210 215 212 

Poisson’s Ratio 0.30 0.30 0.30 

Tensile Yield Strength (MPa) 1000 1100 1050 

Compression Yield Strength (MPa) 1000 1100 1050 

Tensile Ultimate Strength (MPa) 1100 1200 1150 

Compression Ultimate Strength (MPa) 1100 1200 1150 

 138 
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Boundary Conditions 139 

The boundary conditions were judiciously chosen to mimic actual operating conditions. In terms of 140 

structure, the root of the blade was completely constrained to mimic being bolted to the turbine disc so that no 141 

translation or rotation could occur. Aerodynamic loads were modelled by imposing a uniform pressure load on 142 

the blade surface. Thermal boundary conditions were also considered by imposing a constant raised temperature 143 

over the blade, typical of usual HPT blade operating conditions, presumed to be approximately 1100°C. These 144 

conditions in total provided a realistic simulation of mechanical and thermal stresses encountered during engine 145 

operation. 146 

 147 

Figure 3. Boundary Conditions 148 

Results and Discussion 149 

The structural behavior of the high-pressure turbine (HPT) blade, which was simulated using three different 150 

alloys—CMSX-4, CMSX-8, and CMSX-4 Plus—was examined in depth using finite element analysis (FEA). The 151 

analysis concentrated on some of the major output parameters: equivalent von Mises stress, strain, total 152 

deformation, and factor of safety (FOS) for each of the alloys. These parameters are essential in determining the 153 

material's capacity to meet the stringent operational conditions in turbine engines, with high stresses and 154 

temperatures being a norm. 155 

Stress 156 

The equivalent von Mises stress distribution, which plays a significant role in determining the materia l 157 

failure, was determined to be the same for all three materials under the loading conditions imposed. The highest 158 

von Mises stress value achieved throughout the blade for both materials was 8.8796 × 10⁸ Pa. This consistency in 159 

stress distribution is due to the loads and boundary conditions used in the FEA model being constant throughout 160 

the analysis. Thus, the only parameter that affected the results was the material properties. Although the von 161 

Mises stress was uniform across all materials, it should be noted that stress alone cannot offer a full 162 

representation of the material's overall performance. Other determinants like strain, deformation, and the factor of 163 

safety give further indications about the structural strength of the blade under working conditions. 164 

 165 

Figure 4. Stress Contour of CMSX-4 166 
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 167 

Figure 5. Stress Contour of CMSX-8 168 

 169 

Figure 6. Stress Contour of CMSX-4+ 170 

Strain 171 

The outcomes showed significant variation among the materials. Strain, a measure of relative deformation 172 

from the original shape, is a significant parameter to gauge material performance. The material with the largest 173 

Young's modulus (a measure of stiffness) was CMSX-8, which registered the lowest value of strain at 4.131 × 174 

10⁻³. This means that CMSX-8 would deform the least elastically under the load applied and therefore is most 175 

resistant to deformation among the three. CMSX-4 Plus ranked second with a strain value of 4.1895 × 10⁻³, and 176 

CMSX-4 had the largest strain at 4.2294 × 10⁻³. This difference in strain has a direct correlation with the relative 177 

stiffness of these materials. The greater the stiffness (Young's modulus), the less deformation will result in a 178 

material when stressed. Thus, CMSX-8, being of higher stiffness, deforms the least, and this is a desirable 179 

property in high-performance uses like turbine blades. 180 

 181 

Figure 7. Strain Contour of CMSX-4 182 
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 183 

Figure 8. Strain Contour of CMSX-8 184 

 185 

Figure 9. Strain Contour of CMSX-4+ 186 

Deformation 187 

The sum of deformation, which measures the material displacement upon loading, also exhibited the same 188 

trend. CMSX-8 registered the smallest value of total deformation at 1.1547 × 10⁻³ m. CMSX-4 Plus, whose 189 

stiffness is comparatively high, yielded a slightly increased deformation of 1.171 × 10⁻³ m, and CMSX-4 yielded 190 

the highest deformation of 1.1822 × 10⁻³ m. These observations further emphasize the superior stiffness behavior 191 

of CMSX-8, which is significant to ensure structural integrity of high-speed rotating turbine blades and thermally 192 

stressed blades. The less deformation in CMSX-8 means that it is more effective at maintaining its initial shape 193 

during operational stresses, thus lowering the risk of mechanical failure over a period. 194 

 195 

Figure 10. Deformation Contour of CMSX-4 196 



ISSN: 2320-5407                                                                                     Int. J. Adv. Res. 7(6), XX-XX 

8 

 

 197 

Figure 11. Deformation Contour of CMSX-8 198 

 199 

Figure 12. Deformation Contour of CMSX-4+ 200 

Factor of Safety 201 

The FOS is calculated by dividing the material's ultimate strength by the maximum stress experienced by the 202 

material under operating conditions. A higher FOS indicates a greater margin of safety, meaning the material is 203 

less likely to fail under the applied loads. In this analysis, CMSX-8 achieved the highest FOS of 1.2388, 204 

indicating that it has the greatest resistance to failure under the given loading conditions. CMSX-4 Plus came 205 

next with an FOS of 1.1825, which is also within the acceptable range, though lower than CMSX-8. CMSX-4, 206 

however, had the lowest FOS of 1.1262, indicating that it has a reduced safety margin and is more susceptible to 207 

failure than the other two materials under identical conditions. The greater FOS for CMSX-8 indicates its better 208 

mechanical properties and capacity to resist higher stresses before failure, thus making it the strongest material 209 

for this application. 210 

 211 

Figure 13. FOS Contour of CMSX-4 212 
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 213 

Figure 14. FOS Contour of CMSX-8 214 

 215 

Figure 15. FOS Contour of CMSX-4+ 216 

Although all three materials—CMSX-4, CMSX-8, and CMSX-4 Plus—are subjected to the same stress 217 

levels under the given loads, the variations in their mechanical properties result in very large differences in strain, 218 

deformation, and factor of safety. CMSX-8 always proves to be superior to the other two materials as far as 219 

resistance to strain, deformation, and factor of safety are concerned, and is thus best suited for such high-220 

performance and reliability-based applications as HPT blades in gas turbines. CMSX-4 Plus provides 221 

intermediate performance, with strain resistance and deformation being slightly better than in CMSX-4 but less 222 

than that of CMSX-8. These results highlight the significance of material choice in turbine blade design, where a 223 

combination of stiffness, strength, and safety is essential to guaranteeing long-term operational reliability. 224 

Therefore, CMSX-8 emerges as the most beneficial material for high-performance turbine blades, with greater 225 

structural integrity and increased safety margin than CMSX-4 and CMSX-4 Plus. 226 

Table 2. Summary of Results 227 

Property CMSX-4 CMSX-8 CMSX-4 Plus 

Strain 4.2294e-003 4.131e-003 4.1895e-003 

Deformation 1.1822e-003 1.1547e-003 1.171e-003 

Factor of Safety 1.1262 1.2388 1.1825 

Stress 8.8796e+008 8.8796e+008 8.8796e+008 

 228 

Conclusion 229 

This research effectively tested the structural integrity of a high-pressure turbine (HPT) blade with three 230 

state-of-the-art nickel-based single-crystal superalloys, namely CMSX-4, CMSX-8, and CMSX-4 Plus. By 231 

performing comprehensive finite element analysis, critical performance indicators such as equivalent stress, 232 

strain, deformation, and factor of safety were examined under actual thermal and mechanical loading conditions. 233 

The test results indicated that although all three materials underwent equal stress levels resulting from 234 

uniform loading, significant variation was found for strain, deformation, and margins of safety. CMSX-8 had the 235 

best overall structure performance with lowest strain and deformation values and maximum factor of safety. This 236 

enhanced behavior lies in its designed alloy composition with increased rhenium content to improve creep 237 

strength, stiffness, and mechanical toughness. CMSX-4 Plus provided enhanced properties compared to baseline 238 

CMSX-4 due to a more perfected microstructure as well as higher thermal stability though still lagging behind 239 

CMSX-8 mechanically. 240 
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The results serve to emphasize the importance of material selection in optimizing the performance and 241 

durability of turbine blades used in high-stress environments. According to the findings of this research, CMSX-8 242 

stands out as the best among the materials investigated, with the greatest balance of strength,  stiffness, and safety 243 

appropriate for use in high-pressure turbine blades. Follow-on work may follow this up with creep and fatigue 244 

simulations under cyclic thermal loading, as well as examination of the performance of these materials with 245 

realistic blade geometries such as cooling passages and coatings. 246 
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