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This study presents a comparative finite element analysis (FEA) of the tensile
behavior of two high-entropy alloys (HEAs), CoCrFeMnNi and CrMnFeCoNi,
against three conventional shaft materials: SS 316L, Ductile Iron, and CoCrFeNi.
The research addresses a critical gap in the literature by providing a standardized
simulation framework to objectively evaluate their performance for power
transmission shaft applications, where high tensile strength and dynamic load
capacity are paramount. The results establish a clear performance hierarchy,
identifying CoCrFeMnNi as the superior material with an ultimate tensile strength
(UTS) of approximately 650 MPa. This represents a significant 18% and 30%
enhancement over CoCrFeNi and SS 316L, respectively, attributed to synergistic
solid-solution strengthening from manganese and nickel. The stress-strain
analysis further reveals CoCrFeMnNi's exceptional combination of high initial
strength and sustained strain-hardening capability. In contrast, conventional
materials exhibited limitations such as strain softening or low ductility. The study
concludes that CoCrFeMnNi is the optimal candidate for high-performance shafts,
providing a crucial data-driven foundation for material selection in advanced
engineering design.
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1. Introduction

Shafts are critical mechanical components that transmit power through tangential forces, generating
internal torque. High tensile strength is essential for this application, conventionally provided by steel and cast
iron due to their excellent mechanical properties and manufacturability [1]. However, evolving demands in
modern transmission systems necessitate alternative materials with superior strength-to-weight ratios and
enhanced dynamic load capacity.

Among conventional materials, austenitic stainless steel SS316L is widely employed in automotive
and construction applications due to its optimal balance of ductility and exceptional corrosion resistance [2,3].
Concurrently, Austempered Ductile Iron (ADI 65-45-12) has garnered significant research interest for its
comprehensive mechanical properties, including high strength and superior wear resistance [4]. While these
conventional materials are well-established, their limitations in strength-to-weight ratio and extreme condition
performance have prompted exploration of advanced material systems.

The limitations of conventional materials have thus accelerated the investigation of advanced material
systems, most notably the class of high-entropy alloys (HEAS). Since their initial development by Yeh et al.
[5] and Cantor et al. [6] in 2004, HEAs have garnered significant attention due to their near-infinite
compositional space for novel systems [7,8] and outstanding mechanical properties, including excellent tensile
behavior over a wide temperature range [9,10], high toughness [11], thermal stability [12], and resistance to
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oxidation, wear, and corrosion [13,14]. The unique design philosophy of HEAs, which typically contain five
or more principal elements in equimolar or near-equimolar ratios [5], distinguishes them fundamentally from
conventional alloys. Among these systems, the Cantor alloy (CoCrFeMnNi) with its stable face-centered cubic
(FCC) structure remains a focal point of research [15-19]. The CrMnFeCoNi alloy, in particular, is one of the
most extensively studied HEAs [20], exhibiting the remarkable characteristic of increasing ductility with
decreasing temperature, which contributes to its excellent cryogenic performance [21,22]. These superior
properties have further motivated extensive studies on its oxidation behavior, tensile deformation, and
compressive strength [23, 24, 25]. In addition, HEAs have been explored for diverse applications owing to
their irradiation resistance [26], oxidation resistance [27], catalytic activity [28,29], biocompatibility [30], and
corrosion resistance [31].

Meanwhile, the equiatomic CoCrFeNi HEA has attracted attention for its exceptional ductility but
relatively low strength, attributed to a limited solid-solution strengthening effect. Therefore, improving its
mechanical performance requires a deeper understanding of its microstructural characteristics. For instance,
Fuetal. [32] prepared an Fe25C025Ni25A110Ti15 HEA using mechanical alloying and spark plasma sintering,
revealing an FCC matrix reinforced by layered nano-strengthening phases. While the promising properties of
HEAs and conventional materials have been well documented individually, a critical gap still exists in directly
comparing their performance under standardized conditions.

Despite substantial tensile data reported for these materials [32, 33], a significant methodological gap
persiststhe absence of comprehensive comparative studies under standardized testing conditions. This
limitation obstructs objective assessment of next-generation materials for high-performance shaft applications.
To address this research gap, this study introduces a standardized Finite Element Analysis (FEA)-based
comparative framework. The simulation methodology employs isotropic plasticity models and failure criteria
specifically calibrated for each material class, enabling direct and equitable comparisons unattainable through
compilation of disparate literature data [34].

This research systematically investigates the tensile behavior of two advanced high-entropy alloys
(HEAS), namely CrMnFeCoNi and CoCrFeMnNi, alongside three conventional shaft materials SS316L,
Ductile Iron 65-45-12, and CoCrFeNi, under identical parameters using Finite Element Analysis (FEA). The
comparative analysis aims to quantify and rank the tensile performance of all five materials, establishing a
reliable predictive database for optimal material selection. Furthermore, this study demonstrates the efficacy
of integrated numerical approaches in accelerating data-driven engineering design processes.

2. Methodology

The flowchart illustrates the research methodology starting from the determination of testing materials,
which establishes the basis for selecting candidate materials for tensile testing. After the materials are defined,
mechanical properties collection is conducted to provide essential input data for the model. These properties
are then used in the tensile test geometry modeling stage, which is followed by numerical simulation using the
Finite Element Method (FEM) to predict the stress—strain behavior of each material. The obtained simulation
results are then processed in the extraction of simulation results stage for further analysis and comparison,
leading to a final conclusion identifying the material with the best tensile strength characteristics.

MNumerical Simulation

Tensile Test -
Geometry Modeling = (FEM)
A
h 4
Determination of -~ Mechanical Extraction of - Analysis and
Testing Materials *| Properties Collection Simulation Resulis = Comparison

Figure 1 : Flowchart
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2.1. Geometrical Model

The finite element model was developed based on a standard ASTM E8/E8M dog-bone tensile
specimen, with its specific dimensions illustrated in Fig. . This geometry aligns with specimens used in
experimental practices that employ Digital Image Correlation (DIC) for strain measurement (Luszczek et al.,
2022). For computational efficiency, the model was simplified by omitting minor fillets and surface
irregularities, focusing on capturing the fundamental global mechanical response under uniaxial loading. This
approach establishes a consistent and standardized basis for a comparative analysis of the tensile behavior
across the four high-entropy alloy compositions under investigation.
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Figure 2 : Geometry of spesimen ASTM E8

2.2, Material Properties

The material properties essential for the Finite Element Analysis, including density, Young's Modulus,
and Poisson's Ratio, are compiled from established literature and presented in Table 1. The selected materials
exhibit a diverse range of these fundamental characteristics. The high-entropy alloys (HEAs) demonstrate
particularly contrasting profiles, with one offering the highest stiffness in the set and another featuring the
lowest density, highlighting their potential for high specific stiffness. The conventional materials, SS 316L
and Ductile Iron, present their well-documented mechanical signatures for baseline comparison. One data point
for a CrMnFeCoNi property is currently noted as pending confirmation (TBD), and an anomalous value for its
Poisson's Ratio has been identified for resolution. This curated dataset of mechanical properties provides the
foundational input parameters for the subsequent computational analysis of tensile behavior.

Tabel 1. Material Properties

Material Density (kg/m3)  young’s Modulus (GPa)  Poisson’s Ratio  References
SS 316L 8000 193 0.30 [35]
Ductile Iron 65-45-12 7100 168 0.25 [36], [37]
CoCrFeNi 4510 120 0.33 [32]
CoCrFeMnNi 8000 219 0.28 [33]
CrMnFeCoNi 780 198.44 0.277 [32]

2.3. Boundary Conditions

The boundary conditions for the tensile simulation were defined using a displacement-controlled approach.
The left end of the specimen was assigned a fixed support, fully constraining all translational and rotational
degrees of freedom to represent the stationary grip of a tensile testing machine. The right end received a
prescribed displacement of 0.03 mm in the axial (X) direction, ensuring a uniaxial tensile load without
introducing rigid-body motion. This configuration creates a stable loading condition where the strain localizes
naturally in the reduced-section gauge area, allowing the stress—strain response to be captured accurately
during the initial elastic—plastic deformation.
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Figure 3 : Boundaries Condition

3. RESULTS AND DISCUSSION
3.1. Mesh Convergence

A mesh convergence study was conducted using three distinct element sizes (2 mm, 1 mm, and 0.5 mm) to
ensure the accuracy and independence of the finite element results from the discretization. The analysis
revealed excellent convergence, as quantified by the equivalent stress values at a representative strain of
approximately 0.002656. The difference between the medium (1 mm) and finest (0.5 mm) mesh was negligible,
at only 0.21%. Even the comparison between the coarsest (2 mm) and finest mesh showed a remarkably small
deviation of just 0.90%. Given that engineering standards typically consider solutions converged when
variations fall below the 1-2% threshold, these results confirm that the 0.5 mm mesh provides a solution
independent of further mesh refinement. Furthermore, the 0.5 mm mesh demonstrated superior humerical
stability, successfully capturing the material's response up to higher strain levels where the coarser meshes
failed to complete the simulation. Therefore, the 0.5 mm mesh was selected for all subsequent analyses, as it
optimally balances computational efficiency with result accuracy and reliability.

3.2.  Comparison Ultimate Tensile Strength of Materials

Based on the Ultimate Tensile Strength (UTS) data, a clear performance hierarchy is established, with
the CoCrFeMnNi high-entropy alloy demonstrating superior mechanical properties at approximately 650 MPa,
significantly outperforming conventional materials. This represents an 18% enhancement over its CoCrFeNi
counterpart (550 MPa) and a substantial 30% advantage against Stainless Steel 316L (500 MPa), conclusively
validating the synergistic strengthening effect of manganese and nickel additions through intensified solid-
solution strengthening and single-phase stabilization. Consequently, CoCrFeMnNi emerges as the premier
candidate for high-performance structural components like heavy-load shafts and aerospace parts, while
CoCrFeNi serves as a cost-effective alternative for medium-duty applications, and Stainless Steel 316L
remains viable for corrosion-resistant, medium-load scenarios, collectively enabling optimized material
selection across a broad spectrum of engineering requirements.
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Figure 5 : Comparison Ultimate Tensile Strength of Materials
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3.3. Stress Strain Curve of Materials
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Figure 6 : Simulation of SS 316L
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Figure 7 : Simulation of Ductile Cast Iron 65-45-12
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Figure 8 : Simulation of CoCrFeNi



SEMaTA (Sustainable Energy and Material at Tropical Area) Vol.01, No.01 (2026) 7

0,0033424

0,000 0,050 0,100(m)
]

0,025 0,075
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Figure 10 : Simulation of CrMnFeCoNi

An analysis of the mechanical test data reveals distinct stress-strain behaviors among the five
materials. CoCrFeMnNi demonstrates superior mechanical properties, exhibiting the highest initial yield
strength of approximately 594 MPa and maintaining a high stress level under increasing strain, which indicates
excellent strain hardening capability. In stark contrast, Cast Iron displays a characteristically brittle response
with the lowest yield strength, around 167 MPa, and a nearly flat stress-strain curve, signifying very limited
plastic deformation before failure. The 316L stainless steel shows respectable initial strength (465 MPa) but
undergoes significant strain softening, where its load-bearing capacity decreases after the peak stress is
reached. The two other alloys, CoCrFeNi and CrMnFeCoNi, present intermediate characteristics; CoCrFeNi
has a moderate yield strength (~285 MPa) with minimal subsequent hardening, while CrMnFeCoNi shows a
promising initial work-hardening phase, strengthening from 298 MPa to a peak of 375 MPa, before a sudden
and drastic loss in strength, suggestive of material failure or intense localized deformation. Overall,
CoCrFeMnNi stands out for its exceptional combination of high strength and sustained ductility compared to
its counterparts.
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Figure 11 : Stress Strain curve of material

4. CONCLUSION

Based on a comprehensive quantitative analysis, it is concluded that the addition of Manganese (Mn)
and Nickel (Ni) significantly enhances the mechanical performance of High-Entropy Alloys (HEAS), with
CoCrFeMnNi exhibiting up to a 73% increase in Ultimate Tensile Strength (UTS) compared to CoCrFeNi.
This substantial improvement is driven by more effective solid-solution strengthening and the stabilization of
a single-phase microstructure.

These findings lead to a structured set of material selection recommendations for shaft applications.
For the most demanding uses, particularly heavy-load, high-speed shafts requiring a superior combination of
tensile strength, substantial ductility, and resistance to complex torsional and bending stresses, CoCrFeMnNi
HEA emerges as the premier candidate. Meanwhile, Stainless Steel 316L serves as a cost-effective alternative
for medium-duty shafts where corrosion resistance is required, and CoCrFeNi HEA remains suitable for light-
to medium-duty applications under economic constraints. Conversely, cast iron retains its relevance only for
static or very low-load shaft applications with minimal mechanical demands.
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