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Abstract

The process of crack initiation has been investigated in three widely used titanium alloys with
different microstructures and loading conditions. Using low-cycle fatigue tests, a unique crack nucleation
mechanism involving strain localization at (0001) twist boundaries has been identified. In order to
constitute a potential crack initiation site, the twist boundary must experience a high resolved shear stress
and a high normal stress. Crack initiation is also more likely to occur at these boundaries for twist angles
in the 10° - 20° range. Deformation prior to crack initiation at these rare microstructural configurations
has been characterized using transmission electron microscopy and high-resolution digital image
cotrelation across large fields of view. The (0001) twist boundaties are preferential locations for eatly and
intense strain localization. Prior to crack nucleation, deformation proceeds via shear along such
boundaries where no {3 layer at the interface was evidenced. The presently discussed crack formation
mechanism is believed to be of broad relevance as it is not significantly influenced by microstructural
parameters such as the o grain size, the degree of microtexture, the § phase fraction or the surrounding

microstructure as well as « and § compositions.
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1. Introduction

Recent failures of aircraft components have highlighted that important gaps remain in the
understanding and the prediction of the behavior of titanium alloys subjected to cyclic loading [1]. While
the cold dwell-fatigue issue [2-5] and the detrimental consequences of microtextured regions [6-9] were
identified as key features, limited lifetime prediction capabilities are also brought to light. The recent
development of microstructure sensitive simulation approaches offers promising insights into improved
lifetime assessment [10,11] as the specificities of local microstructural heterogeneities result in a substantial
fatigue-life variability [12—14]. However, these prediction capabilities rely on the determination of fatigue
indicator parameters that account for experimentally identified physical processes such as driving crack

initiation [15,16].

Despite numerous studies focused on fatigue crack formation mechanisms over several decades,
the relation between fatigue crack nucleation and microstructure remains unclear [17]. This situation partly
pertains to the variety of titanium alloy compositions and microstructures obtained through different

thermo-mechanical processing routes [18-20] as well as employed testing conditions. For instance,



whether cracks nucleate in primary o [14,21-24] or transformed B regions [25,26] is under debate in bi-
modal microstructures [18]. This results notably from elemental partitioning between primary and
secondary o regions [25]. In contrast, it is quite widely accepted that initiation facet formation results from
slip activity. While basal slip is generally considered as a preliminary step for fatigue crack formation in
different a+8 alloys [14,21,27], it is worth noting that cracks have been more rarely observed to nucleate
on prismatic slip bands [22,28,29]. Specificities of basal slip have been investigated using monotonic
loadings in prior studies. As compared to prismatic slip, basal slip is activated at lower applied stresses
[30,31], induces a higher plastic strain [32], generates intense strain localization [33] and exhibits a higher
strain rate sensitivity [34]. A high Schmid factor and a low misorientation between the c-axis of the
hexagonal close-packed (HCP) lattice and the loading direction are two important features that favor crack
nucleation. It reveals that a high resolved shear stress for incipient slip and a high normal stress for crack
opening are required to promote crack nucleation [5,21]. Analysis of crystallographic orientations also
revealed that a high stress normal to the nucleated crack is promoted by the high stiffness along the (0001)
direction [21,35]. Joseph et al. [17] suggested the occurrence of a double-end pile up mechanism as
originally introduced by Tanaka and Mura [36] as the root cause for crack formation on the basal plane.
More recently, it has been shown that cracks form at (0001) twist boundaries where intense slip was
localized in Ti-6Al-4V subjected to low-cycle fatigue and dwell-fatigue loadings [37]. However, the crack
formation process, the relevance for other alloys and microstructures, and whether the first cracks are

located at these microstructural configurations are not completely clear yet.

Alternative crack nucleation scenarios based on facet formation resulting from incoming slip have been
proposed. Pioneering work by Neal and Blenkinshop has suggested that facets form by cleavage on a
{1017} plane due to restricted prismatic slip in the same « grain [24]. This mechanism accounts for
experimental observations of near-basal cracking through a possible role of hydrogen since the {1017}
plane is a known hydride plane in Ti-Al alloys [38]. The generation of strain incompatibilities and stress
concentrations required for crack formation largely pertain to the plastic anisotropy of HCP « Ti. This is
also illustrated by the observation of crack initiation sites at the interface between highly misoriented
microtextured regions [39]. A similar rationale was held to explain dwell-fatigue crack initiation which

involves microstructural configurations composed of a grain suitably oriented for basal or prismatic slip



activation (“soft” grain) adjacent to a grain unsuitably oriented for slip (“hard” grain) [2]. Piled-up
dislocations induce a stress concentration in the neighboring “hard” grain, which triggers basal or near
basal facet nucleation. Increased stress magnitudes in the “hard” grain can result from stress redistribution
due to cold creep under sustained loads such as encountered during dwell-fatigue tests and induce a life
debit as compared to conventional fatigue tests [3,40,41]. This mechanism, widely accepted for dwell-

fatigue, is sometimes also considered for conventional fatigue [4,42].

In the present article, we aim at obtaining an improved understanding of crack formation
processes and associated variations in different titanium alloys with various microstructures through usage
of similar testing conditions and characterization procedures. Three industrially relevant near-a and a+§3
titanium alloys (Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-28n-4Zr-6Mo) with bi-modal and equiaxed
microstructures were tested in the low-cycle fatigue regime until a few nucleated cracks were detected. The
existence of a unique mechanism is assessed based on scanning electron microscopy (SEM) and electron
back-scattered diffraction (EBSD) characterization of the microstructure surrounding the cracks.
Deformation at these critical microstructural configurations was then investigated using in-situ SEM high-
resolution digital image correlation (HR-DIC) measurements and site specific transmission electron
microscopy (TEM) characterization. A fundamental understanding of the complete process from incipient

plasticity to crack formation in Ti alloys is finally provided.

2. Materials and experiments

2.1 Alloys and microstructures

Ti-6Al-2S5n-4Z1r-2Mo (T1-6242) and Ti-6Al-25n-4Zr-6Mo (Ti-6240) alloys provided by Timet were
investigated in the present study. The microstructure results from processing in the a+ field followed by
an annealing at 750 °C. A final ageing treatment of 8 h at 593 °C was applied. Ti-6242 and Ti-6426 exhibit
triplex microstructures composed of equiaxed o and bi-lamellar o within the residual § matrix. In addition,
Ti-6Al-4V (Ti-64) was considered with three different microstructures. Ti-64 with ultra-fine grain
structure provided by the US Air Force Research Laboratory was heat treated to obtain an equiaxed (E)

microstructure (Ti-64E) with a low degtee of microtexture. For this purpose, annealing at 950 °C for 2 h
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followed by cooling at a rate of 6 °C per hour was applied before a 2 h final treatment at 700 °C.
Commercially available mill-annealed Ti-64 rolled plate fabricated by Timet was heat treated at 926 °C for
4 h and cooled to room temperate at 18 °C per hour. The resulting equiaxed microstructure exhibits a
high degree of microtexture (MTR) [7]. This material is denoted as Ti-64MTR in the following. Finally, Ti-
6AI-4V with a bi-modal (BM) microstructure (Ti-64BM) was provided by Safran Aircraft Engines. The
duplex microstructure of Ti-64BM is composed of primary o grains and transformed  regions where
lamellar o is embedded in residual B phase. The measured compositions of the alloys used in the present
study are given in table 1. The microstructures of the investigated alloys are presented in figure 1a.
Microstructural features including o grain sizes and area fractions as well as average lamella thicknesses are
given in table 2. Examination of the micrographs shown in figure 1a shows significantly different retained
B fractions. Typical § phase fractions reported in the literature for the studied alloys range from = 10 %
for Ti-6242 [43] to = 30 % for Ti-6246 [44]. Ti-64 has an intermediate  fraction [44,45]. Crystallographic
orientation maps showing the degree of microtexture in the different materials are presented in figure 1b.
The tensile properties were assessed with a strain rate of 102 s, which was chosen to mimic the loading
rate used for cyclic tests. The engineering stress — strain curves are reported in figure 1c. The Young’s

modulus, the yield strength, the ultimate tensile strength and the elongation are given in table 3 for all

materials.
Alloy Al \ Sn Zr Mo Si Fe O
Ti-6242 6.08 - 2.00 4.03 1.99 0.074 0.02 0.11
Ti-64BM 6.52 4.22 - - - - 0.14 0.21
Ti-64E 6.3 4.1 - - - - 0.18 0.18
Ti-64MTR 6.28 4.09 - - - - <0.19 0.18
Ti-6246 6.20 - 2.01 4.10 6.00 0.05 0.08 0.10
Table 1: Composition of the alloys used in this work in weight % (Ti is balance).
Alloy Primary o grain Primary o area Lamella thickness Nano-lamella
size (um) fraction (%o) (um) thickness (um)
Ti-6242 11 65 0.8 0.04
Ti-64BM 14 40 0.5 -
Ti-64E 9 - - -
Ti-64MTR 3.4 - - -
Ti-6246 6 57 0.6 0.04
Table 2: Microstructural features of the materials used in this work
Young’s modulus Yield strength Ultimate tensile .
Alloy (GP) (MP2) strength (MPa) Elongation (%)
Ti-6242 118 966 1013 13.7




Ti-64BM 118 998 1042 15.2

Ti-64E 112 919 938 18.6
Ti-64MTR 104 993 1023 13.4
Ti-6246 114 1057 1107 12.8

Table 3: Tensile properties with a strain rate of 10-2 s
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Figure 1: a. Backscattered electron micrographs showing the microstructures of Ti-6242, Ti-64BM, Ti-6426,
Ti-64MTR and Ti-64E, b. Crystallographic orientations along the loading direction (horizontal) showing
the degree of microtexture in Ti-6242, Ti-64BM, Ti-6426, Ti-64MTR and Ti-64E and c. Engineering stress

— strain curves showing the tensile behaviors of Ti-6242, Ti-64BM, Ti-6426, Ti-64MTR and Ti-64E

2.2 Fatigue testing

Dogbone shaped specimens with a gage length of 10 mm, a gage width of 2 mm and a thickness
about 0.8 mm were machined using electrical discharge machining. The squared cross section and the area
in the gage length of the specimens are very suitable for SEM detection of small cracks as catried out in
this study, while considering a representative microstructural area. Crack nucleation occurred randomly
over the whole gage length, indicating a negligible influence of stress concentrations at edges. Both faces
were ground finished with 4000 grit SiC paper. A polishing step is then applied on one face using a 9 um
diamond suspension before a final polishing using a mixture of 90 % suspension containing 0.04 um silica

particles and 10 % HzOo.

The specimens were tested at room temperature using an Instron 8862 universal testing machine.
A load ratio of 0.1 was applied, leading to a positive mean stress. Loading was achieved in 1 s. The peak
stress (Opmqyx) Was held for 1 s. The specimen was unloaded in 1 s and the minimum stress (Oy,;,,) Was held
for 1 s. The loading waveform is shown schematically in figure 2a. The strain is derived using an
extensometer. Tests were carried out with peak stress values in the 85 % - 95 % of the yield strength
range. The tests were stopped before failure of the specimen. The cumulated plastic strain is plotted in

figure 2b as a function of the number of cycles for the different titanium alloys.
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Figure 2: a. Applied loading waveform, b. Cumulated plastic strain as a function of the number of cycles.
The number of detected nucleated cracks and the applied peak stress as a fraction of the yield strength

(YS) are indicated.
2.3 Microstructure characterization techniques

After mechanical testing, the whole gage length of the specimen (20 mm?) was characterized using
a TESCAN VEGA 3 SEM to detect nucleated cracks. Approximately 200 back-scattered electron
micrographs are taken with a x800 magnification using an automated routine in order to map the gage
length of each specimen. The number of cracks identified for each test is indicated in figure 2b for the
different investigated titanium alloys. With this approach, cracks as small as a few microns could be
successfully detected. It is noteworthy that such cracks could not be distinguished from slip bands using
optical microscopy. Once identified, the cracks and the surrounding microstructure were observed at
higher magnifications using a JEOL 7000F SEM. In addition, the local crystallographic orientations were
characterized using the EBSD technique. A JEOL 6100 SEM equipped with a Hikari detector

manufactured by EDAX was employed for that purpose. Diffraction patterns were acquired using an



accelerating voltage of 25 kV, a 5 X 5 binning (128 x 96 pixels) and a beam current of 3 nA. A 0.2 um step
was applied. EBSD data was processed using the TSL OIM Analysis software. Grain boundaries with
[0001] misorientations were identified using a 5° threshold on the misorientation between c-axes. A few
crack initiation sites were chosen for a detailed characterization of the microstructure underneath the
specimen surface. Thin foils were extracted using a Helios NanolLab G3 CX focused ion beam (FIB) and
the microstructure surrounding the crack was then observed in transmission (TSEM) using a Scanning

Transmission Electron Microscopy (STEM) detector.

Additional TEM analyses were carried out on targeted regions in a pre-deformed specimen. FIB
lift-out samples were extracted using a ThermoFisher Helios by conventional FIB milling at 30 kV and
with typical probe current of 2.5 nA. FIB thinning was performed, consisting of cleaning cross-sections
with near edge-on focused beam. This cleaning cross-section was repeated from 30 kV with decreasing
probe current from 0.28 nA to 93 pA, then at 16 kV and a probe current of 45 pA, and finally at 5 kV and
16 pA to minimize introduction of defects by FIB. After FIB cleaning, electron transparent specimens
with thicknesses of approximately 100 nm are obtained. Scanning transmission electron microscopy
(STEM) and high resolution scanning transmission electron microscopy (HRSTEM) analyses were carried
out on a ThermoFischer Talos microscope under an accelerating voltage of 200 kV and equipped with a
Super-X EDS detector system. Data was acquired with the Velox software. The presented high angle
annular dark field (HAADF) - STEM micrographs were obtained after drift corrected frame integration,

also performed in Velox.
2.4 In situ tensile testing and high-resolution digital image correlation

An in-situ tensile test was performed using a custom in-situ = 5000 N stage within a
Thermolisher Versa3D microscope with field-emission gun on Ti-64E flat dogbone shaped specimens
with a gauge section of 1 X 3 mm? and a length of 14 mm. The tensile test was performed at a strain rate
of about 10 s! and interrupted at stress levels ranging from 600 MPa to 836 MPa. The total test duration
was approximately 26 hours. Macroscopic strain was measured in-situ using strain gauge and fiducial
markers located at both ends of the gauge length. Prior to testing, the specimen was polished with SiC

papers up to 1200 grit, followed by polishing with a 3 um diamond suspension and then chemomechanical



polishing with 0.05 um colloidal silica for 12 hours. A speckle pattern consisting of gold nanoparticles
with average particle size of 60 nm was deposited on the surface for HR-DIC measurements, following
the procedure developed by Kammers et al. [46]. Microstructure characterization was performed by EBSD
measurements with an EDAX OIM-Hikari XM4 EBSD detector using a step size of 0.4 um. Diffraction
patterns were acquired using an accelerating voltage of 30 kV, a 4X4 binning and a beam current of 0.2
nA. SEM images sets were acquired for HR-DIC before loading and under load following the guidelines
of Kammers and Daly [46] and Stinville et al. [47]. A National Instruments™ scan controller and
acquisition system (DAQ) were used to control beam scanning in the ThermoFisher microscope. This
custom beam scanner removes the SEM beam defects associated with some microscope scan generators
[47]. Tiles of 12 X 6 images before and after deformation with an image overlap of 15% were used to map
regions of interest. DIC calculations were performed on these series of images and results were merged
using a pixel resolution merging procedure. Additional details on the experimental procedure are given
elsewhere [48]. Two regions of 1 X 0.5 mm? were investigated. Typical subset sizes of 31X31 pixels (696
nmX696 nm) with a step size of 3 pixels (67 nm) were used for DIC. DIC was performed using the
Heaviside-DIC method [49,50]. The sample preparation, imaging conditions and Heaviside-DIC
parameters allow for a discontinuity detection resolution of about 10 nm [49,50]. The resulting data
consists of maps of the location and amplitude of the slip events at a given loading step. The in-plane slip
displacement, provided in nanometers, corresponds to the physical in-plane shearing induced by each
single slip event at the surface of the specimen during deformation [49]. The in-plane slip direction was
also derived from the data and compared with the projection of the Burgers vectors onto the surface [49].
Examples of in-plane slip displacement maps after deformation are provided in figure 3, alongside with
the reconstructed stress — strain curve, showing that DIC data was collected at macroscopic stresses of
600 MPa, 700 MPa, 800 MPa and 836 MPa. The associated EBSD map and BSE image after deformation
at 836 MPa are reported as well. For the sake of visualization, the HR-DIC maps are displayed in the
present article using a “maximum” filter with a radius of 4 pixels that artificially increases the thickness of
the slip event on the in-plane slip amplitude maps. The axial loading direction is horizontal in all maps.

Data registration between EBSD and HR-DIC maps was done using a large number of pairs of control
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points that serve to compute the distortion function between EBSD and DIC data as detailed elsewhere

[51].
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O Aligned directions

urve showing stops performed for HR-DIC data collection in Ti-

64E, b. and c. show crystallographic orientations along the loading direction, a backscattered electron

micrograph, in-plane slip magnitudes as obtained via HR-DIC and discrete pole figures showing the

orientation in grains adjacent to b. a (0001) twist boundary and c. a {1011} twist boundary. The loading
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direction is horizontal. Z-contrast in back-scattered electron micrographs show the arrangements of « and
B phases. Maximum Schmid factors (SF) are indicated in black and the one consistent with the

experimentally determined slip plane and direction is underlined.

3. Results

3.1 Fatigue behavior

Significant plastic strains accumulated during fatigue testing, as shown in Figure 2b. This feature
indicates widespread plasticity in the material that is characteristic of low cycle fatigue [52]. The rate of
plastic strain accumulation decreased upon cycling for all alloys, microstructure and loading conditions,
except for Ti-64E. This behavior is most likely related to the noticeable but limited strain softening that
occurs beyond yielding for this material, as shown in the tensile stress — strain curves presented in figure
lc. Tests were stopped prior to specimen failure after 1000 to 5000 cycles. Gage length examination
revealed the presence of a few small cracks per specimen. Some tests on Ti-6242 and Ti-6246 were
repeated and have led to similar numbers of initiated cracks, suggesting that the investigated area is
sufficient to be representative. The fatigue lifetime of Ti-64BM was assessed in [37] with the same testing
conditions as applied in the present work at a peak stress equivalent to 90 % of the yield strength. Cracks
were readily observed after 1300 cycles, while complete failure of the specimens occurred after 10800
cycles on average. Therefore, crack growth consumes most of the fatigue lifetime in the investigated
regime. A complete summary of testing conditions including the number of initiated cracks is given in
table 4. For the applied testing conditions, the number of initiated cracks ranged between 1 and 4 ensuring
that the very first initiated cracks are examined in the present study, at the most critical microstructural
arrangements. Their length was lower than a few primary o grain diameters also ensuring that the

identification of the initiation site is straightforward.

Material Regime Peak stress ng;:;:: of Location Frequency I}‘;)e()s()e lr;c;lg)f
Ti-6242 I LCF I 95 % YS I 1000 I Surface I 0.25 Hz I 2/2+2/2
Ti-6242 LCF 90 % YS 2500 Surface 0.25 Hz 2/2
Ti-6246 LCF 95 % YS 2500 Surface 0.25 Hz 4/4 + 4/4
Ti-6246 LCF 92.5 % YS 2500 Surface 0.25 Hz 1/1

12



Ti-64E LCF 90 % YS 1000 Surface 0.25 Hz 2/2

Ti-64MTR LCF 87.5% YS 3000 Surface 0.25 Hz 1/1

Ti-64AMTR LCF 90 % YS 1500 Surface 0.25 Hz 1/1
Ti-64BM LCF 85 % YS 5000 Surface 0.25 Hz 2/2
Ti-64BM LCF 87.5% YS 2000 Surface 0.25 Hz 1/1
Ti-64BM LCF 90 % YS 1300 Surface 0.25 Hz 2/2
Ti-64BM LCF 90 % YS 2500 Surface 0.25 Hz 40/45 [37)
Ti-64BM LCDF 90 % YS 941 Sub-surface 0.008 Hz 18/20 [37]

Table 4: Summary of fatigue tests and identified fatigue cracks. LCF and LCDF indicate low cycle fatigue
and low cycle dwell fatigue respectively. XX/XX indicates the ratio of the number of cracks initiated at
(0001) twist boundaries (TB) to the total number of cracks. Data corresponding to several specimens are
separated with +. All first cracks form in relation to (0001) twist boundaries. Results from [37] are also

indicated.
3.2 Microstructural features at crack nucleation sites

A total of 24 cracks have been detected and characterized using SEM and EBSD. As similar
features have been obtained for all alloys, microstructures and loading conditions, they are presented
together in the following. SEM micrographs and local crystallographic orientation maps for a typical crack
in each material are shown in figure 4. Comparison of SEM micrographs with crystallographic orientation
data shows that all cracks are aligned with the basal plane trace on both sides of the cracks. Examination
of orientation relationships between both sides of the cracks have revealed a misorientation about the
[0001] axis at the crack initiation sites. Grain boundaries with [0001] misorientations are indicated in
white in figure 4. A substantial fraction of the associated grain boundary length is not aligned with basal
plane traces. As shown in figure 5, TSEM imaging of thin foils containing nucleated cracks confirms that
the cracks are parallel to the basal planes. While EBSD characterization before lift out preparation
demonstrated a [0001] misorientation across the crack, no boundary is visible on the micrographs. These
observations reveal that cracks formed along the boundary, which is parallel to basal planes. Cracked
boundaries are therefore identified as (0001) twist boundaries. All cracks extend along the entire length
of the (0001) twist boundaties. This feature suggests fast crack extension along such grain boundary
segments. Dislocation structures visible nearby the crack in figure 5d testify of a certain plastic activity

involved in this cracking process.
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Figure 4: SEM micrographs and inverse pole figure maps showing the microstructure and the
crystallographic orientations surrounding the cracks. Crystallographic orientations are along the loading
direction. Basal plane traces and misorientation between both sides of the cracks are presented. Grain

boundaries with [0001] misorientations are indicated with white lines.
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Figure 5: Bright field TSEM micrograph of a crack initiated in a. Ti-6242, b. Ti-6246 and c. Ti-64E. d.
Magnification of the central region shown in c. Basal plane traces are indicated and show that the cracks

coincide with the basal planes in « grains adjacent to the cracks.

The distribution of misorientation values between both sides of the cracks is shown in figure 6a.
Despite the limited number of investigated cracks per material, similar trends are observed. The overall
maximum frequency is reached in the 10°-15° interval. The average twist angle is 15.0°. The crack opening
measured on thin foils is lower than 2°, and thus rules out a potential misorientation resulting from the
cracking process alone. Crystallographic orientations on both sides of the cracks are reported in figure 6b.
They show that a similar and restricted crystallographic orientation domain governs crack nucleation in
the investigated materials. The comparison with Schmid factor iso-contours plotted in [53] reveals that
these orientations are associated with a high Schmid factor for basal slip and lower Schmid factors for
prismatic and pyramidal slip. The misorientation between the c-axis of the HCP lattice and the loading

direction as well as the maximum Schmid factor for basal slip are shown in figure 6¢. Most of the « grains
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exhibit a misorientation between the c-axis of the HCP lattice and the loading direction in the 20° - 50°
range and a maximum Schmid factor for basal slip higher than 0.3. In average, the maximum Schmid
factor for basal slip is 0.414 and the misorientation between the c-axis of the HCP lattice and the loading
direction is 33.8°. The combination of a high Schmid factor for basal slip and misorientation values
generally lower than 45° reveals the requirement of both high resolved shear stress and normal stress
acting on the basal plane for crack formation. The frequent observation of basal slip traces in the initiation

o grain pair is consistent with this analysis.
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Figure 6: a. Distribution of the misorientation values between both sides of the crack, showing that cracks
are most frequently formed at (0001) twist boundaries with a misorientation in the 10° and 15° range, b.
Inverse pole figure plot showing the crystallographic orientation of the « grains adjacent to cracked
(0001) twist boundaries along the loading direction and c. Maximum Schmid factor for basal slip plotted

as a function of the misorientation between the c-axis and the loading axis, showing that « grains favoring
crack formation experience a high resolved shear stress for basal slip and a high stress normal to the basal

plane.

3.3 Strain localization along (0001) and other twist boundaries using HR-DIC

Characterization of nucleated cracks has brought substantial evidence of a key role of (0001)

twist boundaries in the crack formation process. Strain localization at these specific microstructural
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configurations was investigated using in-situ SEM HR-DIC during a tensile test. This technique allows a
reliable detection of localized slip at interfaces or boundaries [47], which can be challenging using
conventional SEM observation of slip traces due to contrasts stemming from crystallographic or
composition heterogeneities. In-plane slip measurements over roughly 1 mm? were carried out on Ti-64E
at applied stress levels below the 0.5 % proof strength. Maps showing the crystallographic orientations
and the in-plane slip magnitudes at each loading step are presented in figure 7. For clarity purposes, only
one out of the two regions of interest is shown in this figure, but analyses and discussions include both.
Additional BSE micrographs were used to ensure that slip was located at the boundary as the 0.4 pm step
size associated with the EBSD scan may not provide sufficient spatial resolution. Strain localization along
(0001) twist boundaries is observed. An example is presented in figure 3b. As shown on the pole figure
plots, the boundary trace is parallel to the basal planes traces in the adjacent grain pair. Due to rotation
around the c-axis, (1120) slip directions between both sides of the boundary are not aligned but they are
contained in the common (0001) plane. The slip direction derived from DIC data is consistent with the

crystallographic (1120} slip direction associated with the maximum Schmid factor.

Grain boundaries with [0001] misorientations account for approximately 2.5% of the total grain
boundary length in the investigated region. However, as illustrated in figure 4, a substantial fraction of
such boundaries are not aligned with basal planes and no systematic strain localization was observed at
these boundaries. In addition, strain localization was also occasionally observed along {1011} twist
boundaries. An example is presented in figure 3c. The boundary is parallel to a pyramidal plane trace.
Furthermore, the pole figure plots show that the (1011) slip plane which serves as the boundary plane
and the associated [1210] direction are aligned in both surrounding « grains. The slip direction derived
from DIC data is consistent with slip along this [1210] direction. A 55.7° misotientation is measured
across the boundary. It is noteworthy that such orientation relationship corresponds to a {1011}(1012)
twin boundary [54]. Due to the considerable population of boundaries contained in the region of interest
and the irrelevant character of most of them regarding fatigue crack initiation, the following analyses are

focused on (0001) twist boundaties.
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At the first loading step (600 MPa), only a few sparse slip events are identified. This is illustrated
in figure 7. 2 out of a total of 7 slip traces are located at (0001) twist boundaries. As shown in the in-
plane slip distribution frequency calculated using 0.22 nm bins and presented in figure 8a, the maximum
in-plane slip magnitude was reached at these specific microstructural configurations. At higher applied
stress values, a few additional slip events are located at (0001) twist boundaties but most of them
correspond to intragranular basal and prismatic slip. Considering the number of slip traces included in the
considered regions, no systematic identification of active slip systems was carried out. Interestingly, the
maximum in-plane slip values are not located at these specific microstructural configurations at higher
applied stress levels. This is shown in the in-plane slip distribution frequencies presented in figure 8a and
illustrated in figure 7. At the final step, which corresponds to an applied load equivalent to 836 MPa,
seven (0001) twist boundary segments were found associated with strain localization. Therefore, roughly
106 of the total grain boundary length, or 10+ of grain boundaries with [0001] misorientations, are
(0001) twist boundaries exhibiting localized slip. Such microstructural configurations are thus very rare,

and can only be captured by investigating large fields of view (= 1 mm?).

Cortrelations between the in-plane slip magnitude and microstructural features were examined to
identify critical configurations. The maximum Schmid factor for basal slip, the misorientation across the
boundary, the misorientation between the c-axis of the HCP lattice and the loading direction and the
measured slip length at the final loading step are plotted against the maximum in-plane slip magnitude
reached along the (0001) twist boundary in figure 8b and 8c. Linear regressions were used to highlight
any correlation. R? values indicate that only the slip length measured on the DIC maps is significantly
correlated with the in-plane slip magnitude. High slip length seemingly promotes high in-plane slip values.
It is worth noting that the highest in-plane slip values correspond to slip bands extending across several
microstructural elements. However, considering the quite low number of observations, these trends

deserve to be examined further in future work.
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Figure 7: Crystallographic orientations along the loading direction and in-plane slip maps at the different
loading steps in Ti-64E showing that most intense in-plane slip values are reached at (0001) twist
boundaries at the first step (600 MPa). At higher applied stress values, highest in-plane slip values ate not
located at these microstructural configurations. Grain boundaries with [0001] misorientations are

indicated with black lines in inserted IPF maps.
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Figure 8: a. Distribution frequency of in-plane slip for overall slip activity (empty symbols) and located at
(0001) twist boundaries (full symbols indicated with TB) at each loading step in Ti-64E, b. and c. show
the correlation between the in-plane slip magnitude reached at each (0001) twist boundary where strain

localization was observed and the slip length, the misorientation across the boundary, the maximum
Schmid factor (SF) for basal slip in adjacent « grains and the misorientation between the c-axis of the HCP
lattice and the loading direction. R? values indicate that significant correlation was found only with the slip

length.

3.4 TEM characterization of deformation at (0001) twist boundaries

Transmission electron microscopy imaging was cartied out on a thin foil extracted at a (0001)
twist boundary associated with localized slip. The sample had been loaded in tension up to 0.2 % plastic
strain before FIB milling. A backscattered electron micrograph and corresponding local crystallographic
otientations along the loading direction nearby the boundary of interest are presented in figure 9. Bright
field (BF) STEM images of the thin foil are also shown. The micrographs demonstrate that the boundary
is planar. No § layer can be distinguished. No dislocation structure is visible nearby the boundary while a

22 nm high step on the surface provide evidence of the occurrence of slip. Therefore, the offset associated
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with localization seemingly occurred along the grain boundary. Convergent Beam Electron Diffraction
(CBED) analyses were used to obtain accurate assessment of the misorientation between basal planes
across the boundary. CBED patterns presented in figure 9 show the shift of the Kikkuchi line associated

with the basal plane which indicates a misorientation of 1.04°.

SEM-EBSD BF-STEM XEDS CBED

Surface

% (0001) twist
boundary

’B phase

0001

Loading

Figure 9: SEM micrograph showing the location of the thin foil, the corresponding crystallographic
orientations along the loading direction where grain boundaries with [0001] misorientation are indicated
with white lines, BF-STEM micrographs showing shear localized at a planar (0001) twist boundary, X-

EDS maps of Ti and V suggesting no composition heterogeneities at the boundary and CBED patterns

showing a 1.04° misorientation between basal planes

Although SEM and BF-STEM micrographs have not provided evidence of the presence of 8
phase at the boundary, further confirmation was acquired using STEM-EDS. Elemental composition
maps are presented in figure 9. The analyses show that § phase located at the bottom of the foil is V and
Fe rich and depleted in Ti and Al In contrast, no segregation could be evidenced at the boundary. This
suggests that no {3 is present at the boundary. Additional evidence of the absence of § was obtained using
HR-STEM characterization. A high angle annular dark field (HAADF) micrograph is presented in figure
10. The o grain on the right exhibits a (1120) zone axis as determined using the fast-Fourier transform of
the micrograph. The basal plane appears parallel to the boundary. This is clearly illustrated in the inverse

fast Fourier transform image obtained with the {0002} spot showing the stacking of basal planes.
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Considering the grain boundary length examined in this micrograph, this observation is not inconsistent
with the very low misorientation between c-axes noticed above. No specific atomic arrangement
suggesting the presence of B is evidenced at the boundary. However, a/8 interfaces can be difficult to
detect with a (1120) zone axis, when this « direction is aligned with a (110} 8 direction [55] such as
possibly resulting from Burgers orientation relationships [56]. A hexagonal center-of-symmetry parameter
defined in [57] and previously used in [58] was calculated for each atomic column in order to highlight

differences in atomic structure between both phases. While the parameter is theoretically zero when

viewing the (110) § plane, it should be equal to 13.05 A2 in the (1120) « plane. The values are plotted in
the map of figure 10c. The lack of values close to zero reveals the absence of 3 in the investigated region.
Higher values are reached close to the boundary indicating distortions in the lattice structure. A similar
characterization (not presented here) was carried out on the grain on the other side of the investigated

boundary and similar results were obtained.

=0A

& s e A
o S A

. "

C.
\% 3 - @ e e e gphase
g .'.'.'.' P=13.05A°
0 -‘* H B Phase
P= 2
5.4 &

Figure 10: High-resolution HAADF-STEM images along the (1120) zone axis of the crystal on the right: a.
The HR-STEM image with inserts showing magnifications of R1 and R2 regions and a fast Fourier
transform of the entire image, b. The inverse fast Fourier transform image of the entire region in a. when
selecting the {0002} spot in the FFT as labeled, and c. Map of the hexagonal center-of-symmetry parameter

(P). The absence of values close to zero indicates that no § is present in the investigated region.

4. Discussion

4.1 Fatigue crack initiation in 17 alloys
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In the present study, room temperature low-cycle fatigue tests have been carried out using several
alloys, microstructures and loading conditions. They were stopped after formation of a restricted number
of small cracks, ensuring the analysis of the most critical microstructural configurations regarding crack
initiation in T1 alloys. All observations have demonstrated that early cracks are formed on (0001) twist
boundaries separating equiaxed o grains well oriented for basal slip. The twist boundaries, which are
parallel to the basal planes in the surrounding grain pair, experience a high resolved shear stress. Basal slip
activity is often observed in the grain pair surrounding the boundary, however, this is not systematic.
Prismatic slip traces are occasionally observed in these grains as well. Based on surface SEM and cross-
sectional TSEM observations, these plasticity events do not seem to be directly involved in the crack
formation process. It is worth noting that stiff oriented grains seem more favorable for crack formation,
which may result from a higher stress induced by the high directional modulus [7,59]. As observed cracks
systematically extended along the entire length of the (0001) twist boundary, crack extension along these

grain boundary segments appears to be fast.

The similar features observed at crack nucleation sites for all materials considered in the
present study reveal the operation of a unique crack formation mechanism. This finding provides
interesting insights into the effects of composition and microstructure. While equivalent aluminum
contents are around 8 wt. % for all considered alloys, the equivalent molybdenum content ranges from 2
to 6 wt. % [56]. Different 8 phase fractions result from the different amounts of § stabilizing elements. In
particular, Ti-6Al-2Sn-4Zr-XMo alloys (with X = 2 or 6) do not contain V, which is the only major 3
stabilizing element in Ti-6Al-4V. In these alloys, Mo is the main § stabilizing species and exhibits a lower
diffusivity than V. The alloying elements significantly differ in the o phase a well. Only Al is expected to
be present in similar amounts. The oxygen content in Ti-6Al-2Sn-4Zr-XMo alloys used in the present
study is lower than in Ti-6AI-4V alloys. o grains in Ti-0Al-2Sn-4Zr-XMo contain several weight percents
of Zr and Sn [43] while a few weight percents of V are present in Ti-6Al-4V [60]. It is interesting to notice
that « phase in Ti-6Al-2S5n-4Z1-XMo alloys have roughly the same composition [43]. In spite of these
numerous differences, (0001) twist boundaries were present in all investigated materials and the crack
nucleation mechanism was observed to be insensitive to the average and local composition variations.

Microstructural features, such as the « grain size, the lamellas thicknesses or the degree of microtexture,
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have not induced a change in mechanism either. This may have occurred due to a different pattern of
strain partitioning between the metallurgical constituents. As none of these variations has modified the
(0001) twist boundary crack nucleation mechanism presently observed, it seems to have a broad relevance
for Ti alloys subjected to cyclic loading. A similar mechanism was found to operate for surface and
subsurface dwell-fatigue crack nucleation [37]. No mechanism change stems from the differences in stress
state and environmental effects due to the free surface. The variety of applied loading conditions has not
resulted in a mechanism change either. Additional investigations are on-going to clarify how the present
findings translate to different loading conditions including high cycle fatigue or complex loading paths

such as experienced in-service.

The presently reported findings question the consistency with prior studies mentioned in the
introductory section. It is clear that no plastic deformation event in a neighboring o grain triggers crack
formation and cracks do not initiate in a “hard” grain, i.e. where basal or prismatic slip is difficult, as
opposed to the mechanism proposed by Evans and Bache for dwell-fatigue crack initiation [61]. However,
features of the grains adjacent to the cracks such as a high Schmid factor for basal slip and a low
misorientation between the c-axis of the HCP lattice and the loading direction are consistent with data
from prior studies where cracks were reported to initiate on an intragranular basal slip band [5,13,21]. It is
noteworthy that some of the associated data have been recently revisited [37]. A (0001) twist boundary
with the same features as highlighted in the present work was found at the crack initiation site. An
incomplete interpretation of fracture surfaces in previous studies may arise from the analysis of failed
specimens containing only half of the microstructure surrounding the cracks. The present results suggest
that a careful analysis of the 3D microstructure at the crack initiation sites should be carried out in order

to evidence the presence of the (0001) twist boundaries.

4.2 Localized shear at (0001) twist boundaries and transition to crack initiation

Additional analyzes were performed on Ti-6Al-4V with an equiaxed microstructure in order to
unveil the preliminary deformation steps leading to crack formation. Particular attention was paid to

microstructural configurations desctibed above. The occurtrence of strain localization along (0001) twist
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boundaries was evidenced. They constitute preferential locations for the early plastic deformation events
and are associated with intense slip activity. This is especially noticeable as these microstructural
configurations are very rare. A few more intense slip events were found elsewhere at higher applied stress.
However, it must be kept in mind that in-plane slip is assessed, which may not reflect the out-of-plane slip
component that is important regarding fatigue crack nucleation [62]. Another important feature governing
the magnitude of the strain at (0001) twist boundaries is the slip length as continuous slip across several
microstructural elements generates high in-plane slip values. Other boundaries such as {1011} twist
boundaries were found prone to strain localization as well although not observed at low stress. These
boundaries are planar and contain one slip system that experiences a high resolved shear stress. Shear
along twist boundaries was observed to be consistent with slip along a <a> direction contained in the
boundary plane and associated with a high resolved shear stress. As these features are similar for both
(0001) and {1011} twist boundaries, they are likely to be required for strain localization to occur along a

twist boundary.

The origin of the eatly slip localization at (0001) twist boundaries is still unclear. No stress
concentration is expected to result from the adjacent grain configuration as HCP « exhibits a transversely
isotropic elastic behavior in the basal plane. In addition, no elemental segregation, which may potentially
generate a locally softer region, was detected either. This feature also suggests that no 3 layer is present at
the boundary. This was confirmed using HR-STEM characterization of atomic arrangements in the grain
boundary region. The existence of o/ grain boundaries in a dual phase Ti alloy was recently evidenced in
[55]. The structure of a (0001) twist boundary was examined by Liu et al. in a fracture toughness
reduction context [63,64]. The authors have reported a possible presence of 8 phase at the boundary using
HR-TEM and electron energy loss spectroscopy. While this conclusion seems in contradiction with the
present results, it is worth noting that the boundary studied in [63] was not parallel to the basal planes in
adjacent grains and therefore unlikely to be a potential slip localization or crack initiation site. In the
present work, the characterization of a boundary exhibiting strain localization ensured the study of a

relevant microstructural region.
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Although no direct evidence of crack formation on localized slip is presently reported, Lavogiez
et al. have imaged the crack opening following intense strain localization at (0001) twist boundaries in Ti-
64BM [37]. Shearing along (0001) twist boundaries is thus a preliminary step for crack formation. The
absence of visible dislocation structures nearby the boundary suggests that these planar o/ grain
boundaries are able to accommodate deformation via shearing. In contrast, crack opening along sheared
twist boundaries seems accompanied by a limited yet noticeable plastic activity in the surrounding region.
Several authors have reported the presence of (0001) twist boundaries in crack initiation regions, but no
direct link with the crack formation mechanism was formulated to the best of the authors knowledge
[65,66]. The underlying cause of premature cracking at such microstructural elements is still unclear as it
does not seem to pertain to local stress concentrations or local composition variations as discussed above.
The atomic structure and interfacial energy of the twist boundaries may play a key role in this process.
Another question that may arise is whether other boundaries associated with shearing are prone to
cracking. While it is clear that they are not associated with early crack formation, one cannot exclude
cracking later in the cycling process. An additional Ti-64BM specimen was tested until multiple cracks
were initiated. 2500 cycles were applied while the first cracks were readily observed after 1300 cycles for
similar loading conditions. A crack was located at a {1011} twist boundary. Crystallographic orientations
and a SEM micrograph in the region surrounding the crack are presented in figure 11. The features
exhibited by this boundary are consistent with those listed in the previous paragraphs, thus suggesting that

it is suitable for strain localization. This crack further demonstrates the specific character of such

boundaries regarding crack formation.
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Figure 11: a. Inverse pole figure map showing the crystallographic orientation along the loading direction

nearby a crack and the associated backscattered electron micrograph, b. Pole figures show that cracking
occurred along a {1011} twist boundary. 2500 cycles with a peak stress equivalent to 90 % of the yield

strength was applied on this Ti-64BM specimen.

Microstructural configurations favorable for (0001) twist boundary shear were found to be very rare. In
agreement with this finding, (0001) twist boundaries were not identified among the most common grain
boundaries according to the extensive study of grain boundaries in o-Ti carried out by Kelly et al. [67]. As
a consequence, they constitute the most influential microstructural feature governing crack formation and
are likely to contribute to the high variability in fatigue life. This finding offers new ways of improving the
understanding and the prediction of fatigue crack initiation in titanium alloys. (0001) twist boundaries are
likely to form as a result of dynamic recrystallization, though this has not yet been studied in detail.
Therefore, the density of (0001) twist boundaries, and thus of potential crack initiation sites, probably
depends on the applied processing route. Additional complexity is expected with the extrapolation to
industrial components since microstructure and stress field heterogeneities stemming from complex
geometries, loadings and processing histories have to be considered. As a consequence of the scarcity of
these microstructural elements, representative volume elements must be considered with a specific care. In
particular, restricted volumes tested in conventional laboratory tests may to contribute to a difficult
prediction of properties such as high-cycle fatigue, which is governed by the weakest-link. For instance,
with less than ten (0001) twist boundaries where slip localization occurs in 1 mm?, the region considered
for HR-DIC analyses is probably insufficient to be really representative in spite of its large size. Repeated
fatigue tests on Ti-6242 and Ti-6246 with similar conditions led to a similar number of cracks, suggesting
that 20 mm? could be sufficient within the investigated set of material and testing conditions. Further
complications are expected depending on the features of microtextured regions, which can induce
microstructure and stress/strain field heterogeneities up to the centimeter scale. The associated challenges
are likely to be overcome in the upcoming years with the advent of large scale reconstruction and efficient

simulation techniques.
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5. Conclusions

In summary, the mechanism of low-cycle fatigue crack formation was investigated for several
titanium alloys processed to have different microstructures. Tests were carefully stopped in order to study
microcracks. Deformation at potential crack initiation sites was subsequently characterized in order to

unveil processes leading to crack formation. The following conclusions have been drawn:

*  Tor all alloys, microstructures and loading conditions, a similar crack formation mechanism was
observed. Insensitivity to composition as well as microstructure differences including the grain
size, the degree of microtexture and the § fraction demonstrates a broad relevance of the present
findings.

*  Early cracks form at (0001) twist boundaries. Crack opening along such boundary segments
seems fast and associated with some plastic activity in the region surrounding the boundary. In
order to constitute a potential crack initiation site, the twist boundary must experience a high
resolved shear stress and a high normal stress. In addition, misorientation is generally in the 10° -
20° range.

*  Localized shear along (0001) twist boundaries precedes crack formation. No §3 layer was found
using a variety of characterization techniques, suggesting that shearing proceeds along o/ grain
boundaries. At such locations, strain localization is intense and occurs at low stress as compared
to the majority of slip activity. These microstructural configurations are rare as (0001) twist
boundaries with strain localization account for roughly 10-¢ of the total grain boundary length. In
addition, local microstructural configurations allowing a high slip length exacerbate the propensity
to high slip magnitudes.

+ {1011} twist boundaries were also found prone to slip localization and possibly crack formation
later in the cycling process. Important features of boundaries associated with strain localization
and crack formation include i. the parallelism of a slip plane with the boundary and ii. a high

resolved shear stress on a slip system involving this slip plane.
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