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Abstract:

This study details a structural integrity evaluation of a high-pressure turbine (HPT)
blade made up of three nickel-based single-crystal superalloys, specifically CMSX-4,
CMSX-8, and CMSX-4 Plus. Finite element analysis was conducted to evaluate stress,
strain, deformation, and safety factor under real thermal and mechanical loading. Aero-
dynamic precision was simulated in blade geometry, discretized using tetrahedral
elements, and fixed root and surface pressure was applied. Material information was
used from experimental sources. Results showed similar levels of stress for all alloys, but
differences in strain and deformation were noted. CMSX-8 registered the lowest defor-
mation and highest safety factor, indicating better mechanical performance and
appropriateness as the material of choice for future high-performance turbine blades.
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1 Introduction

High-pressure turbine (HPT) blades are critical components of sophisticated jet en-
gines, which are exposed to severe conditions of high temperature, extensive
mechanical stresses, and corrosive environments. Such conditions necessitate materi-
als with the ability to maintain structural integrity, creep deformation resistance, and
oxidation resistance during extended service life. The compulsion for enhanced engine
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efficiencies and reduced emissions has also accelerated the development and research
on advanced materials to withstand such extreme operating conditions.

Nickel-based single-crystal superalloys are emerging as the material of choice for
HPT blades due to their enhanced high-temperature strength, creep, and corrosion
resistance. Of these, CMSX-4, CMSX-8, and CMSX-4 Plus have been exhaustively
tested and utilized. CMSX-4, a second-generation superalloy, has an optimal combina-
tion of the mechanical properties and ease of manufacture. CMSX-8 is a third-
generation alloy in which rhenium is added for increased creep resistance. CMSX-4
Plus is a product derived from CMSX-4 for providing improved phase stability and
performance at elevated temperatures [1].

Various aspects of these superalloys have been investigated by recent research
studies. Investigations, for instance, have looked into how the micro-structure and
mechanical properties of CMSX-4 are affected by laser shock peening, which showed
surface hardness and crack initiation resistance enhancement [2]. Other studies have
also investigated the stress corrosion behavior of CMSX-4 and its behavior in corro-
sive environments [3]. CMSX-4 turbine blade life prediction models have been
developed, with thermo-mechanical loads and fatigue-creep interactions in mind,
which are crucial for enhancing blade durability [4]. In addition, new approaches to
repair, such as high-velocity air fuel (HVAF) spraying, have been explored for the
recovery of the integrity of CMSX-4 components after service damage [5].

2 Literature Review

2.1 Development and Composition of CMSX Superalloys

The growing demand for more efficiency and performance in jet engines has provoked
the creation of nickel-based single-crystal superalloys, and most notably the CMSX
series. Developed as a second-generation alloy, CMSX-4 contains approximately 3 %
rhenium and offers a combination of creep resistance and formability [1]. CMSX-8 is
the third-generation alloy with higher rhenium content and balanced alloying additions
such as tungsten and tantalum to develop greater high-temperature strength and phase
stability [6]. Meanwhile, CMSX-4 Plus aimed to modify the initial CMSX-4 by reduc-
ing the y/y’ lattice mismatch and increasing phase stability for exposures greater than
1100 °C [7].

Alloying schemes, particularly control of the y’ phase fraction and elimination of
undesirable phases such as TCP phases, have been instrumental to success with these
alloys [8]. Modern computational thermodynamics techniques such as CALPHAD
have made possible more effective prediction of phase stability and trace alloying
element optimization to optimize CMSX-4 Plus for next-generation turbine applica-
tions.

2.2 Microstructural Characteristics and Evolution during Service

The improved mechanical performance of CMSX-4, CMSX-8, and CMSX-4 Plus is
largely due to their microstructure with controlled ordered y’ (NisAl) phase with
a uniform distribution in the y matrix. The v’ phase is the strengthening agent, provid-
ing resistance to dislocation motion at high temperatures [9].

Experiments on CMSX-4 have revealed that heat treatment conditions play a de-
cisive role in determining precipitate size, distribution, and morphology of the vy’
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precipitates, thus having direct implications on mechanical properties [10]. Elevated
temperature thermal aging or long-term service exposure causes coarsening of the y’
phase and, under certain conditions, the nucleation of undesirable TCP phases, particu-
larly in the more rhenium-contained alloys such as CMSX-8 [8].

Sophisticated characterization methods, including high-resolution transmission
electron microscopy (HR-TEM) and atom probe tomography (APT), have identified
nanoscale segregation behavior in CMSX-4 and CMSX-8 that is essential for phase
stability upon high-temperature exposure. In CMSX-4 Plus, the decreased lattice mis-
fit between the y and 7y’ phases inhibit the nucleation of TCP phases, thereby
prolonging the material’s high-temperature service life [11].

In addition, research in creep deformation has indicated rafting of the y’ phase
takes place due to long-time exposure to temperature and stress and leads to direction-
ally coarsened structures which either improve or impair mechanical properties based
on crystal orientation and state of stress.

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

High-pressure turbine blade mechanical performance is particularly sensitive to tensile
strength, creep resistance, fatigue life, and fracture toughness of the material. CMSX-4
was initially developed to be reliable up to ~1 100 °C with superior creep strength due
to its high-volume fraction of y’ (~70 %) [12]. The development of CMSX-8, with
increased rhenium and tantalum levels, provided additional creep rupture life and low-
cycle fatigue strength improvement at high temperatures.

Recent research has characterized the room temperature and high-temperature
tensile properties of CMSX-4 and CMSX-8 and found that CMSX-8 shows greater
tensile yield stress and ultimate tensile strength at temperatures above 900 °C than
CMSX-4 [13]. CMSX-4 Plus demonstrates improved mechanical stability under cyclic
loading conditions because of fine microstructure and improved defect nucleation
suppression during service.

Regarding fatigue behavior, the development of fatigue cracks at the y/y’ inter-
faces continues to be a major concern. Nevertheless, CMSX-8 exhibits retardation in
crack initiation and reduced rates of propagation, particularly under thermomechanical
fatigue testing conditions that reflect jet engine operational environments [14]. Con-
currently, innovations in alloying concepts for CMSX-4 Plus have enabled improved
mechanical property retention following extensive cyclic exposure.

The anisotropic behavior of single-crystal superalloys also significantly contrib-
utes to mechanical performance. Recent research emphasizes that [001]-oriented
CMSX-4 and CMSX-8 samples yield maximum creep and tensile performance based
on alignment with the main slip systems of nickel.

2.4 Thermal Properties and High-Temperature Performance

Thermal characteristics like thermal conductivity, thermal expansion coefficient, and
oxidation resistance are essential for the stable operation of HPT blades. CMSX-4 has
been reported to exhibit constant thermal conductivity over a broad temperature range,
though minor decreases are noted above 1000 °C due to microstructural coarsening [15].

CMSX-8, on the other hand, has slightly reduced thermal conductivity but con-
siderably improved oxidation resistance due to the optimization of chromium and
aluminum contents that supports the development of protective oxide scales [16]. Re-
search has proven that the introduction of elements such as rhenium (Re) and
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ruthenium (Ru) in CMSX-8 slows diffusion processes, slowing down the rates of oxi-
dation and thermal degradation over extended service.

CMSX-4 Plus improves on these areas even further by raising the y’ solvus tem-
perature, thus widening the operating temperature range above 1 150 °C without early
microstructural degradation [17]. Current research shows that CMSX-4 Plus exhibits
better cyclic oxidation resistance than both CMSX-4 and CMSX-8, especially under
thermomechanical fatigue conditions common in jet engines.

Another significant thermal property of turbine blade materials is the coefficient
of thermal expansion (CTE). Incompatibility of CTE between the blade material and
thermal barrier coatings (TBCs) can result in premature coating delamination. Both
CMSX-4 and CMSX-8 exhibit comparatively compatible CTEs with typical TBC
systems such as yttria-stabilized zirconia (YSZ) [18], though CMSX-4 Plus has slight-
ly better compatibility, which may increase the life of coated blades.

2.5 Creep and Fatigue Resistance

Creep and fatigue are prevalent failure modes for high-pressure turbine (HPT) blades
subjected to high temperatures and cyclic loading. Hence, the evolution of alloys like
CMSX-4, CMSX-8, and CMSX-4 Plus has greatly emphasized increasing resistance to
these damage mechanisms.

CMSX-4 has been well-known for its superior creep resistance at temperatures of
up to 1 100 °C. This is due to a combination of high-volume fraction of y* and opti-
mized solid-solution strengthening by refractory elements such as rhenium (Re) and
tungsten (W) [19]. Its creep rupture strength, however, drops considerably when ex-
posed to long-term exposures at temperatures higher than its design limit, which has
driven the creation of better variants.

CMSX-8 was developed with higher rhenium content than CMSX-4, and it fur-
ther raises its creep strength by retarding dislocation mobility and diffusion behavior.
High-resolution examinations have determined that CMSX-8 possesses longer creep
life at stresses comparable to those encountered in contemporary aero-engine opera-
tion [20].

CMSX-4 Plus builds on these developments by adding platinum group metals
(PGMs) and minor adjustments to the balance of the alloy. This results in stabilization
of the y/y’ microstructure on prolonged creep exposure as well as retarding rafting
effects that would otherwise reduce the material’s strength. Its creep rupture life has
been documented at over 1000 hours at 1 100 °C and 137 MPa, higher than both
CMSX-4 and CMSX-8 under the same conditions [19].

3 Methodology

The strategy for structural integrity analysis of CMSX-4, CMSX-8, and CMSX-4 Plus
alloys in HPT blade use was developed using the method of finite element analysis
(FEA). Analysis involved developing a suitable blade geometry, generating a good-
quality mesh accounting for key zones, defining material properties accurately, and
applying boundary conditions corresponding to realistic engine operating conditions.

3.1 Geometry

The blade geometry presented in Fig. 1 utilized in this analysis is a simplified high-
pressure turbine blade section. It was optimized to maintain the essential aerodynamic
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and structural features without redundant complexity. The model was a uniform thick-
ness airfoil-shaped profile without internal cooling passages, enabling
a straightforward focus on stress and strain behavior under load. Key features like the
trailing edge and leading edge were properly preserved to mimic stress concentration
regions common in actual turbine blades.

o Ansys s - Ansys
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Fig. 1 Geometry of HPT Blade [21]

3.2 Mesh

A high-quality finite element mesh (Fig. 2) was created for the blade with tetrahedral
elements, with further refinement in areas of importance like the leading edge, trailing
edge, and blade root. While a mesh independence study was not specifically reported,
the convergence of stress and deformation values in all simulations indicates that the
mesh was adequately refined. Higher-order tetrahedral elements were used to capture
the curvature and stress gradients in the complex geometry accurately.

NAnsys

2022 R1

Fig. 2 Refined Mesh of Geometry after Convergence analysis

3.3 Materials

Material properties were defined from experimental data for CMSX-4, CMSX-8, and
CMSX-4 Plus. All materials were treated as isotropic and independent of temperature
for the scope of this simulation. The most important material properties utilized were
density, coefficient of thermal expansion (CTE), Young’s modulus, Poisson’s ratio,
tensile and compressive yield strengths, and ultimate strengths. CMSX-8 showed
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slightly denser and stronger properties than CMSX-4, whereas CMSX-4 Plus provided
intermediate performance between both, with strengthening and thermal stabilization.
These properties of the material were essential for the precise forecast of stress and
deformation behavior subjected to loads applied. These properties of the material were
essential for the precise forecast of stress and deformation behavior subjected to loads
applied. Material properties are listed in Tab. 1.

Tab. 1 Material Properties

Property CMSX-4 CMSX-8 CMSX-4 Plus
Density [g/cm3] 8.7 9.0 8.85

Thermal Expansion Coefficient [CTE]| 13.5x 105K | 13.2x107%K | 13.3x107%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

3.4 Boundary Conditions

The boundary conditions were carefully selected to simulate representative operating
conditions of a high-pressure turbine blade. Structural constraint, the blade root, was
completely restrained to simulate attachment to the turbine disc to preclude translation
and rotation. Aerodynamic loading was simulated through imposition of uniform sur-
face pressure over the blade airfoil to simulate flow-induced loads. In Fig. 3 the red
colored surface is under action of force with arrow pointing to the direction of force
and the blue surface is fixed.

For thermal loading, rather than taking a constant temperature across the blade,
a prescribed one-dimensional parabolic temperature distribution along the blade span
was used. The temperature profile was specified (Eq. 1) as a function of the spanwise
coordinate s (from root at s =0 to tip at s = L):

T(s) = Tin + (T —ijn){l _[S;ZLT} 0

where Tin and Tmax are the root and tip blade temperatures, respectively. The parame-
ter a was approximately 0.33, indicating that the maximum temperature occurs at
about one-third of the blade length, consistent with observations for turbine blades.
The spread parameter b was adjusted so that the root and tip temperatures matched the
expected operating ranges of real turbine engines. The parabolic spanwise profile of
this thermal distribution is a better representation of the uncooled turbine blade ther-
mal environment than an assumption of uniform temperature. It guarantees that both
thermal stresses and associated factors of safety distributions more closely follow
physical expectations during service conditions. Such combined mechanical and ther-
mal boundary conditions provided a sound basis for analyzing structural performance
of considered alloys.
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Fig. 3 Boundary conditions

4 Results

The structural behavior of the high-pressure turbine (HPT) blade, which was simulated
using three different alloys, CMSX-4, CMSX-8, and CMSX-4 Plus, was examined in
depth using finite element analysis (FEA). The analysis concentrated on some of the
major output parameters: equivalent von Mises stress, strain, total deformation, and
factor of safety (FOS) for each of the alloys. These parameters play a crucial role in
determining the ability of the material to satisfy the stringent operating conditions
present in turbine engines, where high temperatures and stress are a norm.

4.1 Stress

The similar von Mises stress distribution, which is an important factor in deciding the
failure of the material, was found to be identical for each of the three materials under
the applied loading conditions. The maximum von Mises stress developed across the
entire blade for all materials was 8.496 x 10® Pa and stress distribution is identical as
can be observed from Figs 4-6.

M CMSKR
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Fig. 4 Stress Contour of CMSX-8
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Fig. 6 Stress Contour of CMSX-4

This uniformity in stress distribution is because the used loads and boundary
conditions of the FEA model are constant for the entire analysis. Therefore, the only
parameter that influenced the results was the material properties. The von Mises stress
was uniform for all the materials, even though. It must be remembered that stress itself
cannot provide a complete representation of the overall performance of a material.
Other factors such as strain, deformation, and factor of safety provide additional clues
regarding the structural strength of the blade during working conditions.

4.2 Strain

The results exhibited extreme variation between the materials. Strain, or relative de-
formation from initial shape, is an important parameter to measure material
performance. The material with the largest Young’s modulus (a measure of stiffness)
was CMSX-8, which registered the lowest value of strain at 3.952 x 10~ (Fig. 7). This
means that CMSX-8 would deform the least elastically under the load applied and
therefore is most resistant to deformation among the three. CMSX-4 Plus ranked sec-
ond with a strain value of 4.01 x 107 (Fig. 8). and CMSX-4 had the largest strain at
4.046 x 1073 (Fig. 9). This difference in strain has a direct correlation with the relative
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stiffness of these materials. The greater the stiffness (Young’s modulus), the less de-
formation will result in a material when stressed. Thus, CMSX-8, being of higher
stiffness, deforms the least, and this is a desirable property in high-performance uses
like turbine blades.
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Fig. 7 Strain Contour of CMSX-8
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Fig. 8 Strain Contour of CMSX-4+
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Fig. 9 Strain Contour of CMSX-4
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4.3 Deformation

The sum of deformation, which measures the material displacement upon loading, also
exhibited the same trend. CMSX-8 registered the smallest value of total deformation at
2.17x107* m (Fig. 10). CMSX-4 Plus, whose stiffness is comparatively high, yielded
a slightly increased deformation of 2.21 x 10™* m (Fig. 11), and CMSX-4 yielded the
highest deformation of 2.23x 10* m (Fig. 12). These findings again highlight the
better stiffness behavior of CMSX-8, important for maintaining structural integrity of
high-speed rotating turbine blades and thermally stressed blades. The reduced defor-
mation in CMSX-8 implies that it is more efficient in sustaining its original shape
during service stresses, hence reducing mechanical failure over time.
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Fig. 10 Deformation Contour of CMSX-8
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Fig. 11 Deformation Contour of CMSX-4+

4.4 Factor of Safety

The FOS can be computed by dividing the ultimate strength of the material by the
maximum operating stress the material experiences. The higher the FOS, the higher
the safety margin, and the material is less likely to fail under load. In this analysis,
CMSX-8 achieved the highest FOS of 1.2947 (Fig. 13), indicating that it has the great-
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est resistance to failure under the given loading conditions. CMSX-4 Plus came next
with an FOS of 1.2358 (Fig. 14), which is also within the acceptable range, though
lower than CMSX-8. CMSX-4, however, had the lowest FOS of 1.177 (Fig. 15), indi-
cating that it has a reduced safety margin and is more susceptible to failure than the
other two materials under identical conditions. The greater FOS for CMSX-8 indicates
its better mechanical properties and capacity to resist higher stresses before failure,
thus making it the strongest material for this application.
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Fig. 12 Deformation Contour of CMSX-4
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Fig. 13 FOS Contour of CMSX-8

Although all three materials, CMSX-4, CMSX-8, and CMSX-4 Plus, are subject-
ed to the same stress levels under the given loads, the variations in their mechanical
properties result in very large differences in strain, deformation, and factor of safety.
CMSX-8 always proves to be superior to the other two materials as far as resistance to
strain, deformation, and factor of safety is concerned, and is thus best suited for such
high-performance and reliability-based applications as HPT blades in gas turbines.
CMSX-4 Plus provides intermediate performance, with strain resistance and defor-
mation being slightly better than in CMSX-4 but less than that of CMSX-8. These
results highlight the significance of material choice in turbine blade design, where
a combination of stiffness, strength, and safety is essential to guaranteeing long-term
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operational reliability. Therefore, CMSX-8 emerges as the most beneficial material for
high-performance turbine blades, with greater structural integrity and increased safety
margin than CMSX-4 and CMSX-4 Plus. The results of the analysis are summarized in

Tab. 2.
e Ansys
T&E‘i.&m 852 pm 202R
H 15 Max
Fig. 14 FOS Contour of CMSX-4+
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H 0
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o
Fig. 15 FOS Contour of CMSX-4
Tab. 2 Summary of results
Property CMSX-4 CMSX-8 CMSX-4 Plus
Strain 4.046x 1073 3.952x 1073 4.01x1073
Deformation [m] 2.23x10™ 2.17x10™ 2.21x10™
Factor of Safety 1.177 1.2947 1.2358
Stress [Pa] 8.496 x 108 8.496 x 108 8.496 x 108

5 Conclusion

This study successfully tested the structural reliability of a high-pressure turbine
(HPT) blade using three advanced nickel-based single-crystal superalloys, i.e., CMSX-
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4, CMSX-8, and CMSX-4 Plus. Through thorough finite element analysis, key per-
formance parameters like equivalent stress, strain, deformation, and factor of safety
were analyzed under real thermal and mechanical loading conditions.

The test results revealed that even though all three materials experienced equal
levels of stress due to uniform loading, variation was considerable for strain, defor-
mation, and margins of safety. CMSX-8 demonstrated the best overall structure
performance in terms of minimum strain and deformation values and maximum factor
of safety. This improved behavior is due to its alloy composition design with high
rhenium content to enhance creep strength, stiffness, and mechanical toughness.
CMSX-4 Plus contained improved properties over baseline CMSX-4 as a result of an
even finer microstructure along with greater thermal stability though being less me-
chanically superior than CMSX-8.

The findings have the effect of reinforcing the significance of material choice in
maximizing the strength and longevity of turbine blades employed in high-stress ap-
plications. Based on the evidence gathered in this study, CMSX-8 is the most suitable
among the materials tested, having the best compromise of strength, stiffness, and
safety suitable for application in high-pressure turbine blades.

Potential future work can involve creep and fatigue simulations for cyclically
thermal loading, as well as assessments of material performance in actual blade geom-
etries incorporating aspects like cooling passages and coatings.
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