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Dwell-fatigue is a critical issue in titanium Ti-6Al1-4V alloy and was clarified by means of a
high-resolution strain mapping approach and numerical simulations. The developed tools could be used
to predict the dwell-fatigue behavior and improve the reliability of Ti alloys under dwell
condition.

The research successfully achieved the elucidation and prediction of cold
dwell fatigue behavior in Ti-6Al-4V alloys from a microstructure-sensitive perspective. Through the
integration of in-situ non-destructive evaluation methods (OM, AE), microstructural
characterizations (SEM, EBSD), and multi-scale simulations based on crystal plasticity theory
(CPFEM), a framework for real-time assessment and prediction of dwell-fatigue in Ti-6Al-4V alloy was

developed. Specifically, the following tasks were addressed:
1. Statistical characterization of micro-mechanical damage mechanisms under dwell-fatigue.
2. Development of a physically based microstructure-sensitive dwell-fatigue damage model.
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Cold dwell fatigue stands as a formidable challenge within the domain of structural
materials, particularly in titanium alloys like Ti-6Al-4V (Ti-64). This phenomenon, a
confluence of fatigue and creep behaviors, poses significant risks to component service life.
The gravity of its effects became starkly apparent in September 2017, when an Airbus A388
encountered an uncontained engine failure due to cold dwell fatigue in its titanium fan blades.
Subsequent investigations illuminated the susceptibility of Ti-64 alloys to cold dwell fatigue,
contradicting earlier assumptions of their resilience. This revelation underscored critical
knowledge gaps, including the presence of macro-zones in forged pieces and the lack of non-
destructive flaw detection methods for cold creep-induced flaws. Additionally, while
techniques such as Acoustic Emission (AE) showed promise in monitoring structural
integrity under fatigue conditions, their application to cold dwell fatigue remained relatively
unexplored.

In response to these pressing challenges, this research embarked on a comprehensive
quest to unravel the intricacies of cold dwell fatigue mechanisms in Ti-6Al-4V alloys vis-a-
vis pure fatigue. The overarching objectives were twofold: to elucidate these mechanisms and
to develop predictive capabilities regarding cold dwell fatigue behavior. Embracing a
microstructure-sensitive perspective, the research integrated in-situ non-destructive
evaluation methods such as OM and AE, alongside microstructural characterizations like
SEM and EBSD. Leveraging multi-scale simulations rooted in crystal plasticity theory
(CPFEM), it aimed to construct a robust framework for real-time assessment and prediction
of dwell-fatigue in Ti-6Al-4V alloy. Specifically, it sought to tackle three key tasks:

1. In-situ monitoring of dwell fatigue damage evolution.
2. Statistical characterization of micro-mechanical damage mechanisms under dwell-fatigue.
3. Development of a physically based microstructure-sensitive dwell-fatigue damage model.

To achieve its objectives, the research embraced a multifaceted approach, blending
experimental and computational techniques across four main components:

Preparation and Characterization of Ti-64 Microstructures: Through varied thermo-
mechanical treatments, an assortment of Ti-64 microstructures was crafted, each exhibiting
distinct mechanical properties. These microstructures underwent meticulous
characterization via optical microscopy (OM), scanning electron microscopy (SEM), and
electron backscattered diffraction (EBSD), yielding comprehensive insights into their grain
morphology, crystallographic texture, and other pertinent features.

Fatigue and dwell fatigue experiments under in-situ AE and OM monitoring: An
experimental setup was developed for in-situ observation of the entire specimen surface by
an OM mounted on a motorized stage. Fatigue and dwell-fatigue tests were interrupted at
regular cyclic intervals, and the specimen surfaces were recorded automatically. The setup
allowed for direct observation of naturally occurring cracks without the need for introducing
defects such as notches or holes. Recorded pictures were also used to estimate accumulated
plastic strain at the grain scale by the digital image correlation (DIC) method. Additionally,
two AE sensors were fixed, one on both sides of the specimen, and AE waveforms generated
during the tests were recorded in real-time by the Continuous Wave Memory (CWM) system
developed in our group. The different characteristics of the AE data (amplitude, count rate,
frequency) were analyzed by Bayesian inference methods such as the Markov Chain Monte
Carlo (MCMC) to objectively connect the different stages of strain accumulation or crack
propagation observed by OM as they generally related to local mechanisms near crack tips.
The aim was to propose AE-derived strain accumulation or crack propagation models
allowing the real-time monitoring of damage formation under fatigue or dwell-fatigue.

Local strain analysis by High-resolution digital image correlation: An automated framework
for identifying slip systems and assessing strain localization of slip bands, termed ASSISL
(automated Slip System Identification and Strain Localization analysis of slip bands), was
introduced, using the results from high-resolution digital image correlation (HR-DIC), and



was demonstrated in 1591 primary alpha grains of a bimodal Ti-6Al-4V alloy under tensile
loading. The framework included: (1) alignment of electron backscattered diffraction (EBSD)
maps with strain field maps from HR-DIC through treatment of EBSD distortion, (2)
identification of slip band orientations from the strain field map of each grain through a
Radon-transform-based algorithm, (3) assignment of slip systems with combined Schmid
factor and critical resolved shear stress analysis, (4) quantification of plasticity by slip
activities, which provided information on the numbers, positions, and mean strain of slip
bands in each grain. This framework provided a method for analyzing slip activities in a large
number of grains of polycrystalline metals in a time-saving and automated fashion. A
guantitative examination of operating slip systems and strain localization on large-field HR-
DIC data was then conducted using an automated analysis framework developed in a
previous study. The findings revealed higher slip activities under dwell-fatigue conditions,
evidenced by parameters such as slip band density, area fraction of grains activated with
slips, and mean equivalent plastic strain intensities along slip bands through statistically
sound analysis. A notable shift in dominant slip activity from basal slips to prismatic slips
was observed under pure fatigue conditions, while dominant prismatic slip activity persisted
throughout dwell-fatigue processes. Furthermore, slip bands with early-developed high
strain localization, referred to as slip markings, were identified as prerequisites for surface
crack initiation, and three types of slip markings were discovered. Finally, possible reasons
for dwell-life debits, and potential anisotropy in the two major slip systems, basal and
prismatic slips, were discussed.

Numerical simulations of fatigue and dwell-fatigue life using the CPFE method: Crystal
Plasticity simulations were conducted on Ti-6Al-4V EBSD-based microstructures to elucidate
the role of various hypotheses, including strain rate sensitivity and hardening rate, on the
local response. The model was subjected to either fatigue or dwell-fatigue conditions (R=0.1,
omax=870 MPa) with a dwell period of 120s for 100 cycles. The local mechanical response
was modeled by a rate-dependent phenomenological CP model considering dislocation slip on
basal, prismatic, and pyramidal slip systems. The results were compared with experimental
data from a previous study using DIC analysis. The developed model could reliably predict
the local strain activity of the different availble slip system as well as the effect of the dwell-
period on the strain accumulation. A model was finally proposed to predict the number of
cycle for final failure based on the evolution of the strain accumulation.

The culmination of these exhaustive efforts yielded profound insights into the
micromechanical features influencing dwell life in Ti-64 alloy. Moreover, the successful
application of AE for monitoring cold dwell fatigue underscored its potential as a potent tool
for structural health monitoring. The research not only advanced our understanding of cold
dwell fatigue mechanisms but also furnished a practical framework for real-time assessment
and prediction of dwell-fatigue behavior in Ti-6Al-4V alloy. By synthesizing experimental
observations with numerical simulations, the study not only elucidated the underlying
physics but also proffered pragmatic guidelines for mitigating dwell fatigue effects in
structural components.
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