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Fracture behavior of Ti-6Al-4V in
the extreme thermo-mechanical
environment of fan blade-out
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This study presents a comprehensive numerical analysis of stress triaxiality and damage evolution in
Ti-6Al-4V aeroengine containment case under realistic Fan Blade-Out (FBO) loading conditions. Using
a finite element model with a validated Johnson-Cook (JC) damage model, we investigate the fan
case’s response across a range of rotational speeds, culminating in an extreme-speed fracture event.
The simulations accurately capture the complex interplay of high strain rates (~10%s™2), significant
adiabatic heating (>900 °C), and evolving stress states. A key finding is a speed-dependent shift in the
failure mechanism, from tensile-driven damage at lower speeds to shear-dominated failure at higher
speeds. The fracture analysis of failure predicted under coupled, high-temperature, high-strain-rate
conditions shows the model operating in a slight extrapolated regime. This highlights considerable
uncertainty in using models calibrated with standard, decoupled tests for predicting failure in
complex, termo-mechanical events. The findings underscore the necessity of new experimental data
for FBO analysis that captures coupled thermo-mechanical effects to improve the predictive accuracy
of computational fracture mechanics and ensure the robust design of damage-tolerant aeroengine
components.
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Of all potential failure modes in aeroengine design, fan blade-out (FBO) events present one of the most
significant structural integrity challenges. These catastrophic events are initiated by the detachment of a fan
blade from the rotor disk, typically resulting from fatigue failure at the airfoil or dovetail connection, or from
foreign object damage, such as a bird strike' . The sudden loss of a single blade introduces a massive imbalance
into the high-speed rotating system, inducing severe asymmetric loading, highly transient impact forces, and
complex vibratory states that threaten the entire turbofan assembly>®.

Upon release, the liberated blade fragment continues at high velocity along a trajectory tangent to its path
of rotation, resulting in an almost immediate outward impact with the surrounding fan casing. The primary
function of this casing is containment: it must absorb the kinetic energy of the fragment and prevent its escape,
thereby averting catastrophic damage to the fuselage, fuel lines, control systems, and other critical aircraft
structures”®. Concurrently, the rotor’s profound imbalance generates large eccentric deflections, leading to
secondary interactions such as rotor-stator rubbing, which can propagate damage throughout the engine®. Given
the extreme risks posed by uncontained failures, aviation regulatory bodies, including the Federal Aviation
Administration'® and the European Union Aviation Safety Agency!!, enforce stringent certification standards.
These regulations mandate that aeroengines must demonstrate the ability to safely contain blade fragments
during an FBO event, ensuring the continued safe flight and landing of the aircraft. This regulatory imperative has
catalyzed extensive research into robust containment systems, ranging from traditional thick-walled monolithic
structures to advanced multi-layered and hybrid composite designs”!'?-1%. To meet these demanding standards
while optimizing for weight and performance, manufacturers increasingly rely on high-fidelity computational
modeling to supplement and streamline the costly and complex process of full-scale physical testing!™®.
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Historically, the understanding of FBO containment mechanics has been built upon a foundation of
experimental research. Early investigations utilized high-speed rotor spin testers and rigs with notched blades to
analyze casing response under controlled detachment scenarios®”. Methodological refinements, such as the use
of localized dovetail heating to induce centrifugal release, offered greater reproducibility and cost-effectiveness
compared to older pyrotechnic methods!”. Further research employing scaled-down test rigs has enabled the
systematic study of critical design variables, including impact location, casing thickness, and the structural
influence of bolted flanges, as well as more complex scenarios like multi-blade shedding!®-2°. These experimental
efforts have been instrumental in validating innovative material solutions. For instance, composite and bilayer
architectures, such as aluminum-Kevlar hybrids and casings overwrapped with non-impregnated aramid
fibers, have demonstrated significant potential for superior energy absorption at a reduced weight compared to
monolithic metallic rings'®?!?2. Studies on Kevlar-fabric-wrapped “soft wall” systems have elucidated a three-
phase containment mechanism, wherein the aramid fibers absorb the majority of the initial impact energy
through tensile stretching, while the underlying metallic ring deforms plastically to dissipate residual stresses'.

Complementing this experimental work, computational modeling via finite element analysis (FEA) has
become an indispensable tool for assessing casing performance. Simulations allow for detailed parametric studies
that would be prohibitive to conduct physically, offering deep insights into the nonlinear, transient, and highly
localized deformation fields that characterize a blade strike?*!. Numerical studies have consistently shown
that the predictive accuracy of FBO simulations is critically dependent on factors such as mesh refinement, the
representation of material anisotropy, and the definition of boundary conditions®?°. Furthermore, FEA has been
vital in exploring the application of advanced materials like carbon-fiber-reinforced laminates and in testing
novel fragment control strategies, such as the use of shaped explosive charges to manage release dynamics?.
By integrating experimental data with computational findings, the research community has developed a
comprehensive understanding of the energy dissipation mechanisms, damage progression, and ultimate
containment capabilities of modern aeroengine casings’®?’. The predictive fidelity of these computational
models is fundamentally governed by the accuracy of the underlying material constitutive descriptions. During
an FBO event, casing materials are subjected to extreme loading conditions, including ultra-high strain rates
(10°-10* s71) and significant adiabatic heating due to localized plastic deformation®?. Consequently, it is
imperative to employ constitutive models that can accurately capture these coupled rate-dependent and thermal-
softening effects. Among the available frameworks, the Johnson-Cook (JC) plasticity and damage models are
the most widely adopted in the aerospace industry for FBO simulations. The JC formulation is prized for its
computational efficiency and its ability to represent the evolution of flow stress as a function of plastic strain,
strain rate, and temperature, as well as to predict fracture initiation based on stress triaxiality’*-32. Numerous
modifications to the original JC model have been proposed to enhance its predictive power, often coupled with
advanced calibration methodologies based on optimization algorithms, machine learning strategies, or extensive
experimental campaigns>3-3.

While the JC model remains the benchmark, other constitutive laws, such as the Modified Mohr-Coulomb
criterion, Ramberg—-Osgood formulations, the Rice-Tracey void growth model, and Gurson-Tvergaard porous
plasticity models, have also been applied to investigate ductile fracture under impact®’-*!. However, these models
often lack the generality of the JC formulation for the combined loading states seen in FBO. The suitability of
the JC model for simulating the response of Ti-6Al-4V, the predominant alloy for containment structures, has
been extensively validated. This validation confirms the model’s capacity to reproduce key material behaviors,
including strain rate sensitivity across orders of magnitude (107° to 1150 s™'), significant thermal softening at
elevated temperatures (up to 600 °C), and the dependence of fracture strain on stress triaxiality (#), where higher
triaxiality leads to premature failure. Such validations underscore the model’s applicability for FBO simulations
where these coupled effects dominate the material response3®4243,

Among the parameters governing material failure, stress triaxiality has emerged as one of the most decisive
factors in the dynamic fracture of metals. Defined as the ratio of hydrostatic pressure to von Mises equivalent
stress (n = p/&), triaxiality directly influences the mechanisms of ductile failure by governing the nucleation,
growth, and coalescence of micro-voids*. A substantial body of literature confirms its critical role in a wide
range of engineering alloys, including GH3536 superalloys*®, 2024-T351 aluminum®, and various steels*”3.
For titanium alloys like Ti-6Al-4V, this dependency is particularly pronounced. The alloy exhibits high ductility
under low triaxiality states (1 < 1.0), but its strain capacity diminishes dramatically at elevated triaxiality (1
> 1.5), where void-driven processes lead to a more brittle-like fracture mode®*#>>°. This behavior is critically
important in the context of FBO, as the localized impact of a blade fragment on the casing induces sharp
gradients in the stress state, which can transition between tensile, shear, and compressive dominance within
milliseconds®"*2. Positive triaxiality accelerates void coalescence and promotes tensile tearing, while negative
triaxiality encourages shear-dominated fracture through the formation of localized shear bands?*>3-*°. The
dynamic evolution of triaxiality during an FBO event means that a containment casing must be designed to
resist multiple, competing failure mechanisms simultaneously.

Despite significant progress in experimental techniques and computational modeling, a critical gap persists
in the understanding and prediction of material behavior under the precise conditions of an FBO event. The
accuracy of simulations remains limited by the availability of validated constitutive data in the specific regime
characterized by the simultaneous occurrence of high strain rates, elevated temperatures, and intermediate stress
triaxialities (0.4 < 7 < 0.55). While the Johnson-Cook model is widely used, its predictive reliability in this
complex, coupled loading space, which may lie far beyond its original calibration envelope, requires further
validation. This study aims to address this knowledge gap by combining high-fidelity numerical simulations with
experimental validation to rigorously quantify the influence of stress triaxiality on the deformation and fracture
of Ti-6Al-4V during FBO events. The specific objectives of this research are to: (i) evaluate the evolution of plastic
strain, stress states, and damage accumulation in a Ti-6Al-4V casing under varying FBO-induced rotational
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speeds; (ii) critically assess the predictive capabilities and limitations of the Johnson-Cook model under loading
conditions representative of a real-world FBO scenario; and (iii) provide validated insights to inform the design
of next-generation, damage-tolerant containment systems that meet the stringent safety standards set by the
FAA and EASA!®!! By bridging the gap between fundamental material behavior and applied structural analysis,
this work seeks to enhance the safety and efficiency of future aeroengines.

Materials and methods

Physical properties and Johnson-Cook material model

The titanium alloy Ti-6Al-4V is widely utilized in the aerospace industry due to its exceptional balance of
properties, including good malleability, plastic workability, heat treatability, and weldability. Its chemical
composition by weight is 6.1% Al, 4.0% V; 0.3% Fe, 0.05% N, 0.2% O, 0.08% C, and balance Ti*®. Although Ti-6Al-
4V exhibits slight anisotropy in its mechanical behavior®’, isotropy was assumed in this numerical investigation
to facilitate constitutive modeling. Isotropic properties, including Young’s modulus, initial yield stress, and strain
hardening rate, were derived from tensile tests performed under various strain rates and temperatures®. To
illustrate the alloy’s response, Fig. 1 provides a comprehensive experimental validation and sensitivity analysis
of the Johnson-Cook (JC) model for Ti-6Al-4V previously determined!, which supports its application for fan
blade-out (FBO) conditions.

In Fig. 1a, the strain rate sensitivity of Ti-6Al-4V is demonstrated through uniaxial tensile tests conducted at
room temperature (25 °C), over a wide range of strain rates—from 107° s" to 1150 s™*. The JC model (solid lines)
shows strong agreement with experimental data (symbols), successfully capturing the expected rate hardening
behavior. Figure 1b illustrates thermal softening effects on the alloy’s mechanical behavior. Here, stress—strain
responses at a fixed strain rate (107> s™') are plotted across a temperature range from 25 °C to 600 °C. The material
exhibits a clear temperature-induced softening trend, which is accurately captured by the JC model. In Fig. Ic,
the JC damage model’s ability to predict fracture strain under various stress triaxiality conditions is validated.
A comparison of model predictions with experimental fracture strains shows good alignment, confirming the
model’s suitability for capturing ductile failure initiation. Lastly, Fig. 1d presents a sensitivity analysis of the
cumulative damage index with respect to £5% perturbations in each JC parameter. This analysis identifies
which parameters most strongly influence failure prediction, highlighting the need for precise calibration—
particularly for damage model constants. Together, these subfigures affirm that the JC model provides a robust
phenomenological representation of Ti-6Al-4V’s mechanical response under dynamic, thermal, and multi-axial
stress states expected in FBO conditions.

The Johnson-Cook plasticity and damage framework was used to modeled deformation and failure of
Ti-6Al-4V, which provides a phenomenological yet robust description of material behavior under dynamic,
thermomechanical loading. The JC model captures strain hardening, strain-rate sensitivity, and thermal
softening in its plasticity formulation, while the damage formulation accounts for progressive degradation in
load-carrying capacity leading to fracture. This dual capability makes the model particularly suitable for high-
rate applications such as FBO events in aeroengines.

The equivalent flow stress (&) of Johnson-Cook plasticity model is defined as a function of the equivalent
plastic strain (), plastic strain rate (¢), and the homologous temperature (1T™) according to Eq. (1).

&:(A+B5")[1+C’~ln<,é )](1—T*m) (1)

Eref

A is the initial yield stress at the reference temperature (T..) and quasi-static reference strain rate £,¢s. The
parameters B and n describe strain hardening, C characterizes strain-rate sensitivity, and m controls thermal
softening. The homologous temperature is expressed as:

T* = (T - Tref) / (Tm,elt - T"‘f’f) (2)

where T is the absolute material temperature and Tinei¢ is the melting temperature. In accordance with the
adiabatic heating assumption, approximately 90-100% of the plastic work generated during high-speed
deformation is dissipated as heat.

To capture fracture behavior and associated degradation in structural performance, the Johnson-Cook
progressive damage formulation was employed. The fracture strain € is given as a function of stress triaxiality
(1), strain rate € s, and homologous temperature (1) (Eq. 3):

er = [di+dae™®"] {1+d4ln < = )} ~(1+dsT) 3)
Eref

where 1 = P/zis defined as the ratio of hydrostatic pressure (p) to the equivalent von Mises stress &. The

parameters d; to ds are material constants governing the fracture locus sensitivity to triaxiality, strain rate, and
temperature. Fracture initiation is defined to occur when the cumulative damage variable D reaches unity, as

expressed in Eq. (4):
d
D= / € (4)
Ef
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Fig. 1. Experimental validation and sensitivity analysis of the Johnson-Cook (JC) model for Ti6Al4V. (a)
Strain rate sensitivity of the alloy at 25 °C, with strain rates from 1075 s~ ! to 1150 s~ 142 (b) Thermal softening
effects on mechanical behavior at a strain rate of 103 s~ ! from 25 °C to 600 °C. (c) Correlation of the JC
fracture model with experimental data under various stress triaxialities. (d) Sensitivity of the damage index
to a + 5% uncertainty in the calibrated JC parameters'. In plots (a-c), the model predictions (solid lines) are
compared against experimental data (dashed lines/circles).

This coupled description allows simulation of localized failure modes such as shear banding and ductile fracture
under dynamic loading®3.,

Table 1 summarizes the JC plasticity and damage constants adopted in this work. It is important to note
that these parameters were derived from a dedicated experimental campaign performed on the specific Ti-
6A1-4V alloy batch used in this study*>**. The calibration covered both quasi-static and dynamic regimes at
temperatures between 25 °C and 400 °C, ensuring the model is tailored to the material’s actual behavior rather
than relying on generic literature values.

Finite element model setup

The fan blade-out simulation was designed to evaluate the structural integrity of the turbofan casing and to
determine its required dimensions for effective containment of fractured blades, thereby preventing impact
damage to the aircraft. The turbofan FEM model, conceptually based on the Rolls-Royce Trent 1000, was
constrained at its mounting locations by fully fixing all six degrees of freedom, while axial rotation of the fan was
permitted (Fig. 2b). To ensure conservative safety margins, the fan was operated at a rotational speed exceeding
the maximum allowable service speed of 2724 RPM. To represent the structural fixity of the assembly, the roots
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JC model | Parameters | Value | Description

A (MPa) 927 Yield stress
B (MPa) 877.96 | Hardening modulus

Plasticity | C 0.0137 | Hardening exponent

m 0.594 | Strain rate sensitivity

n 0.795 | Temperature sensitivity

4 0.246 lfaseline fracture strain coefﬁcient': deﬁpes th§ reference fracture strain at standard triaxiality (y =

/3), room temperature, and quasi-static strain rate.

do 186.0 | Triaxiality strain-slope coefficient: Scales fracture strain and modulates strain-triaxiality locus slop
Damage ds -15.7 | Triaxiality slope coefficient: slope of fracture strain versus stress triaxiality

dy 0.2582 | Strain rate sensitivity coefficient: defines sensitivity of fracture locus to strain rate

ds 1.2059 | Temperature sensitivity coefficient: defines the sensitivity of fracture locus to temperature

Table 1. Johnson-Cook plasticity and damage model constants for Ti-6A1-4V4243,
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Fig. 2. (a) Mesh sensitivity analysis showing convergence of maximum true stress, plastic strain, and damage
index with refinement; (b) turbofan FE model based on Trent 1000, including boundary conditions; (c)
representative mesh cross-sections for the four tested discretization levels.

of the non-released fan blades were coupled to the rotor disk using a bonded contact formulation (tie constraint),
ensuring full transmission of kinematic and load data across the interface. For the released blade, this constraint
was deactivated to simulate instantaneous detachment at the airfoil root.

The discretized FE model comprised 331,759 nodes and 361,035 elements, combining hexahedral and
tetrahedral topologies. To simulate material fracture and fragmentation, an element erosion technique was
implemented within the Johnson-Cook damage framework. Elements were automatically deleted from
the calculation domain when the cumulative damage parameter reached the critical value of unity (D = 1),
effectively altering the contact topology and allowing for the formation of new free surfaces and debris. Local
mesh refinement was introduced in the anticipated impact regions, as well as in blade-casing interaction zones,
to accurately capture geometric complexity, high-strain localization, and damage progression during the FBO
event.

Mesh sensitivity analysis
A mesh sensitivity analysis was conducted to assess the influence of discretization on the predicted response
and to ensure that the results were independent of mesh density. This step is particularly critical for simulating
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FBO events, where accurate capture of damage localization directly affects failure prediction. The analysis was
performed on the same high-bypass turbofan model described above (Fig. 2b).

Four mesh densities were evaluated: Coarse, Medium, Fine, and Ultrafine. These configurations correspond
to increasing element counts through the casing thickness (see inset table in Fig. 2a). Figure 2c¢ illustrates
representative cross-sections of the four mesh configurations. The sensitivity study monitored three key response
variables: maximum true stress, equivalent plastic strain, and the damage index. Figure 2a presents these peak
values as functions of total element count. While stress and strain predictions converged at the Fine mesh level,
the damage index exhibited the highest sensitivity to mesh refinement. Since accurate prediction of fracture
initiation was a primary objective, the Ultrafine mesh was selected despite the increased computational cost. This
ensured reliable capture of localized damage phenomena and improved fidelity of the overall failure simulation.

Simulation loading conditions and post-processing metrics
The transient dynamic simulations were designed to evaluate the structural response of the containment system
under representative FBO scenarios.

It is important to acknowledge that in actual service conditions, aeroengine blades are subjected not only
to centrifugal forces but also to aerodynamic loads, resulting in complex bending-tension coupling. Recent
studies have highlighted the significance of these combined loads on material performance, demonstrating that
tensile loads can enhance bending stiffness and alter deformation resistance®®®!. Specifically, different ratios of
aerodynamic bending force to centrifugal tensile force can significantly influence the blade’s effective modulus
and failure behavior, potentially shifting the impact position and stress state upon release®®. In the current
analysis, the primary focus is placed on the containment of high-energy fragments driven by rotational kinetic
energy. Consequently, aerodynamic bending moments were not included in this finite element model. While this
simplification allows for a clear assessment of impact-driven fracture mechanics, future work should incorporate
coupled tension-bending aerodynamic loads to fully capture the operational stress state prior to blade release.

Three rotational speeds—200 rad/s, 285 rad/s, and 427 rad/s—were prescribed to represent low, nominal, and
high operating regimes of a high-bypass turbofan, respectively. These values encompass the typical operational
envelope and allow systematic evaluation of speed-dependent deformation and damage, as later presented
in Section “Effect of rotating speed on aeroengine containment ring deformation behavior”. In addition, an
extreme-speed case was considered to investigate terminal failure mechanisms beyond the calibrated material
regime (see Section “Extreme fan speed condition for failure induced aeroengine containment ring”).

To capture the evolution of stress and strain, critical regions of the containment ring were identified and
monitored during the simulations. Temporal histories of equivalent stress, plastic strain, and deformation
were extracted from integration points in these regions. These data were used to validate mesh convergence
(Section “Mesh sensitivity analysis”) and to quantify severity of deformation across the different operating speeds
(Figs. 3 and 4). In parallel, the Johnson-Cook cumulative damage parameter (D) was evaluated throughout the
simulation. The instantaneous fracture strain (e ) was computed at each integration point from the JC damage
law (Eq. 3), and the incremental damage dD = de /e ; was integrated over the plastic strain history (Eq. 4).
Damage accumulation (D < 0) was used to assess the reduction in load-bearing capacity, while D = 1 defined
fracture initiation, as later analyzed in Section “Damage tolerance behavior of aeroengine containment ring”.

The simulations also resolved rate- and temperature-dependent effects essential for predicting failure under
FBO conditions. Local strain rates, obtained from element deformation gradients, reached values on the order
of 10>~10* s™". Consistent with the assumption of adiabatic heating, 90-100% of the plastic work was converted
into thermal energy, and the corresponding temperature rise AT was computed. This feedback was applied to
the homologous temperature 7" in the JC plasticity model, enabling direct coupling of strain-rate hardening
and thermal softening. The predicted local temperature spikes (> 900 °C) at high speeds, and the associated flow
stress reduction, are discussed in Section “Damage tolerance behavior of aeroengine containment ring” (Fig. 6¢).

Finally, the stress triaxiality # was evaluated as the ratio of hydrostatic pressure p to equivalent von Mises
stress 7. Spatial fields of 1 were mapped across the containment ring for each simulated condition, while
temporal histories were extracted at locations corresponding to maximum damage. These results revealed shifts
in operative failure mechanisms, from void-nucleation-driven tensile states at lower rotational speeds to shear-
dominated states at higher speeds (Section “Damage tolerance behavior of aeroengine containment ring’, Fig. 7).
In the extreme-speed simulation, the combined effects of high strain rate, elevated temperature, and varying
triaxiality were assessed to evaluate the predictive capability and limitations of the JC model when extrapolated to
severe operating conditions (Section “Extreme fan speed condition for failure induced aeroengine containment
ring”).

Results and discussion

This section presents the results of the transient finite element simulations, focusing on the dynamic response
of the aeroengine containment ring during a fan blade-out (FBO) event. As outlined in Section “Mesh
sensitivity analysis”, three baseline rotational speeds were simulated—200 rad/s, 285 rad/s, and 427 rad/s—
representing low, nominal, and high operating conditions of a high-bypass turbofan. An additional extreme-
speed case was analyzed to assess containment performance beyond the calibrated regime of the Johnson-
Cook (JC) model. The results are organized to examine the deformation behavior of the containment ring, the
progressive evolution of damage, and the underlying failure mechanisms. Section ’Effect of rotating speed on
aeroengine containment ring deformation behavior” analyzes the influence of fan speed on deformation and
stress distribution. Section “Damage tolerance behavior of aeroengine containment ring” investigates damage
tolerance by tracking the JC cumulative damage parameter (D), strain-rate histories, adiabatic heating, and stress
triaxiality. Section “Extreme fan speed condition for failure induced aeroengine containment ring” extends the
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Fig. 3. Equivalent plastic strain evolution over time at points of maximum registered damage for fan rotating
speeds of (a) 200 rad/s, (b) 285 rad/s, and (c) 427 rad/s. Close-up views (2.5X) highlight the strain localization
at the blade-ring contact interface.

analysis to an extreme-speed condition, enabling critical evaluation of the predictive capability and limitations
of the JC model.

Effect of rotating speed on aeroengine containment ring deformation behavior

To understand the structural response of the containment system, the evolution of plastic strain and stress was
analyzed at three distinct fan rotational speeds: 200 rad/s (low), 285 rad/s (medium), and 427 rad/s (high). These
speeds correspond to different engine operating conditions and result in significantly different kinetic energy
levels for the released blade. Figure 3 illustrates the temporal evolution of equivalent plastic strain within the
ring at the three rotational speeds. The analysis reveals, as expected, that higher rotational speeds induce more
severe and widespread plastic deformation. At 200 rad/s, the plastic strain is localized near the initial impact
zone. As the speed increases to 427 rad/s, the detached blade, possessing higher kinetic and momentum, travels
further along the case’s circumference, creating a more extensive path of plastic deformation. The magnified
insets clearly show the localization of strain at the point of interaction, which serves as the primary site for the
initiation of material damage. The maximum equivalent plastic strain reaches approximately 1.49 at the highest
speed, indicating severe localized deformation.

Figure 4 presents the corresponding equivalent (von Mises) stress fields across the entire fan assembly.
This global view complements the localized analysis in Fig. 3, showing how the impact energy is absorbed and
distributed throughout the structure. The results demonstrate a clear trend: an increase in rotational speed leads
to a higher peak stress within the containment case and blades. The stress waves generated by the blade-ring
impact are more intense at higher speeds, leading to greater overall structural loading. The inset images, showing

Scientific Reports | (2026) 16:4962 | https://doi.org/10.1038/s41598-026-35044-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

200 rad/s

0

285 rad/s

Equivalent stress (MPa)JEELY) Equ [IEquivalent stress (MPajJELLZ]

quivalent stress (MPa) P15

iquivalent stress (MPa) [ k{7] (I Equivalent stress (MPa) 'k ki) [ Equivalent stress (MPa)JLLL1d

‘ \\“1 [

)

1204

Equivalent stress (MPa) (P

(I Equivalent stress (MPa) (ki [ Equivalent stress (MPa) (K :X] [I Equivalent stress (MPa) P L]

427 rad/s

| \\"\j h,

)
* BN

[0 Equivalent stress (MPa) {F7I]

[EMEGalent stress (MPAIIEELE] (R Equivalent stress (MPa) LT [MEGGialent stress (MPAJIEEIT

>

Time

Fig. 4. Equivalent stress field evolution due to the blade-ring impact at rotational speeds of (a) 200 rad/s, (b)
285 rad/s, and (c) 427 rad/s. Insets provide a detailed view of the stress concentration and deformation at the
impact interface.

a cross-section of the impacted blade and containment ring, reveal significant deformation of the blade itself,
which becomes more pronounced at 427 rad/s. This comprehensive view confirms that the initial kinetic energy
of the event dictates the magnitude of both the localized plastic response and the global stress distribution.

Damage tolerance behavior of aeroengine containment ring

Building upon the analysis of stress and strain, this section investigates the aeroengine containment ring’s
damage tolerance by evaluating the evolution of the Johnson-Cook (JC) damage parameter. This analysis is
crucial for assessing the integrity of the containment case and predicting its proximity to failure. The evolution
of the damage index in the Ti-6Al-4V ring is presented in Fig. 5. These results directly correlate with the plastic
strain patterns shown in Fig. 3, with damage initiation and accumulation occurring in the regions of highest
plastic deformation. A critical finding is that the maximum damage index increases substantially with rotational
speed, rising from 0.408 at 200 rad/s to 0.639 at 427 rad/s. While in all cases the damage index remains below the
failure threshold (D=1), the value at 427 rad/s indicates that the material has lost over 60% of its load-bearing
capacity in that localized region, bringing the component significantly closer to catastrophic failure.
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Fig. 5. Damage index evolution in the Ti-6Al-4V ring at rotational speeds of (a) 200 rad/s, (b) 285 rad/s, and
(c) 427 rad/s. The progression highlights the increased severity of material damage with higher impact energy.

To elucidate the underlying mechanics driving damage, a deeper analysis was conducted at the specific
material points that registered the maximum damage for each rotational speed. Figure 6 provides a detailed
summary of the conditions at these critical points. As shown in Fig. 6a, the location of maximum damage occurs
later in time and further along the ring’s circumference as speed increases, consistent with the blade’s trajectory.
Figure 6b reveals the strain history at these points. Notably, the strain rates are exceptionally high (on the order
of 10° to 10 s*), underscoring the necessity of using a rate-dependent material model like JC. Concurrently,
Fig. 6¢ shows the significant adiabatic temperature rise resulting from this rapid plastic deformation, with
local temperatures spiking to over 900 °C at the highest speed. According to the JC model, this causes extreme
thermal softening, which drastically reduces the material’s flow stress (strength). While the model also predicts
an increase in material ductility at these temperatures, the collapse in strength is the dominant phenomenon.
It allows for a much more rapid accumulation of plastic strain, which is the primary driver for the accelerated
damage accumulation observed in Fig. 5¢

Other insightful results are presented in Fig. 7, which analyzes the stress triaxiality at the moment of
maximum damage. Stress triaxiality is a critical parameter that governs the operative failure mechanism. The
contour plots (Fig. 7a-c) and the summary bar charts (Fig. 7d-e) reveal a fundamental shift in the failure mode
with increasing rotational speed. At 200 rad/s, the maximum damage occurs at a point with a positive stress
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Fig. 6. (a) Location and time of maximum damage points for each rotational speed. (b) Strain and strain rate
evolution at the points of maximum damage. (¢) Corresponding temperature increase due to adiabatic heating
at these critical points.

triaxiality of approximately 0.38. This value is characteristic of a tensile-dominated stress state, where failure is
driven by the nucleation and growth of voids. However, at 427 rad/s, the maximum damage (D =0.639) occurs at
a point experiencing a highly negative stress triaxiality of -1.99. This indicates a stress state dominated by shear,
where failure is driven by shear band formation. This result is of paramount importance. It demonstrates that
during a single FBO event, the material can experience vastly different stress states, transitioning from a tensile-
driven failure mode at lower impact energies to a shear-driven failure mode at higher energies. The analysis
in Fig. 7 provides unprecedented, high-fidelity insight into the evolving stress states during an FBO event. For
the first time, these results quantitatively demonstrate the transition from a tensile- to a shear-driven failure
mode within a single, dynamic impact event. This finding is critical for computational modelers and material
scientists, as it highlights the necessity for material models to capture the fracture locus over this wide range of
stress triaxialities.

Figure 7 allows to deduct the stress triaxiality values occurring in the aeroengine containment ring during a
FBO event. For the first time in history we can get close to real values occurring in real-world application. This
provide valuable information for computational designers as experimental data should be fitted with highest
accuracy or weight in these reported triaxiality values.

Extreme fan speed condition for failure induced aeroengine containment ring

To investigate the terminal failure of the ring, the fan speed was increased to simulate an extreme operational
condition. This analysis serves to critically evaluate the predictive capabilities of the JC material model when
extrapolated to the severe, coupled conditions of a FBO event, far from where its components were originally
calibrated.

The simulation under extreme fan speed results in the catastrophic failure of the containment ring, as
shown in Fig. 8. The global stress distribution (Fig. 8a) and localized equivalent plastic strain (Fig. 8b) depict a
violent failure event. The ring experiences significant plastic deformation with strains reaching approximately
0.84 and 1.05. Similar supporting high strain values under dynamic loading are also reported by Wu et al.?,
demonstrating a ductile failure mode. It should be noted that the predicted failure points, defined by their stress
triaxiality and fracture strain, are inherently a product of the JC model’s formulation. This is explicitly visualized
in Fig. 8¢, where the blue dashed lines represent the model’s predicted fracture locus under the specific FBO
conditions of elevated temperature and strain rate. The reliability of these extreme-condition predictions relies
on the building block validation strategy employed in this study. While full-scale FBO testing is often prohibitive,
the fundamental accuracy of the simulation is grounded in the rigorous validation of the material constitutive
model shown in Fig. 1. By mathematically combining the experimentally verified effects of strain rate sensitivity
(Fig. 1a), thermal softening (Fig. 1b), and stress state (Fig. 1c), the model provides a physics-based extrapolation
of material behavior. Thus, while the coupled thermo-mechanical loads in Fig. 8c represent an extrapolated
regime, the failure trends are driven by verified material physics rather than arbitrary curve fitting.

Figure 8a provides a critical assessment of this model by plotting the simulated failure points against the
fracture locus from Fig. 1c and the JC model predictions under FBO conditions previously determined from
Figs. 6 and 7. The simulation predicts fracture at plastic strain and triaxiality levels relatively higher than the
experimental data used in the calibration. This analysis demonstrates that while the simulation captures the
complex physics of an FBO event, its quantitative accuracy is strictly bound by the limits of the decoupled
experimental calibration. Predicting failure based on a model in the relevant operational regime requires
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Corresponding damage index at those points, illustrating the link between stress state and material damage.

new experimental data to reduce the source of uncertainty for a more accurate engineering design and safety
certification.

To increase confidence in these predictive tools, this study reveals the necessity of a new class of experimental
campaign. This is a critical need to acquire validation data for Ti-6Al-4V under the combined, simultaneous
conditions of high temperature, high strain rate, and the specific intermediate stress triaxiality states
(0.4 <1 <0.55) identified in this FBO simulation. With such data, the safety margins predicted by simulations
will significantly increase accuracy in the future new lightweight designs.

Conclusions
This numerical investigation of fan blade-out (FBO) events provides new insights into the failure mechanisms of
Ti-6Al-4V containment rings and their implications for aeroengine safety:

o Failure mode transition with impact energy was observed, as the dominant fracture mechanism shifted with
fan speed. At lower rotational speeds, damage was governed by tensile-dominated stress states (positive triax-
iality, #>0), where void growth prevails. At higher speeds, the mechanism transitioned to shear-dominated
states (negative triaxiality, # <0), indicative of shear band formation. This duality highlights the necessity of
designing containment systems capable of resisting multiple, distinct failure modes.

« Severe local loading conditions were identified, with simulations revealing exceptionally high strain rates
(10°-10* s™") and adiabatic heating with temperatures exceeding 900 °C. The associated thermal softening was
shown to be a key driver of accelerated plastic strain accumulation, directly promoting rapid damage growth.
These results provide high-fidelity data on coupled high-rate and thermal effects that are rarely accessible
through experiments.
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Model limitations at extreme conditions became evident when extrapolation of the Johnson-Cook model

predicted fracture at plastic strain and triaxiality levels (¢ =~ 0.84-1.05) well above those used for calibration.
This discrepancy underscores the limitations of constitutive models calibrated under decoupled conditions
and highlights the predictive uncertainty introduced when applied beyond their validation domain.

Overall, this study demonstrates both the capabilities and limitations of current modeling strategies for FBO
events. It underscores the urgent need for a new generation of experiments designed to provide validation data
under coupled high temperature, high strain rate, and intermediate triaxiality conditions (0.4 <#<0.55). Such
data are essential for reducing uncertainty in material models, increasing confidence in predictive simulations,
and enabling the design of next-generation lightweight, damage-tolerant containment systems.

Data availability

The processed data required to reproduce these findings are available from the corresponding author upon
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