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Abstract: As one of the representative characteristics of plastic deformation, microstructural plastic strain inhomogeneity has 

triggered a broad interest in uncovering the corresponding deformation micro-mechanisms. (α+β) titanium alloys enable 

fruitful mechanistic explorations of this dependency, since: (i) the plastic anisotropy of the α-phase drives distinctive 

dislocation gliding and/or mechanical twinning modes for plastic strain accommodation; and (ii) deformation transferability 

between α/β phase boundaries strongly relies on both microstructural and structural parameters. The present work carried out 

in a Ti-Al-V-Fe (α+β) alloy is an in-situ mechanistic study, aiming to elucidate the critical deformation micro-mechanisms 

that are responsible for strain localization, partitioning, as well as damage inception processes. It is revealed through statistical 

analysis of the in-situ strain mapping results that a moderate partitioning trend exists between α- and β-phases, and that the 

present alloy is characterized by the eminent strain localization bands that develop at the early stage of plastic straining. 

Deformation micro-mechanisms including texture-facilitated prismatic 〈𝐚〉 slip activation together with the near-ideal slip 

transfer conditions across the α/β phase boundaries are found to be predominant in the strain localization region. The 

combination of postmortem and in-situ damage analyses confirm the dominant role of these long-range strain localization 

bands in expediting surface cracking events. 

 

Keywords: A. microstructures; B. polycrystalline material, metallic material; C. electron microscopy. 

 

1. Introduction 

Heterogeneous deformation in polycrystalline metallic materials is of fundamental significance in bridging deformation micro-

mechanisms and macroscopic load-bearing response (Bieler et al., 2009; Birosca et al., 2014; Charpagne et al., 2020; Yang et 

al., 2011). Grain boundaries (GBs) and phase boundaries (PBs), have been well-documented to actively govern local stress 

and strain distribution evolutions, and thereby the strain localization and damage behavior (Bieler et al., 2014; Gurtin, 2008; 

Sperry et al., 2020; Wei et al., 2019b; Z. Zhang et al., 2018) The role of GBs have been widely discussed with regards to 

crystallographic orientation effects (Bayerschen et al., 2016; Hall E. O., 1951; Hémery et al., 2018; Li et al., 2019), which 

create inhomogeneity even within the volumes of individual grains due to the spatially-varying deformation rates therein 

(Stinville et al., 2016). In addition to these classical Hall-Petch-like concepts, more recent crystal plasticity investigations also 

highlight the role of local strain energy in accurately correlating GB-induced heterogeneous deformation with damage 

incipience (Chen et al., 2018; Cruzado et al., 2018; Musinski and McDowell, 2016). Unlike the appreciable exploration of 
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plastic deformation considering GBs, relevant research towards PBs remains limited. Extra complexities involved with PBs 

are mainly two fold: chemically, diffusional phase transformation pathways inevitably introduce elemental partitioning, which 

hinders accurate modelling of PB structures at the atomistic level (Bormann et al., 2019; Takahashi et al., 2017); and 

mechanically, distinctive crystallographic structure as well as mechanical property differences amongst presenting phases 

complicates the establishment of concisely reliable constitutive laws (Fan et al., 2018; Kapoor et al., 2018). Recent 

advancement of microstructure-based strain mapping (μ-DIC) approaches as well as crystal plasticity simulations have 

resolved the foregoing challenges to some extent (Cappola et al., 2021; Roters et al., 2010; Stinville et al., 2021; Yan et al., 

2015). One exemplary accomplishment is the progress in dual-phase steels investigations (Khosravani et al., 2017; Tasan et 

al., 2015; Yongsheng Xu et al., 2020), where the ferrite/martensite PBs are recognized to retard deformation transfer and the 

resultant interfacial strain incompatibility is predominant throughout the whole plastic realm (Das et al., 2019; Han et al., 2014; 

Kuang et al., 2009). It would be therefore expected that the PB-induced heterogeneous deformation can appear more intriguing 

once comparable deformability present in existing phases. In light of this, two-phase titanium alloys provide an effective 

platform to closely examine the correlation between PB-related deformation micro-mechanisms and the evolution of 

heterogeneous deformation at the meso-scale. 

 

As two-phase titanium alloys consist of hexagonal close packed (HCP)-structured α-phase (major constituent) and body 

centered cubic (BCC) structured β-phase (minor constituent), plastic deformation features have great diversity in both 

structural and microstructural aspects (Banerjee and Williams, 2013; Semiatin, 2020). In contrast to the higher symmetry face-

centered cubic (FCC) structure, the HCP lattice reveals intrinsic plastic anisotropy (Ahmad et al., 2020; Joseph et al., 2018; 

Yoo, 1981). Compatible plastic flow in HCP structures, as dictated by the von Mises criterion (Anderson et al., 2017), generally 

requires five independent active slip systems. However, the activation of both basal 〈𝐚〉 and prismatic 〈𝐚〉 slip, which are 

apparently the two slip modes with the lowest critical resolved shear stress (CRSS) magnitudes, can only contribute to four 

independent slip systems. This signifies the necessity of activating additional deformation micro-events especially to 

accommodate plastic strain along the 〈𝐜〉 axis. As such, mechanistic studies of pyramidal 〈𝐜 + 𝐚〉 slip, extension and/or 

contraction twinning modes in α-Ti have highlighted their fundamental contributions to the macroscopic mechanical response 

(Nervo et al., 2016; Proust et al., 2007; Wei et al., 2021; Zhou et al., 2019). The β-phase, on the other hand, has less pronounced 

plastic anisotropy, in which {110}〈11̅1〉, {112}〈111̅〉, and {123}〈111̅〉 dislocation slip modes are well-documented as the 

major deformation micro-mechanisms. Although systematic experimental data on the dependency of alloying elements on the 

CRSS magnitudes of β-phase is rather lacking, exemplary studies on commercial (α+β) Ti6242 (Deka et al., 2006; 

Venkatramani et al., 2007; Zhang et al., 2016) and Ti64 (Stapleton et al., 2008; Warwick et al., 2012a) alloys consistently reveal 

similar CRSS magnitudes between potential slip modes in the β-phase and prismatic 〈𝐚〉 slip in the α-phase. Such intrinsically 

moderate slip strength contrast renders cooperative deformation between α- and β-phases, which reveals deformation 

transferability across α/β PBs motivated in this investigation. 
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Early transmission electron microscopy (TEM) studies on Ti6242 and Ti64 alloys led to the conclusion that slip transfer across 

α/β PBs most commonly takes place, in cases where there are Burgers vectors with similar lengths and directions on both sides 

of the PBs (Savage et al., 2004; Suri et al., 1999). Recent meso-scale experimental studies based on integrating electron 

backscatter diffraction (EBSD) approach, micro-pillar compression, and crystallographic calculations also reflect the Burgers 

orientation relation (BOR) on slip transferability across α/β PBs (He et al., 2014; Jun et al., 2019; Seal et al., 2012; Zhang et 

al., 2016). In addition to these experimental efforts, the quick emergence of multi-scale simulation methods has enabled the 

exploration of such a deformation micro-event in greater depth. By incorporating density functional theory (DFT) to the 

microscopic phase field framework, the generalized stacking fault energy was recently established for α/β PB slip transfer in 

a Ti6242 alloy (Zhao et al., 2019). The involvement of Shockley partials was identified as the critical atomistic mechanism 

that facilitates slip transfer and hence alleviates geometrically necessary dislocation nucleation. Coupled discrete dislocation 

dynamics (DDD) and crystal plasticity finite element methods (CPFEM) simulation, on the other hand, has elucidated how 

local stress and/or strain distribution contributes to individual slip transfer events in micro-pillar compression experiments 

(Waheed et al., 2019; Yilun Xu et al., 2020; Zheng et al., 2018, 2017a). 

 

Depending on alloying elements and thermomechanical processing history, (α+β) titanium alloys can exhibit a broad spectrum 

of microstructures, spanning from Widmanstatten lamellae, basketweave, and equiaxed morphology (Cui et al., 2021; Gil et 

al., 2001; Kim et al., 2008; Wei et al., 2021, 2016; Wu et al., 2021). Especially at ambient temperature, the equiaxed 

microstructure exhibits a more desirable strength-ductility combination (Banerjee and Williams, 2013; Peters and Leyens, 

2003). In fact, one of the prototypical concepts of achieving equiaxed microstructure in (α+β) alloys is to reduce the slip length 

down to the scale of α-grain size, such that the inferior slip resistance in the retained β-layer, which is along the α-grain 

boundaries, can be mitigated (Castany et al., 2008; Peters and Leyens, 2003; Wang et al., 2020). However, in-situ experimental 

studies have revealed that the validity of this sort of microstructure design approach largely depends on the crystallographic 

texture of the α-phase. Exemplary in-situ studies on equiaxed Ti64 alloys proved that the sub-millimeter microstructure regions 

can discernibly increase the slip length via the similar slip mode activation propensity together with the smooth slip 

transferability across low-angle GBs in the α-phase (Hémery et al., 2019; Kasemer et al., 2017). The magnified slip length, as 

a result, leads to inception of extensive strain localization bands, expediting surface crack nucleation, which is harmful to 

macroscopic load-bearing performances (Cappola et al., 2021). Under these circumstances, the presence of geometrically non-

negligible β-phase (such as near-equiaxed β-phase) will in turn further complicate the deformation micro-features. A recent 

study performed on an equiaxed Ti-1.0 Fe wt.% (α+β) alloy revealed the apparent strain partitioning trend resulting from the 

higher hardness of the β-phase (Chong et al., 2020), which proved to be the dominant factor for phase boundary micro-cracking. 

 

The present study employs a Ti-Al-V-Fe (α+β) alloy with a rolling texture, aiming to explore the following three fundamental 
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topics: (1) what deformation micro-events are associated with strain localization band development and its propagation? (2) 

how is plastic strain accommodated by the α- and β- phases? and (3) how do the micro-events and/or mechanisms identified 

in (1) and (2) influence the micro-damage and thereby macroscopic failure procedure? By carrying out in-situ experiments and 

crystallographic calculations, we reveal that: (1) the strain localization region is mostly characterized by predominant prismatic 

〈𝐚〉 slip activation, and the near-ideal slip transferability across the α/β PBs; (2) plastic strain partitioning appears generally 

moderate between α- and β-phases; and (3) coupled post-mortem and in-situ damage mechanism studies confirm that strain 

localization bands are mostly accounting for the development of surface crack while the major failure mechanisms in the bulk 

is the nucleation and growth of micro-voids. 

 

2. Material and methods 

2.1 Microstructural characterization and ex-situ mechanical property assessment 

The material investigated in the present study is a fully-recrystallized Ti-4.0Al-2.5V-1.5Fe wt. % (α+β) alloy (Fig. 1) supplied 

by Allegheny Technologies Incorporated (ATI), Natrona Heights, PA, USA. Microstructural characterizations including 

secondary electron (SE), back scatter electron (BSE) imaging, energy-dispersive X-ray spectroscopy (EDS, EDAX Octane 

Elite Plus detector), and EBSD (EDAX Hikari camera, 18.00 mm working distance under 20 kV acceleration voltage) were 

carried out in a TSCAN MIRA 3 scanning electron microscope (SEM). An Orientation Imaging Microscopy software (OIM, 

version 8.0) was employed to post-process the acquired EBSD patterns and to obtain crystallographic information for 

theoretical calculations. Rectangular dog bone-shaped tensile specimens (gauge dimension: 6.5×2.5×1.0 mm3) were sectioned 

along the rolling direction (RD) of the bulk alloy sheet using electrical discharge machining (EDM). These specimens were 

then subjected to mechanical grinding up to #1200 SiC abrasive paper before being speckle patterned for optical digital image 

correlation (DIC) measurement. Ex-situ uniaxial tensile testing was performed on a Gatan micro-mechanical testing platform 

under a quasi-static loading condition (strain rate: 10-3 s-1), during which optical images were recorded every 1 s for strain 

profile assessment in a GOM software (https://www.gom.com/3d-software/gom-correlate.html). In the optical DIC analysis, 

the 𝜀𝑥𝑥 engineering strain component (parallel to the loading axis) was utilized to represent the local strain through the gauge 

section of the tensile specimen. A virtual extensometer was adopted in the DIC analyses to measure the elongation for obtaining 

the engineering stress-strain curve. Static synchrotron X-ray diffraction experiment was carried out at beamline 11ID-C, 

Argonne National Laboratory, Chicago, USA (beam wavelength: 0.1173 Å). The acquired two-dimensional diffractogram was 

integrated at 5o azimuthal sectors respectively along the RD (87.5-92.5o) and the transverse direction (TD, -2.5-2.5o) using a 

GSAS-II open-access software (Toby and Von Dreele, 2013) to obtain one-dimensional diffraction patterns. Individual phase 

properties were investigated using a Hysitron Tribo nanoindentation with a Berkovich tip which was calibrated on a 

standardized fused-quartz specimen. A maximum 1000 μN load was applied in each indent with a load function consisting of 

a 10 s loading unit and a 5 s holding duration at the peak contact force. The load-displacement curves were analyzed by the 

Oliver-Pharr approach (Pharr and Bolshakov, 2002; W.C. Oliver; G.M. Pharr, 1992) to determine the nano hardness as well as 

https://www.gom.com/3d-software/gom-correlate.html
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the elastic modulus values. A PI-88 Hysitron Picoindenter was also employed for quasi-in-situ investigation of nano hardness 

for the strain localization region. In the SEM-based nanoindentation experiment a conical tip was adopted and was also 

calibrated on a standardized fused-quartz before measurement. The maximum load was also kept at 1000 μN in the monolithic 

measurement. 

 

2.2 In-situ microstructure-based strain mapping 

An in-situ microstructure-based digital image correlation approach (Yan et al., 2015) was employed to quantitatively assess 

the heterogeneous strain accommodation and evolution during plastic deformation. Following our previous experimental 

recipes (Rui et al., 2019; Wei et al., 2021, 2020), speckle patterns were coated on mirror-finished tensile specimens (gauge 

dimension kept the same as ex-situ testing) by using ~40 nm diameter colloidal SiO2. These coated specimens were then dried 

in flow air with sprayed ethanol to achieve desirably homogenous patterns (see Supplementary Fig. S1 as an example). During 

the in-situ tensile experiment, BSE, SE, in-beam BSE, and in-beam SE micrographs with 4096×4096 resolution (41.5×41.5 

μm2 field of view) were recorded every 1.0-1.5% engineering strain incrementation, and the in-beam SE micrographs were 

subjected to DIC calculation for strain determination in a commercial GOM software (https://www.gom.com/en/products/gom-

correlate). The square facet size applied for DIC analysis was 60 pixel, giving rise to a spatial resolution of about 600 nm, 

which was approximately 30 % the average grain size of the β-phase. The inter-facet distance was set as ~200 nm, in equivalent 

to 20 pixel under the current imaging condition. Since the local strain value determined from DIC analysis may exhibit a 

dependency on the applied subset size, we have validated that the adopted 60 pixel (in equivalent, about 600 nm) subset size 

exhibits negligibly small influence in the strain calculation results. Detailed analyses can be found in Supplementary Note 1. 

Because of the quantitative analyses in the present work involve strain profile acquisition along certain directions as well as 

distribution assessments, and the physical conclusions drawn should be frame-indifferent (Gurtin et al., 2010), the von Mises 

equivalent strain is therefore adopted. Considering the thin-sheet geometry of the present tensile specimen (thickness ~1.0 

mm), a plane stress approximation was applied, which states: 

 

𝜺p =
1

2
[∇𝒖 + (∇𝒖)T] ≃ [

𝜀𝑥𝑥 𝜀𝑥𝑦 0

𝜀𝑥𝑦 𝜀𝑦𝑦 0

0 0 −𝜀𝑥𝑥 − 𝜀𝑦𝑦

]      (1) 

 

In Eq. (1), 𝜺p is the plastic strain tensor under the plane-stress presumption, 𝒖 represents the displacement field which is 

measured by μ-DIC. The out-of-plane strain component 𝜀𝑧𝑧 , was determined using the principle of volume constancy: 

tr(𝜺p) = 0. The von Mises equivalent strain, which is then an in-plane frame-indifferent scalar, is calculated by: 

 

𝜀VM = √
2

3
𝜺p: 𝜺p            (2) 

 

https://www.gom.com/en/products/gom-correlate
https://www.gom.com/en/products/gom-correlate
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Note that, since the present study primarily concerns about deformation at relatively high plastic strain levels, the elastic 

compressibility of the present alloy would then have negligible effect on most of the results. However, in the elastoplatic 

transition region, given the high yield strength (Fig. 2), 𝜀VM calculated at ~2.6 % total strain (the first data point of the in-situ 

results) may contain a relatively high portion of elastic strain. 

 

The plastic strain distributions for α- and β-phases were obtained by segmenting the two-dimensional strain maps using the in-

beam BSE contrast of the two phases, which presumably imposes the minimum amount of manipulation to the original dataset. 

The acquired BSE micrographs and EBSD measurement were utilized for slip trace analysis via a home-built STrCryst program 

(https://github.com/shaolouwei/STrCryst) in which the theoretical slip trace was calculated as (Wei et al., 2021): 

 

𝐭 = (𝑮−1 ∙ 𝐧) × 𝐍           (3) 

 

where 𝐧 and 𝐍 = [001] denote the unit slip/twin (crystal frame) and observant plane (specimen frame) normals, and 𝑮 

represents the coordinate transformation matrix (Bunge, 1982): 

 

𝑮 = [

cos𝜑1cos𝜑2 − sin𝜑1sin𝜑2cos𝜙 sin𝜑1cos𝜑2 + cos𝜑1sin𝜑2cos𝜙 sin𝜑2sin𝜙
−cos𝜑1sin𝜑2 − sin𝜑1cos𝜑2cos𝜙 −sin𝜑1sin𝜑2 + cos𝜑1cos𝜑2cos𝜙 cos𝜑2sin𝜙

sin𝜑1sin𝜙 −cos𝜑1sin𝜙 cos𝜙
]   (4) 

 

In Eq. (4), (𝜑1, 𝜙, 𝜑2) are Euler angles following the Bunge’s convention (Bunge, 1982) that can be exported for certain α- 

and β- phases from the corresponding EBSD measurements. It should be noted that in these calculations, a coordinate 

transformation is necessary. Vector [𝑢 𝑣 𝑡 𝑤]  on (ℎ 𝑘 𝑖 𝑙)  plane expressed in hexagonal coordinate is transformed to 

Cartesian coordinate via (Bunge, 1982): [𝑢′ 𝑣′ 𝑤′] = [(2𝑢 + 𝑣)√3/2   3𝑣/2   𝑤𝑟𝑐/𝑎]  and (ℎ′ 𝑘′ 𝑙′) = ((2ℎ + 𝑘)√3/

3   𝑘   𝑙/𝑟𝑐/𝑎). The c-to-a ratio (𝑟𝑐/𝑎) for the present alloy is determined using synchrotron X-ray diffractometry as described 

in Section 2.1. Owing to the fact that surface quality may potentially bring about artifacts (e.g. surface scratches from specimen 

preparation) to the slip trace analysis, the presence of slip trace was verified by step-wise titling the specimen for ±15o. It is 

also noted that a ±10o alignment deviation tolerance (Cepeda-Jiménez et al., 2016; Wei et al., 2021) was applied when 

comparing the actual and the theoretical slip traces. 

 

 

3. Results 

3.1 Microstructure and mechanical response under uniaxial tensile loading 

The investigated Ti-Al-V-Fe alloy exhibits a two-phase microstructure with near-equiaxed HCP α-phase (grain size ~4 μm) 

and BCC β-phase (grain size ~2 μm). EBSD phase map (Fig. 1 (b)) reveals ~87.6% α-phase and ~12.4% β-phase, which is 

https://github.com/shaolouwei/STrCryst
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also confirmed from the synchrotron X-ray measurements (Fig. 1 (e)). ESBD inverse pole figure acquired along the loading 

direction (IPF, Fig. 1 (a)) together with pole figures (PFs, Fig. 1 (c)) taken with respect to {0001}, {101̅0}, and {112̅0} poles 

confirm that the present alloy shows a pronounced rolling texture (Bridier et al., 2008; Chan and Koss, 1983) where the c-axes 

of the HCP lattices are mostly aligning perpendicular to the RD (deviation within ±15o). EDS line profile acquired across anα/β 

interface demonstrates the enrichment of V and Fe and the depletion of Ti and Al in the β-phase (Fig. 1 (d)). As a result of the 

strong rolling texture, clear distinctions in the peak intensity of the α-phase can be observed from the one-dimensional 

synchrotron X-ray diffraction profiles for RD and TD. Lattice constants of α- and β- phases are determined as 𝑎𝛼 = 2.9366 Å, 

𝑐𝛼 = 4.6828 Å; and 𝑎𝛽 = 3.2254 Å through Rietveld refinement of the diffraction patterns (calculation error 𝑅𝑤𝑝 < 5 % 

was achieved (Young et al., 1982)). It is also recognized that the 𝑐-to-𝑎  ratio of the α-phase achieves 𝑟𝑐/𝑎 = 1.5946, 

appearing slightly larger than that of commercially pure Ti (𝑟𝑐/𝑎~1.58) (Nayak et al., 2018; Wood, 1962), which signifies the 

potential effect of Al, V, and Fe dissolution. 

 

Fig. 1 | Microstructure of the Ti-Al-V-Fe alloy at the undeformed state: (a) IPF acquired along the loading direction (parallel 

to RD); (b) EBSD phase map; (c) representative pole figures obtained from {0001}, {101̅0}, and {112̅0}  poles; (d) 

elemental distribution across α/β PB revealed by EDS line scan; (e) synchrotron X-ray diffraction patterns acquired at RD and 

TD for lattice constants determination. The full two-dimensional diffractogram is provided in Supplementary Fig. S2. 

 

Ex-situ uniaxial tensile testing performed along the RD shows that the present Ti-Al-V-Fe alloy yields at ~1034 MPa (Fig. 2 

(a)) then strain-hardens (Fig. 2 (a)), achieving an ultimate tensile strength (UTS) of ~1150 MPa. The uniform elongation 

determined by the Considère criterion is ~6.9% (Fig. 2 (b)) while the eventual fracture elongation reaches ~15.9%. Inset in 

Fig. 2 (a) demonstrates the local strain (𝜀𝑙𝑜𝑐.) profiles acquired along the middle section of the specimen at the necking point 
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and one frame before macroscopic fracture. The maximum local strain reaches ~45.4 % across the specimen gauge before final 

fracture. It should be noted that since the present tensile test was carried out on thin sheet specimen (actual thickness ~1.0 mm) 

there could be pronounced out-of-plane strain at high deformation level which cannot be resolved by the two-dimensional 

optical DIC technique. While the present tensile engineering strain is acquired utilizing the 𝜀𝑥𝑥 engineering strain component 

(parallel to the loading axis), it is worthwhile highlighting that the application of three-dimensional optical DIC technique can 

enable a full-field strain measurement in future work. 

 

 

Fig. 2 | Mechanical response under uniaxial tensile loading: (a) engineering stress-strain curve; (b) strain hardening rate. 

Inset of (a) presents the local strain profile at the necking point (determined by the Considère criterion) and one frame before 

macroscopic fracture. Here the 𝜀𝑥𝑥 engineering strain component (parallel to the loading axis) is utilized to represent the 

local strain level across the gauge section of the specimen. The spatial resolution of the optical DIC utilized in these 

measurements is ~140 pixel/mm. Square facet size and inter-facet distance employed in the strain calculation are ~0.14 mm 

(20 pixel) and ~0.07 mm (10 pixel).  

 

3.2 In-situ microstructure-based strain mapping 

To examine the heterogeneous plastic strain accommodation and thereby its evolution characteristics at the microstructural 

level, in-situ μ-DIC analyses were carried out in a selected area of interest with 41.5×41.5 μm2 field of view. As shown in Fig. 

3 (a), the α- and β-phases within this area are homogenously distributed without significant phase clustering. Fig. 3 (b)-(h) 

demonstrate the two-dimensional local strain (𝜀𝑙𝑜𝑐.) distribution evolution with respect to increasing applied global plastic 

strain level (𝜀𝑎𝑝𝑝.). Here, the von Mises equivalent strain definition is employed to study the local strain evolution. At moderate 

deformation levels (Fig. 3 (b)-(d)), while the majority of the microstructural constitutes only accommodate mild plastic strain, 

conspicuous strain localization bands nucleate (see white arrows in Fig. 3 (b)). The DIC data suggests that the propagation of 

these band are not significantly influenced by the presence of α/β PBs (Fig. 3 (c) and (d)). A closer examination reveals the 

following two main features: (1) the peak strains within these bands appear significantly higher than the corresponding applied 

global strain levels and their microstructural adjacencies (for detailed quantifications see Fig. 4 (a)-(c)); and (2) the strain 
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localization bands developed within the field-of-view exhibit high inclination angles close to ~80o with respect to the horizontal 

loading axis (detailed statistical analyses are provided in Fig. 4 (d)). As plastic straining proceeds (Fig. 3 (e)-(h)), the strain 

localization persists and evidently intensifies in the same sites observed in Fig. 3 (b)-(d), emerging into prominent connected 

bands (𝜀𝑙𝑜𝑐. > 50.0 %) that develop throughout the entire monitored region. In contrast to these pronounced strain localization 

features, the 𝜀𝑙𝑜𝑐.  accommodated by the rest of the microstructure (i.e. regions outside the bands) exhibits a relatively 

homogenous tendency. It is worthwhile noting that at the even higher deformation levels (Fig. 3 (g) and (h)) μ-DIC pixel loss 

starts to appear within the two most pronounced strain localization bands, signifying the potential onset of damage nucleation 

or surface cracking. Although this sort of phenomenon could also be induced by the surface relief during plastic deformation 

that abates the μ-DIC pattern quality (Maraghechi et al., 2019; Sutton and Hild, 2015), detailed damage investigation presented 

in Section 4.3 does validate the directional correlation between strain localization bands and governing micro-damage incidents. 

A more detailed exploration of the foregoing strain localization effect will be discussed next, starting with quantitative 

assessments of two representative bands (see the annotations in Fig. 3 (h)). 

 

Studying Fig. 4, it is recognized from the local strain profile of strain localization band 1 that the 𝜀𝑙𝑜𝑐. value demonstrates a 

drastic increase upon the macroscopic yielding of the alloy far exceeding the 𝜀𝑙𝑜𝑐. of its vicinity in the 0.0-12.3 % applied 

global strain range. Two physical parameters, the peak strain and the width of the strain band are employed in the present study 

to better quantify the evolution features of strain localization. Note that the strain localization band width here is determined 

as the full width at half maximum (FWHM) of the Gaussian regression fitting of the corresponding strain profile. In these 

analyses, at least 10 strain points across the strain localization bands are subjected to the regression analysis, and the fitting 

errors in the adopted Levenberg-Marquardt algorithm were presented as error bars in Fig. 4 (c). More details of the calculation 

and verification of the subset size selection are provided in Supplementary Fig. S4 and Supplementary Note 1. During 

acquisition of these two line profiles and the proceeding calculation of the two parameters, it has been confirmed that the 

horizontal profiles do not intersect with additional α/β phase boundary outside the strain localization bands. As seen in Fig. 4 

(c), the peak 𝜀𝑙𝑜𝑐. undergoes a power function-like increase with respect to the increasing applied global strain level, reaching 

up to ~81.6% at only ~12.2% global strain in Band 1. The resultant band width, however, almost persists at ~0.94 μm upon its 

formation, regardless of the macroscopic deformation level, despite a subtle increase occurs at ~6.0 % global strain and 

onwards. Similar trends are also present in Band 2 subjected to the analysis (Fig. 4 (b)): its peak local strain achieves ~99.1 % 

at ~12.2% global strain while maintaining a confined width that varies between 1.1-1.4 μm (Fig. 4 (c)).  

 

The second conspicuous feature of the observed strain localization bands lies in the fact that they seemingly develop high 

inclination angle close to ~80o with respect to the horizontal loading axis (Fig. 3 (d)-(h)). To provide a statistically reliable 

quantification of this geometric characteristic, the fractured in-situ testing specimen was subjected to post-mortem SE-imaging. 

Four 100×100 μm2 areas with increasing distance from 1.50 mm to 2.25 mm to fracture end were analyzed. Within each 
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100×100 μm2 area, the inclination angles of at least 20 strain localization bands were measured (the raw dataset is summarized 

in Supplementary Table S1). Fig. 4 (d) comparatively demonstrates the cumulative frequency distribution for the strain 

localization band inclination angles obtained in four regions. It is evident that regardless of the distance from the fracture end, 

almost all data points accumulate in the inclination angle range of 80-90o, which is compatible with the in-situ results shown 

in Fig. 3. This sort of characteristic is also clearly seen in the inset of Fig. 4 (d), in which the arithmetical average of inclination 

angle calculated in each 100×100 μm2 region almost maintain the same value given their different distances from the fracture 

end. Compared with the well-known mechanisms for strain localization that highlight the importance of maximum shear stress 

at a 45o inclination angle during a uniaxial tensile test (Barbe et al., 2009), these analyses indicate that the present strain 

localization features exhibit a strong correlation with preferential slip system activation spanning over the entire microstructure. 

 

 

Fig. 3 | Microstructure-based strain mapping results: (a) selected area of interest at the undeformed state; (b)-(h) local strain 

(von Mises equivalence) evolution with respect to increasing plastic straining level. The corresponding engineering stress and 

strain values are denoted at the top right corner in each micrograph. Two representative long-range strain localization bands 

are subjected to further quantitative assessment. Complementary strain maps for 𝜀𝑦𝑦 are provided in Supplementary Fig. S3. 

Facet size in (a)-(h) is 60 pixel, which corresponds to a spatial resolution of about 600 nm. The inter-facet distance was chosen 

as ~200 nm (20 pixel under the current imaging condition). 
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Fig. 4 | Formation and maturation of the two representative strain localization bands highlighted in Fig. 3: (a) and (b) line 

profiles for local strain evolution across the bands with respect to increasing deformation level; (c) evolution of peak strain 

within the bands as well as the band widths; (d) statistical analysis of the inclination angle of strain localization band with 

respect to the horizontal loading axis. Inset of (d) shows the arithmetical average inclination angle in each 100×100 μm2 

region. Error bars in (c) represent the fitting error in the Levenberg-Marquardt algorithm applied for regression analyses. 

Error bars in the inset of (d) are the standard deviations. 

 

In the following discussion section, we will firstly explore the crystallographic characteristics for the operative deformation 

mechanisms observed within the strain localization region. Next, plastic strain accommodation between α- and β-phases and 

the corresponding evolution characteristics will be discussed based on statistical analysis of the μ-DIC maps and nano-

mechanical testing results. Finally, we will identify the governing damage mechanism and elucidate its relevance to the various 

deformation micro-mechanisms. 

 

4. Discussion 

4.1 Slip inception, transfer, and its relation with strain localization 

Typical strain localization origin in multi-phase alloys is ascribed to GBs or PBs (Bieler et al., 2014; Hoefnagels et al., 2015; 

Rui et al., 2019; Tasan et al., 2014b) because of plastic strain incompatibility intensification at these locations either due to 

crystallographic orientation (Bieler et al., 2019) or intrinsic phase properties (Dutta et al., 2019; Wei et al., 2021). However, 

the μ-DIC results in Fig. 3 clearly confirm that the strain localization bands neither follow the geometric alignment of α/β PBs 

nor do they terminate at GBs or PBs. Instead, these strain localization bands tend to propagate through α/β PBs (Fig. 3 (h)), 

leading to the maturation of long-range localization bands with tens of micrometer length (also see Fig. 7 (b2)).We suggest 

from a “necessity” point of view, the operative deformation micro-mechanisms within the strain localization regions are 

characterized by two important crystallographic features: first, extensive prismatic 〈𝐚〉 slip activation owing to the texture; 

and second, smooth slip transfer between α- and β-phases. 

 

Fig. 5 (a1)-(a3) demonstrates the slip trace analysis for strain localization band 1 in Fig. 3 at its pre-mature state, i.e. at a 
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comparatively moderate global strain level of ~2.6% (see Fig. 3 (b) as a guide). Here, the Schmid factor (𝑆𝐹) is exploited as a 

first-order indicator to assess the activation propensity for various dislocation gliding modes in the α-phase: 

 

𝑆𝐹 = [(𝑮 ∙ 𝐟) ∙ 𝐧] ∙ [(𝑮 ∙ 𝐟) ∙ 𝐬]        (5) 

 

where 𝑮, 𝐟 = [010]T, 𝐧, and 𝐬 are the coordinate transformation matrix (based on Eq. (4)), the far-field stress state (uniaxial 

tensile in the specimen frame), the unit vectors of slip plane normal and slip direction. Comparison between the typical slip 

traces developed within the microstructure (Fig. 5 (a1)) and the theoretically predicted ones clearly confirms the onset of 

evident prismatic 〈𝐚〉 slip in the α-phase. The corresponding 𝑆𝐹 values calculated based on Eq. (5) achieve 0.4285, 0.4387, 

and 0.4947 for these three slip traces respectively belong to [101̅0](1̅21̅0), [011̅0](21̅1̅0), and [011̅0](21̅1̅0) prismatic 

〈𝐚〉 slip systems. In contrast to the initiation of slip delocalization events (such as multi-slip), the elevation of global applied 

strain, in fact, intensifies the onset of prismatic 〈𝐚〉 slip within these local sites, leading to the development of the eminent 

strain localization bands observed at the higher deformation levels (Fig. 3 (c)-(h)). It is also noteworthy that the consistent 

geometric agreement between the strain localization bands and the predicted prismatic 〈𝐚〉  slip traces throughout the 

investigated deformation levels also consolidates the mechanistic linkage between these two activities. 

 

 

Fig. 5 | Slip trace analysis for understanding the inception of the strain localization bands: (a1)-(a3) experimental results 

and theoretical prediction of slip trace in the α-phase; (b1)-(b3) presence of slip transfer across one typical α/β PB and the 

identification of the activated slip modes; (c) maximum Schmid factor distribution chart considering grain area fraction 

cumulative frequency. Abbreviation adopted: prismatic (prism.). 

 

The second conspicuous feature of these strain localization bands lies in their length-scales, which increase up to tens of micro-

meter at a global strain level of ~12.3%, appearing evidently larger than the node-like strain localization features commonly 

present in dual-phase steels (Matsuno et al., 2015; Tasan et al., 2014b) or titanium alloys (Chong et al., 2020, 2019; Zheng et 

al., 2017b). Based on the texture characteristics revealed by the PFs (Fig. 1 (c)), we next perform a nonparametric 𝑆𝐹 values 
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assessment amongst basal 〈𝐚〉 , prismatic 〈𝐚〉 , pyramidal I- 〈𝐚〉 , pyramidal II- 〈𝐜 + 𝐚〉  slip modes together with the 

{101̅2}〈101̅1̅〉 extension twinning event across the microstructure. For better quantification of the texture effect, the raw 

cumulative distribution for the 𝑆𝐹 values has been modulated by the corresponding α-grain area (Fig. 5(c)). The calculation 

results indicate that the present texture tends to strongly suppress the onset of both basal 〈𝐚〉 slip and extension twin nucleation, 

whose grain area cumulative frequencies respectively reach ~0.92 and ~0.98 for 𝑆𝐹 < 0.35. In case of prismatic 〈𝐚〉, 

pyramidal I-〈𝐚〉, and pyramidal II-〈𝐜 + 𝐚〉 slip, on the other hand, all develop no more than ~0.20 cumulative grain area 

frequencies for 𝑆𝐹 < 0.40 , signifying the geometrically-favored activation propensity. Interestingly, slip trace analyses 

carried out in more than 20 α-grains (see Table 1) demonstrate no trait of pyramidal I-〈𝐚〉 or pyramidal II-〈𝐜 + 𝐚〉 slip 

activation, while prismatic slip is much more predominant. This sort of activation behavior can be rationally understood from 

the perspective of the distinctive CRSS magnitude of the corresponding slip mode. Appreciable simulation and experimental 

effort carried out in α-Ti systems have confirmed that the CRSS for prismatic 〈𝐚〉 slip exhibits the lowest magnitude amongst 

all possible plastic deformation modes (Baudoin et al., 2019; Hémery et al., 2020; Ma et al., 2019; Warwick et al., 2012b), 

while CRSS magnitudes for basal 〈𝐚〉, pyramidal I-〈𝐚〉, pyramidal II-〈𝐜 + 𝐚〉 slip and extension twinning are all 1-2 times 

higher. It is therefore informative that provided the similar geometric favorability amongst prismatic 〈𝐚〉, pyramidal I-〈𝐚〉, and 

pyramidal II-〈𝐜 + 𝐚〉 slip due to texture, the intrinsically inferior resistance to plastic incipience of the prismatic 〈𝐚〉 slip 

system is account for its pronounced activation in the present alloy. Given the foregoing crystallographic analysis, it should be 

pointed out that the variation of texture can effectively alter the dominant slip mechanism that results in the long-range strain 

localization event. An exemplary investigation of a textured Ti64 alloy revealed the governing role of pyramidal 〈𝐜 + 𝐚〉 slip 

in strain localization inception, provided the lowest CRSS magnitude of prismatic 〈𝐚〉 slip (Echlin et al., 2016). However, 

more systematic future work deems necessary to bridge the different strain localization inception modes with the corresponding 

macroscopic load-bearing capacity. 

 

We next focus on the propagation of these strain localization bands. In-situ μ-DIC results and BSE micrographs reveal that 

these bands are barely impeded by the presence of α/β PBs (Fig. 3 (e)-(h)), instead the elevating global strain level brings about 

long-range rectilinear strain localization bands that propagate throughout the entire monitored region. One such feature 

representatively demonstrated in Fig. 5 (b1)-(b3) shows that the slip traces in α- its adjacent β-phases exhibit nearly co-linear 

alignment, and trace calculation proves the onset of [101̅0](1̅21̅0) prismatic 〈𝐚〉 slip (𝑆𝐹 = 0.4421) and (12̅1)[111] slip 

(𝑆𝐹 = 0.4826) in these two phases. The comparatively high 𝑆𝐹 values together with the compatible geometric alignment 

rationally signify a smooth deformation transfer procedure has taken place across the α/β PBs. Here, the Luster-Morris 

geometric compatibility parameter (𝑚′) is employed for further quantification of such a deformation transfer micro-event 

(Luster and Morris, 1995): 

 

𝑚′ = [(𝑮𝛽
−1 ∙ 𝐬𝛽) ∙ (𝑮𝛼

−1 ∙ 𝐬𝛼)] ∙ [(𝑮𝛽
−1 ∙ 𝐧𝛽) ∙ (𝑮𝛼

−1 ∙ 𝐧𝛼)]      (6) 
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This parameter concerns about the alignment between the slip directions in α and β phases (𝐬𝛼 and 𝐬𝛽) as well as the alignment 

between the corresponding slip plane normals (𝐧𝛼 and 𝐧𝛼). Following Eq. (6), the corresponding angles between 𝐬𝛼 and 𝐬𝛽 

as well as between 𝐧𝛼 and 𝐧𝛼 are also considered in the present calculation: 

 

𝜅 = arccos [(𝑮𝛽
−1 ∙ 𝐬𝛽) ∙ (𝑮𝛼

−1 ∙ 𝐬𝛼)]         (7) 

 

𝜓 = arccos [(𝑮𝛽
−1 ∙ 𝐧𝛽) ∙ (𝑮𝛼

−1 ∙ 𝐧𝛼)]         (8) 

 

In order to ensure statistical reliability, 25 such slip transfer events were subjected to the analyses and their crystallographic 

details are summarized in Table 1. In accord with the analysis discussed in Fig. 5 (b1)-(b3), all the sampled incidents fall into 

the regions with 𝑆𝐹 > 0.40, indicating the preferable geometric characteristic for their activation propensity (Fig. 6 (a)). The 

corresponding cumulative frequency curve (inset of Fig. 6 (a)) shows that slip activation in the β-phase exhibits a comparatively 

more disperse distribution especially in the 𝑆𝐹 > 0.45  regime, which is possibly due to the diverse slip systems (i.e. 

{110}〈11̅1〉, {112}〈111̅〉, and {123}〈111̅〉 slip systems, also see Fig. 6 (c)). The 𝑆𝐹 versus 𝑚′ chart in Fig. 6 (b) reveals 

that all the surveyed slip transfer events populate in the region with 𝑚′ > 0.82 and nearly 0.75 of the data points accumulate 

in the 𝑚′ > 0.90 region, proving the geometrically-favored alignment between prismatic 〈𝐚〉 and β-phase slip systems. The 

relatively high 𝑆𝐹 and 𝑚′ values, therefore, suggest that once prismatic 〈𝐚〉 slip manages to incept due to external plastic 

loading, its transfer into adjacent β-phase will scarcely experience any pronounced retardation. These kinds of geometric 

characteristics consequently intensify the strain localization effect brought about by the extensive prismatic 〈𝐚〉 slip activation 

discussed above, which in turn accounts for the propagation of strain localization bands at a larger length scale (Fig. 3 (g) and 

(h)). From a crystallographic perspective, on the other hand, this sort of smooth slip transfer across the α/β boundaries can 

effectively mitigate stress concentration because of the lacking in interfacial residual dislocation nucleation (Bieler et al., 2009; 

Eshelby et al., 1951; McMurtrey et al., 2014; Scholz, 1997), alleviating interfacial damage or cracking incipience especially 

in HCP-structured metals (Arul Kumar et al., 2016; Sun et al., 2019; Wei et al., 2019b; Yoo, 1981). In fact, our quantitative 

damage assessments confirm the minor role of interfacial damage events in the macroscopic failure process. More detailed 

discussion is included in Section 4.3. 

 

Table1 | Crystallographic details for the survey slip transfer incidents across α/β PBs 

No. Dislocation slip in α-phase Dislocation slip in β-phase 𝑚′ 

Orientation Slip system 𝑆𝐹 Orientation Slip system 𝑆𝐹 

1 (93.0o, 57.9o, 91.9o) (011̅0)[21̅1̅0] 0.4593 (197.5o, 114.4o, 51.3o) (101̅)[111] 0.4492 0.9761 

2 (278.3o, 124.8o, 102.3o) (011̅0)[21̅1̅0] 0.4764 (127.2o, 78.3o, 169.1o) (110)[11̅1̅] 0.4664 0.9952 

3 (265.5o, 89.8o, 96.5o) (011̅0)[21̅1̅0] 0.4751 (219.4o, 83.3o, 16.9o) (1̅21)[111̅] 0.4905 0.9491 

4 (269.7o, 77.9o, 97.2o) (011̅0)[21̅1̅0] 0.4813 (219.4o, 83.3o, 16.9o) (1̅21)[111̅] 0.4905 0.9878 

5 (93.1o, 68.0o, 270.0o) (011̅0)[21̅1̅0] 0.4417 (139.6o, 75.9o, 168.0o) (011)[111̅] 0.4374 0.8778 
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6 (90.0o, 88.5o, 270.6o) (101̅0)[1̅21̅0] 0.4277 (142.0o, 59.4o, 178.1o) (121̅)[1̅11] 0.4683 0.9795 

7 (89.7o, 75.6o, 269.0o) (101̅0)[1̅21̅0] 0.4421 (318.7o, 106.4o, 21.0o) (12̅1)[111] 0.4826 0.9658 

8 (271.3o, 111.1o, 93.0o) (101̅0)[1̅21̅0] 0.4091 (226.0o, 103.7o, 346.7o) (110)[11̅1̅] 0.4271 0.8691 

9 (271.5o, 107.6o, 91.6o) (011̅0)[21̅1̅0] 0.4424 (282.9o, 19.9o, 123.6o) (213)[111̅] 0.4348 0.9855 

10 (271.8o, 110.6o, 91.5o) (011̅0)[21̅1̅0] 0.4400 (282.9o, 19.9o, 123.6o) (213)[111̅] 0.4348 0.9769 

11 (268.8o, 111.5o, 86.8o) (101̅0)[1̅21̅0] 0.4549 (320.5o, 114.3o, 293.6o) (11̅0)[1̅11] 0.4195 0.9231 

12 (269.6o, 125.7o, 88.4o) (101̅0)[1̅21̅0] 0.4444 (320.5o, 114.3o, 293.6o) (11̅0)[1̅11] 0.4195 0.8379 

13 (273.7o, 105.4o, 88.2o) (101̅0)[1̅21̅0] 0.4535 (145.2o, 72.7o, 165.7o) (1̅21)[111̅] 0.4874 0.9748 

14 (93.2o, 81.7o, 271.5o) (011̅0)[21̅1̅0] 0.4477 (229.9o, 98.7o, 347.4o) (121̅)[1̅11] 0.4863 0.9779 

15 (274.4o, 93.9o, 87.4o) (101̅0)[1̅21̅0] 0.4534 (229.9o, 98.7o, 347.4o) (121̅)[1̅11] 0.4863 0.9719 

16 (274.3o, 84.5o, 88.0o) (011̅0)[21̅1̅0] 0.4162 (141.8o, 83.1o, 172.4o) (132̅)[1̅11] 0.4703 0.9757 

17 (94.1o, 86.6o, 271.7o) (101̅0)[1̅21̅0] 0.4130 (141.8o, 83.1o, 172.4o) (132̅)[1̅11] 0.4703 0.9823 

18 (89.2o, 80.0o, 276.0o) (011̅0)[21̅1̅0] 0.4747 (137.2o, 84.2o, 173.5o) (1̅21)[111̅] 0.4698 0.9985 

19 (270.4o, 109.4o, 89.4o) (101̅0)[1̅21̅0] 0.4392 (225.8o, 101.7o, 348.0o) (110)[11̅1̅] 0.4245 0.8847 

20 (270.7o, 107.3o, 89.5o) (101̅0)[1̅21̅0] 0.4390 (225.8o, 101.7o, 348.0o) (110)[11̅1̅] 0.4245 0.8688 

21 (270.8o, 114.1o, 89.5o) (101̅0)[1̅21̅0] 0.4391 (225.2o, 104.1o, 345.3o) (121̅)[1̅11] 0.4660 0.9866 

22 (274.1o, 108.3o, 92.3o) (101̅0)[1̅21̅0] 0.4220 (86.5o, 162.8o, 308.1o) (112)[111̅] 0.4633 0.9912 

23 (266.0o, 104.5o, 271.4o) (011̅0)[21̅1̅0] 0.4504 (178.3o, 67.8o, 301.9o) (1̅12)[11̅1] 0.4537 0.9976 

24 (266.6o, 107.7o, 270.2o) (011̅0)[21̅1̅0] 0.4420 (178.3o, 67.8o, 301.9o) (1̅12)[11̅1] 0.4537 0.9915 

25 (90.7o, 74.0o, 272.6o) (011̅0)[21̅1̅0] 0.4552 (225.3o, 96.1o, 350.7o) (121̅)[1̅11] 0.4835 0.9888 

 

As the last point to finalize the geometric compatibility discussion for slip transfer between α- and β- phases, the 𝜓 versus 𝜅 

diagram (Fig. 6 (c)) is also calculated for all the sampled incidents. It is recognized that a systematically greater tolerance 

exists in the alignment between slip planes: a more disperse distribution presents in the 0o < 𝜓 < 35o range, while the 

corresponding slip directions alignment is more stringently confined in the 0o < 𝜅 < 12o range. This sort of correlation was 

also reported in slip-twinning transfer (Bieler et al., 2014; Wang et al., 2010) as well as twinning-twinning transfer (Arul 

Kumar et al., 2016) analyses in HCP-structured metals. A rational mechanism could be that upon the intersection between the 

incident slip activity and α/β PBs, the receiving grain would be able to adjust its spatial geometry (for example, via in-plane 

lattice rotation (Rui et al., 2019)) in a way such that the imposed trace can be more compatibly accommodated. While more 

dedicated crystal plasticity simulation efforts are necessary to consolidate this phenomenological postulation, recent three-

dimension stereological characterizations (Fernández et al., 2013; Nervo et al., 2016) do imply its crystallographic validity. 

Amongst the surveyed slip incidents in the β-phase, the {112}〈111̅〉 slip system shows the relatively higher activity (13 

incidents) compared with either the {110}〈11̅1〉 (8 incidents) or the {123}〈111̅〉 slip system. This, however, is in contrast 

with the α/β slip transfer study reported in a Ti-5Al-2.5Sn wt.% alloy (Seal et al., 2012) in which the {110}〈11̅1〉 and the 

{112}〈111̅〉 slip systems were equally activated. Although the experimental CRSS magnitudes for the β-phase appear rather 

lacking in the literature (Hémery et al., 2020), present data based on self-consistent crystal plasticity simulation (Deka et al., 

2006; Venkatramani et al., 2007; Warwick et al., 2012a; Zhang et al., 2016) tend to systematically suggest only around tens of 

MPa higher CRSS for the {112}〈111̅〉 slip system compared with the {110}〈11̅1〉 slip system. As a result of this, it can be 

deduced that potential deviation of the local stress state from the far-field uniaxial tensile condition (mostly due to prismatic 

〈𝐚〉 slip inception in the α-phase) may plausibly increase the resolved shear stress on the {112}〈111̅〉 slip system, facilitating 
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its activity. Finally, it is also worthwhile noting that some slip traces observed in the β-phase reveal wavy morphologies, which 

could be resulting from the well-documented pencil glide nature (Gilormini et al., 1988) of the screw dislocations in BCC-

structured phase that leads to cross-slip. Under this kind of scenario, further TEM observation is deemed valuable in future 

investigations to quantitatively identify the actual property of the dislocations in the β-phase. 

 

In light of the previous analyses that evidence the favorable slip transferability between α- and β-phases, further quantifications 

were performed to reveal the correlation between this kind of crystallographic property and the development of the long-range 

strain localization band. A representative BSE micrograph (acquired at ~1.50 mm from the fracture end) shown in Fig. 7 (a) 

cross-confirms the penetrative characteristics of the strain localization band as detailed in Figs. 3 and 5. Specifically, within 

this band which is about 19.57 μm in length, three β-grains are segmented (see the yellow boxes). The change in the band’s 

alignment through its entire length is moderate, being compatible with the smooth slip transfer mechanisms discussed in Fig. 

6. In order to better quantify such a correlation and considering the geometric property, two microstructural parameters are 

introduced in the assessments demonstrated below. First, 𝐿𝐷
̅̅̅̅ , which is the arithmetical average length of all the surveyed strain 

localization bands at a distance 𝐷  with respect to the fracture end (Fig. 7 (b2)). A larger 𝐿𝐷
̅̅̅̅  indicates that the strain 

localization band tends to cover a longer range in the microstructure. Second, 𝐹𝐷
̅̅ ̅, which is the arithmetical average line 

segmental fraction of the β-grain in the strain localization bands at a distance 𝐷 with respect to the fracture end. As sketched 

in Fig. 7 (c1), 𝐹𝐷
̅̅ ̅ is obtained by measuring the cumulative portion of the β-grain segment 𝑓𝑖 in the stain localization band. 

Thus, a larger 𝐹𝐷
̅̅ ̅ implies the higher fraction of β-grain involved in the strain localization band. To ensure statistical reliability, 

similar to the approach in Fig. 4 (c), a total of sixteen 100×100 μm2 regions with increasing distance to the fracture end in the 

fractured in-situ specimen were subjected to electron microscopy study. Each 𝐿𝐷
̅̅̅̅  and 𝐹𝐷

̅̅ ̅ value is obtained from analyzing 

at least 20 strain localization bands (𝑁 = 20 for the equations in Fig. 7 (b1) and (c1)), and their evolutionary characteristics 

are respectively shown in Fig. 7 (b2) and (c2). 

 

 

Fig. 6 | Non-parametric assessment of slip transferability between α- and β- phases: (a) Schmid factor distribution chart for 

α-prismatic slip versus β-slip; (b) the Luster-Morris 𝑚′ factor versus Schmid factor for all surveyed incidents; (c) geometric 

correlation chart concerning the angle between slip planes and slip directions. Insets in (a) and (b) exhibit the cumulative 
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distribution frequency for the corresponding data points. 

 

In line with the in-situ observations in Fig. 3, 𝐿𝐷
̅̅̅̅  exhibits a monotonic increasing trend from ~9.00 μm to 21.80 μm as the 

analyzed region approaches the fracture end (Fig. 7 (b2)). Such magnitudes of 𝐿𝐷
̅̅̅̅ , if compared with the average grain sizes of 

α- and β-phases, which respectively achieves ~4 μm and ~2 μm (Fig. 1), are persuasive in confirming the long-range 

propagation feature of the strain localization bands. The statistical results in 𝐹𝐷
̅̅ ̅ show that the segmental fraction of the β-

grain initially achieves ~0.15, then gradually increases up to ~0.23 when approaching the fracture end (Fig. 7 (c2)). That stated, 

the strain localization bands have indeed propagated through a discernible amount of β-grains, again suggesting the presence 

of smooth slip transfer between α- and β-phases. From a microstructural viewpoint, a reasonable comparison could be between 

𝐹𝐷
̅̅ ̅ and the average β-phase line segmental content, 𝐶𝛽

̅̅ ̅ = 0.24 ± 0.03, measured from the undeformed microstructure (50 

μm sampling lines were utilized). It is seen from Fig. 7 (c2) that a greater difference between 𝐹𝐷
̅̅ ̅ and 𝐶𝛽

̅̅ ̅ tends to occur in 

regions that are farther away from the fracture end, where the local plastic deformation level is presumably low. This sort of 

characteristic is indicative that the elevation of plastic deformation tends to enable strain localization bands to propagate in a 

more non-selective manner, which could be because the resolved shear stress is sufficiently high to active both the prismatic 

〈𝐚〉 slip in the α-phase and the accommodating slip systems in the β-phase. Although the results displayed in Fig. 7 (c2) 

primarily focus on the strain localization bands segmenting as least one β-grain, strain localization bands also develop in 

regions where β-phase is absent or the local content is lean. The presence of the latter phenomenon, although less evident than 

the α-β slip transfer mechanism explored before, is more frequently observed when the deformation level is moderate. From a 

crystallographic standpoint, it is rational to deduce that the incipience of long-range strain localization phenomenon with less 

(or no) β-grain involvement could be ascribed to two plausible mechanisms: first, easier slip transfer between prismatic 〈𝐚〉-

to prismatic 〈𝐚〉 slip transfer between adjacent α-grains than α-β slip transfer; and second, the moderate deformation level 

does not surpass the CRSS of the corresponding slip systems in the β-phase, but is already sufficient to active eminent prismatic 

〈𝐚〉 slip in the α-phase (Hémery et al., 2020). To more accurately compare the dominance of these two possibilities, quantitative 

determination of the exact CRSS magnitudes for all slip systems is deemed necessary for future work. A final remark for the 

analyses in Fig. 7 lies in the potential limitations of the two-dimensional electron microscopy method exploited. Especially, 

the parameter 𝐹𝐷
̅̅ ̅, which resembles the grain size determination based on linear intersection (ASTM, 2013), is largely deficient 

in resolving the three-dimensional periodicity characteristic of the strain localization bands, as predicted by CPFEM simulation 

(Barbe et al., 2009; Flipon et al., 2020). A full-field characterization and quantification of the spatial features of the strain 

localization bands could be feasible via combined three-dimensional DIC and high-energy X-ray microscopy approaches 

(Abdolvand et al., 2018; Cherukara et al., 2018; Yu et al., 2021). 
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Fig. 7 | Quantitative assessments of strain localization band propagation: (a) BSE micrograph showing the development of 

an individual strain localization band segmenting multiple β-grains; (b1) and (c1) schematics revealing the quantification 

parameter 𝐿𝐷
̅̅̅̅  and 𝐹𝐷

̅̅ ̅; (b2) and (c2) evolution of 𝐿𝐷
̅̅̅̅  and 𝐹𝐷

̅̅ ̅ with respect to the distance from fracture end. Error bars in 

(b2) and (c2) are standard deviations. 

 

While the foregoing analyses and discussion focus on the operative slip mechanisms within the strain localization region, it 

should be noted from a logical perspective that these results only assess the “necessity” for strain localization. That being said, 

given the fact that in the surveyed strain localization regions, prismatic 〈𝐚〉 slip is predominant and its transfer into the β-

phase is smooth (“necessity”), it is not guaranteed that every prismatic 〈𝐚〉 slip and thus its transfer will eventually lead to 

strain localization (“sufficiency”). Direct justification of the “sufficiency” via the current experimental techniques may not be 

feasible, since it requires accurate identification and comparison between the portions of prismatic 〈𝐚〉 slip and hence its 

transfer that accommodate homogenous plastic strain versus those leading to heterogeneous plastic strain. More recent coupled 

DDD-CPFEM simulation (Waheed et al., 2019; Yilun Xu et al., 2020) might exhibit the potential to enable a more 

comprehensive “sufficiency” justification. In an experimental viewpoint, however, some indirect investigations may still 

possible: if prismatic 〈𝐚〉 slip activation and hence its transfer can intensify heterogeneous plastic strain development, it 

should be anticipated that the development of these long-range strain localization band is not accompanied by an eminent local 

hardening response. In other words, if the proposed “necessity” argumentation is completely lack of “sufficiency”, the prismatic 

〈𝐚〉 slip activation and its transfer will immediately give rise to significant local strain hardening that brings about plastic strain 

delocalization and homogenization (Wu and Fan, 2020). This hypothesis enables the design of a quasi-in-situ experiment for 

verification, which involves nano hardness comparison between the regions with and without strain localization bands. The 

following Fig. 8 (a) reveals the region subjected to SEM-based nano-indentation experiment. It can be seen that the nano 

hardness values (Fig. 8 (c)) measured from the on-band region (pink dots), although exhibiting larger statistical scattering 

(3.22±0.31 GPa), are systematically lower than the region where no evident strain localization bands (blue dots) appear on the 

surface (3.82±0.17 GPa and 3.99±0.11 GPa). This kind of trend, although seemingly in accord with the hypothesis, requires 
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further explorations. One major reason is because the surface roughness change due to the strain localization band development 

may also affect the nano hardness measurement. To better quantify, cyclic nano-indentation was further performed, using the 

continuous stiffness mode so as to clarify the effect of surface roughness change. Compatible with the monolithic nano-

indentation test (Fig. 8 (b)), consistently lower nano hardness values (although larger statistical scattering) present in the on-

band region. Power function regression assessments reveal the nano hardness-indentation depth dependency approximately 

follows: 𝐻 = 3.318 + 0.0466𝑑0.711 for the off-band region (Fig. 8 (d1)), and 𝐻 = 2.592 + 0.0355𝑑0.817 for the on-band 

region (Fig. 8 (d2)). These two sets of independent measurements are therefore suggestive that the activation of prismatic slip 

and hence its propagation by smooth slip transfer is at least not bringing about an eminent local hardening effect, which 

indirectly supports its correlation with the development of strain localization in terms of the “sufficiency” consideration. It 

should be finally noted that the present nano-indentation experiment is largely a surface technique, which cannot 

unambiguously resolve the spatial mechanical effect of the strain localization effect. As discussed in the earlier Sections, such 

limitations can be plausibly improved in future studies by integrating three-dimensional CPFEM simulation and full-field X-

ray diffractometry. 

 

 

Fig. 8 | Nano-mechanical investigation of the strain localization behavior: (a) and (b) BSE micrographs for the selected 

areas subjected to monolithic and cyclic nano-indentation test, which are ~2.00 mm from the fracture end; (c) box chart 

summarizing the nano hardness measurement for (a); (d1) and (d2) nano hardness versus indentation depth measured from 

cyclic nano-indentation test for (b). 

 

4.2 Evaluation of strain partitioning between α- and β-phases 
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In addition to texture, slip transferability, and strain localization inception elaborated in the previous discussion, intrinsic 

mechanical contrast between α- and β-phases also yields an important contribution to the heterogeneous plastic strain 

distribution. Especially, the phase-specific deformation response and thereby plastic strain partitioning amongst them critically 

affect the inception of local damage (Bieler et al., 2009; Latypov et al., 2016). However, the presence of the long-range strain 

localization bands (Fig. 3 (e)-(h)) retards the classical strain partitioning assessment route that based on point-wise sampling 

and arithmetic averaging (Dutta et al., 2019; Tasan et al., 2014a; Wang et al., 2017). Furthermore, strain heterogeneity 

description in these charts, although embedded in the prominent standard deviation, is often less informative and omitted for 

the corresponding analyses. To enable more reliable data representation and to also incorporate both strain partitioning and 

distribution quantification, the experimentally measured local strain profiles (Fig. 3 (a)-(h)) were subjected to lognormal 

regression analyses: 

 

𝜉(𝑥) =
1

𝑤𝑥√2𝜋
exp {−

[ln(𝑥 𝑥𝑐⁄ )]2

2𝑤2 }         (9) 

 

which has been recently reported as a phenomenologically universal feature for plastic strain distribution at a suitable statistical 

length-scale (Tang et al., 2020). In Eq. (9), 𝜉(𝑥), 𝑤, and 𝑥𝑐 respectively denote the strain frequency (namely, the probability 

density) at a local plastic value of 𝑥, the multiplicative standard deviation, and the strain median. In the analyses onwards, the 

𝑥𝑐 values determined from the regression analyses are exploited as the representative local strains for targeted microstructural 

constituents, and the FWHM of 𝜉(𝑥) is employed to quantify the heterogeneity of strain distribution. 
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Fig. 9 | Statistical assessment of strain partitioning trend between α- and β- phases: (a1)-(c1) exemplary strain maps 

subjected to the regression analysis; (a2)-(c2) lognormal regression analyses for the corresponding strain maps; (d) strain 

partitioning chart with inset showing the evolution of phase strain ratio; (e) phase strain heterogeneity evolution chart with 

inset displaying the resultant FWHM ratio. Plastic strain distribution charts for α- and β-phases were acquired by segmenting 

the original strain map using the in-beam BSE contrast, which intends to minimize the amount of data manipulation. 

Supplementary Fig. S5 reveals a detailed validation considering the phase boundary effect. 

 

Fig. 9 demonstrates the exemplary overall strain map acquired at a global deformation level of ~7.19% (engineering stress 

level: 1145.9 MPa) (Fig. 9 (a1)) as well as the partitioned strain maps for α- (Fig. 9 (b1)) and β-phases (Fig. 9 (c1)), with the 

associated regression analysis charts appended at the bottom (Fig. 9 (a2)-(c2)). At the global strain level of ~7.19%, it is 

recognized that the α- and β-phases respectively accommodate ~7.60% and 5.80% plastic strains, with the corresponding 

Pearson correlation coefficients (𝑅2) both approaching 0.98, which confirms the validity of the applied statistical length-scale. 

Following this approach, the strain partitioning chart as well as the corresponding heterogeneity evolution profile are calculated 

and presented in Fig. 9 (d) and (e). The α- and β-phases demonstrate an equal-strain accommodation until the global strain 

level reaches ~2.0%, beyond which evident strain partitioning starts to take place. While both the partitioned phase strains both 
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undergo approximately linear increase as a function of elevating global strain level, the α-phase bears a comparatively higher 

plastic strain and the β-phase, between which the difference approaches ~3.2% at a global strain level of ~12.4%. Such a 

partitioned phase strain difference is especially mild if compared with classical dual-phase steels, in the latter, ferrite and 

martensite can exhibit up to ~20% strain difference at a similar global strain level (Ososkov et al., 2007; Ryu et al., 2010; Tasan 

et al., 2014a; Wang et al., 2017). It is worthwhile noting that the present analyses acquire the plastic strain distribution charts 

for both phases by using the in-beam BSE contrast (Supplementary Fig. S1), which is intended to minimize the amount 

manipulation of the original dataset. However, as an inevitable shortcoming of the μ-DIC approach, strain data around plus (or 

minus) one strain window size (here is 20 pixel, in equivalent ~200 nm) of the phase boundary may comprise of contribution 

of both α- and β-phases. To ensure that this intrinsic ambiguity is not affecting the general conclusion drawn here, in 

Supplementary Fig. S5, a comparison is demonstrated for Fig. 9 (d) determined by excluding one strain window size of data 

points for both phases. It is confirmed that such potential artifacts in the current μ-DIC measurement is subtle, only creating 

~0.2 % absolute difference in the local strain value at the highest deformation level. A more quantitative discussion is detailed 

next, based on nano-indentation investigations of the individual phase properties. Another interesting latent feature captured 

by Fig. 9 (d) lies in the evolution trend of the partitioned phase strain ratio between α- and β-phases (inset of Fig. 9(d)), which 

first undergoes a linear increase to 1.1 then reveals an asymptotic incrementation up to 1.35. This sort of character is also 

revealed in the FWHM ratio evolution of the strain distribution in α- and β-phases (inset of Fig. 9 (e)). Although the physical 

foundations for such a statistically convergent response still require further exploration, its evolutionary feature does suggest 

the phenomenological stabilization of plastic strain partition between microstructural constituents. From the plastic strain 

heterogeneity evolution perspective (Fig. 9 (e)), it is in accord with the mechanistic discussion in Section 4.1 that the FWHM 

of the α-phase strain yields higher values that that of the β-phase strain with global strain level greater than ~2.0%, signifying 

the stronger localization tendency. 

 

Similar to dual-phase steels, strain partitioning in (α+β) titanium alloys is also affected by various factors, typically including 

individual phase strength, length scale, and volume fraction of the presenting phases, and crystallographic variants distribution 

in the transformed β-region. However, the following two microstructural characteristics of the present alloys steer the attention 

more towards phase strength contrast: first, less distinctive difference exists in the grain size and morphology of the α- and β-

phases, and their distribution does not display eminent spatial inhomogeneity; second, transformed β-region, an aggregation 

of secondary α-phase and retained β-phase, is completely absent. Fig. 10 (a) presents the nanohardness distribution throughout 

a representative region of the microstructure. With the aid of EBSD measurement, these 144 nanoindents are categorized into 

four sub-groups based on their spatial positions (Fig. 10 (b)): (1) at α-phase interior; (2) at β-phase interior; (3) at α-phase grain 

boundary; and (4) at α/β PB. The position of each nano indent is identified by the corresponding EBSD phase map with a scan 

step of 0.1 μm. Amongst them, the nano hardness values of α- and β-phases respectively achieve 4.48±0.25 and 4.69±0.17 

GPa (nano hardness ratio ~0.96) which are arithmetically averaged from 27 and 18 measurements. The difference in 
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nanohardness between the present α- and β-phases is evidently moderate if compared with that between ferrite and martensite 

in dual-phase steels, the latter, according to numerous literature (Baltazar Hernandez et al., 2010; Delincé et al., 2006; Mazaheri 

et al., 2015; Morsdorf et al., 2015; Taylor et al., 2014) can achieve up to 6 GPa discrepancy. Such a comparatively moderate 

phase strength difference in the present alloy in turn results in the milder strain partitioning characteristic between α- and β-

phases (Fig. 10 (d)). The higher plastic strain partitioned by the α-phase is therefore largely ascribed to its inferior strength and 

thereby yield resistance, regarding which the phase property is next semi-quantitatively evaluated using the reverse algorithm 

(Dao et al., 2001; Gouldstone et al., 2007). The adopted reverse analysis presume α- and β-phases both exhibit Hookian 

responses in the elastic realm and power-law hardening in the plastic realm (calculation details are summarized in 

Supplementary Note. 1). The derived compressive stress-strain curves for representative nanoindents on α- and β-phases (Fig. 

10 (c) and (d)) are presented in Fig. 10 (e) with the corresponding analytical results summarized in Eqs. (10) and (11): 

 

𝜎𝛼 = {
134.21𝜀𝑒

2.26(1 + 59.31𝜀𝑝)
0.217         (10) 

 

𝜎𝛽 = {
112.13𝜀𝑒

2.76(1 + 40.57𝜀𝑝)
0.188         (11) 

 

In accord with the nanohardness trends, the α-phase exhibits a comparatively lower derived yield strength than the β-phase 

(2.26 versus 2.76 GPa), although the derived strain hardenability yields a subtle discrepancy (strain hardening exponent: 0.217 

versus 0.188). These quantitative analyses lead to the following mechanistic insights into the foregoing strain partitioning 

results (Fig. 8 (d) and (e)): first, because of its inferior plastic resistance and the higher elastic modulus, yielding tends to 

initiate in the α-phase prior to the β-phase at a comparatively lower global plastic strain level. This in turn results in the higher 

plastic strain partitioning in the α-phase as observed in Fig. 8 (d); second, plastic yielding is postponed in the β-phase due to 

its higher derived yield strength, however, once it also undergoes plastic deformation, the resultant strain hardenability is 

seemingly close to the α-phase. Such a feature tends to proportionally intensify the strain partitioning characteristic, plausibly 

giving rise to the asymptotic evolution of the phase strain and FWHM ratios (insets of Fig. 8 (d) and (e)). It shall be noted that 

the higher strength revealed in the β-phase could be intrinsically owing to the dissolution of Fe (see Fig. 1 (d)), whose 

enrichment in the β-phase has been documented to render a salient solid solution strengthening effect (Ehtemam-Haghighi et 

al., 2017; Min et al., 2012). As a final remark, although the present investigation for strain partitioning mostly focuses on the 

effect of mechanical responses of the presenting phases, the microstructural inhomogeneity may also play a role in affecting 

the strain portioning characteristics. In fact, as revealed in the quantitative analyses for the penetrative nature of the strain 

localization band (Fig. 7), eminent strain localization could occur in regions where the local β-phase content is rather lean, also 

leading to a higher partitioned plastic strain in the α-phase. A potential proposition for future study is therefore to more 

accurately compare the effects of microstructural inhomogeneity and invaluable phase property distinctions on the resultant 
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strain partitioning characteristics. 

 

 

Fig. 10 | Nano mechanical exploration of individual phase properties: (a) color map showing the nanohardness distribution 

in the elected area of interest; (b) box chart for the nanohardness values at different microstructural sites; (c) and (d) two 

representative nanoindents that are subjected to further quantification (cyan arrows highlight the presence of slip steps); (e) 

derived compressive stress-strain response for the α- and β-phases. Abbreviations adopted: grain boundary (GB), and phase 

boundary (PB). 

 

4.3 Damage mechanisms and deformation features at post-uniform elongation region 

Although the governing damage microincidents in (α+β) titanium alloys can exhibit salient microstructural dependency, the 

α/β phase boundary decohesion mechanism (originating from plastic strain incompatibility) has been widely accepted as the 

critical cracking module (Lefranc et al., 2008; Shao et al., 2013; Wei et al., 2019a; X. Zhang et al., 2018). Often, principal 

cracks in the foregoing alloys tend to develop evident spatial alignments compatible with the geometry of α/β PBs, however, 

fracture morphology taken at the RD×TD surface clearly reveals the presence of vertical cracks that are largely independent 

of α/β PBs (Fig. 11 (a)). A closer comparison between Fig. 11 (a) and the previous in-situ μ-DIC results in Fig. 3 suggest the 

spatial and length-scale compatibility between the pronounced strain localization bands and the observed surface crack. It 

would be expected that if all the matured strain localization bands are acting as the governing damage micro-mechanisms, the 

fracture surface will therefore exhibit evident brittle-like features (Abuzaid et al., 2013; Dao and Lit, 2001; Wei et al., 2019b). 

Interestingly, fractography acquired for the TD×ND surface (Fig. 11 (b)) suggests that while some local regions do exhibit 

dimple-free bands (Fig. 11 (c1) and (c2)) with tens of micrometer in their lengths that are parallel to the TD, majority of the 

fracture surface consists of small dimples, which are typical failure features of relatively homogeneous micro-void nucleation, 

growth, and coalescence. The distinctions observed from RD×TD and TD×ND surfaces have two implications: first, while 

strain localization region can initiate long-range cracking on the surface, these cracks may not necessarily penetrate into the 



25 
 

bulk and their depth are rather shallow; and second, micro-void involved damage processes seem to reveal the more 

predominant role in the eventual fracture of the present alloy. 

 

 

Fig. 11 | Damage characteristics of the present alloy after uniaxial tensile testing: (a) morphology of the principal penetrative 

cracks at the RD×TD surface; (b) fractography take at the TD×ND surface; (c1)-(c2) representative local dimple-free zones 

at the fracture surface; (d1)-(d4) categorization of the damage micro-incidents, from top to bottom: α-phase damage, β-phase 

damage, α/β PB damage, and penetrative cracking whose origin cannot be unambiguously identified. 

 

To further investigate the predominant damage process, micrographs (RD×TD surface) shown in Fig. 11 (d1)-(d4) categorize 

the representative damage microincidents into α-phase damage (Fig. 11 (d1)), β-phase damage (Fig. 11 (d2)), α/β PB damage 

(Fig. 11 (d3)), and penetrative cracking (Fig. 11 (d4)) whose origin cannot be unambiguously identified by using the current 

post-mortem experimental technique. Detailed quantifications including the evolution of the number of damage incident, 

damage area fraction, and average damage size with respect to the local strain level are shown in Fig. 12. Similar to the previous 

reports, most of the damage incidents indeed nucleate at the α/β PB, with its number increasing from 61 to 174 as the local 

strain increases from 27.4 % to ~42.5 % (Fig. 12 (a)). In terms of the damage area fraction (Fig. 12 (b)) as well as the averaged 

damage size (Fig. 12 (c)), damage incidents along the α/β PB are also more dominant than α- or β-phase interior throughout 

the survey local strain levels. Another interesting phenomenon demonstrated by Fig. 12 is that micro-voids do nucleate in both 

α- and β-phases, and particularly, a higher number of micro-voids in the α-phase is revealed in Fig. 12 (a). This kind of results 

is slightly different from conventional understandings, because the β-phase in titanium alloys is often believed to exhibit the 

lower strength than α-phase and should be more prone to micro-void nucleation. However, two microstructural features of the 

present alloy could be plausibly explain such distinctions: intrinsically, as supported by the nano hardness measurements the 

β-phase of the present alloy is revealing a higher strength than the α-phase: the corresponding nano hardness values are 

4.69±0.17 GPa (β-phase) and 4.48±0.25 GPa (α-phase). This sort of intrinsic difference could be due to the Fe-rich nature of 
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the β-phase (Fig. 1 (d)), which has been reported to render an evident solid solution strengthening effect in titanium alloys 

(Ehtemam-Haghighi et al., 2017; Min et al., 2012). Extrinsically, the combination of the loading direction along with the texture 

property of the present alloy may also play a role. The strong rolling direction developed in the α-phase (Fig. 1 (c)) brings 

about the fact that uniaxial tensile deformation along the RD direction is seemingly closer to the crystallographic “soft” axis 

of the α-phase. A combination of both the intrinsic properties and the extrinsic testing condition of the present alloy could 

plausibly account for the fact that more micro-voids develop within the α-phase than the β-phase. It should be again highlighted 

that the present damage mechanism assessment is based on two-dimensional Sections of the microstructure. A more 

comprehensive evaluation could be accomplished in future study by characterizing the crystallographic dependency of the 

damage incidents by three-dimensional stereological reconstruction approaches. Still, a qualitative exploration might be made 

by using the two-dimensional slip trace information (Table 1.). Supplementary Fig. S6 and Table S2 summarize the calculation 

results of the intersection angles between activated slip planes within the strain localization bands and the specimen’s top 

surface. It is recognized that although the long-range strain localization bands are nearly perpendicular to the loading axis, the 

corresponding intersection angles are rather close to 45 degrees. Such a trend is in line with the Schmid factor analysis 

presented in Section 4.1, which highlights the importance of shear stress. As a result of this, it could be deduced that the three-

dimensional orientation of the strain-localization-induced cracks will closely follow the orientation of the slip planes activated 

within them. 

 

The distinctive role between the strain localization-induced surface cracking and the micro-void nucleation-growth driven 

cracking in the eventual failure process of the present alloy still leads to a fundamental proposition that is worth discussing, 

that is the interplay between macroscopic stress state and the development of surface crack. Classical theory developed for 

micro-void nucleation highlights the importance of stress triaxiality (Johnson and Cook, 1985; McClintock, 1964), which states 

the micro-void nucleation and growth tendency is positively related with the relative degree of hydrostatic stress in a given 

stress state. The microscopic validity of this theory implies that given the macroscopic near-plane stress condition of the thin 

sheet specimen under uniaxial tension loading, localized shear event tends to mitigate stress triaxiality, which hinders the 

nucleation and growth of micro-voids. However, more recent in-situ deformation studies of ferrite-martensite dual-phase steels 

do highlight that if the presenting phases are exhibiting a significant difference in their strengths, the local stress state can be 

highly deviated from the macroscopic condition, which as a result brings about micro-voids nucleation and growth at the 

surface (Avramovic-Cingara et al., 2009; Lai et al., 2015; Pütz et al., 2020; Toda et al., 2017).  
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Fig. 12 | Quantitative post-mortem damage evolution charts with respect to increasing local strain level: (a) number of 

damage incident; (b) damage area fraction; (c) average damage size. 

 

To further explore, a “stitched μ-DIC” strategy was exploited to probe and compare deformation features close to various 

damage incidents, intentionally in the post-uniform elongation region. Fig. 13 (a) shows the microstructural morphology of 

the present alloy at a pre-strain level of ~11.4 %, whose surface topography induced by plastic deformation has been removed 

following the experimental procedure detailed in Section 2.2. Higher-magnification BSE micrographs reveal the presence of 

damage incidents nucleating in the α-phase interior (Fig. 12 (a1)), at α/β PB (Fig. 13 (a2)), and in the β-phase interior (Fig. 13 

(a3)), of which the sizes only reach a few micrometers. When again being subjected to plastic straining, the representative μ-

DIC map (Fig. 13(b)) elaborates the following three major features: (1) the foregoing three prior damage incidents reveal a 

negligible increase in their dimensions and no evident coalescence is observed (Fig. 12 (a1)-(a3) versus (b1)-(b3)); (2) local 

strain levels developed around these incidents are rather homogenous with subtle localization tendency presented (Fig. 13 (b1)-

(b3)); and (3) similar to the μ-DIC results discussed in Fig. 3 and Section 4.1, long-range strain localization bands that are 

nearly vertical to the loading direction reoccur, showing a characteristic peak local strain level close to ~15.0 %. By comparing 

the local strain levels at the vicinity of the prior damage incidents and a typical strain localization band, almost an order of 

magnitude higher local strain is developed in the latter, at only ~1.9 % global strain level. These results are informative that 

although plastic strain indeed exhibits a clear partitioned trend between α- and β-phases, the phase strength difference (implied 

by the nano hardness values) is not high enough to significantly deviate the local stress-state and enable discernable micro-

void growth as observed in dual-phase steels. It is therefore suggested that strain localization is the predominant source for 

surface cracking, although in the bulk of the present alloy relatively homogenous micro-void nucleation, growth, and 
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coalescence is the major cause for final ductile fracture. 

 

 

Fig. 13 | In-situ “stitched μ-DIC” analyses for damage mechanisms validation: (a) the selected area of interest after ~11.4 % 

pre-strain; (a1)-(a3) magnified micrographs for representative damage incidents, top to bottom: α-phase damage, α/β PB 

damage, and β-phase damage; (b) local strain distribution at ~1.9 % and 1064.0 MPa deformation level; (b1)-(b3) magnified 

strain maps correspond to (a1)-(a3); (c) comparison between local strain evolution at various microstructural sites (point-

wise data acquisition is applied, and local strain values for 5 vicinal facets are averaged for each data point); (d) statistical 

assessment of strain partitioning at the post-uniform elongation region. 

 

5. Conclusions 

By integrating in-situ SEM/EBSD/μ-DIC experimentations, the present work examines the heterogeneous deformation 

characteristics in a Ti-Al-V-Fe (α+β) alloy, with specific aims to clarify the role of the operating deformation mechanisms in 

strain localization and partitioning and thereby understand their relation with damage inception. Major findings are summarized 

as follows: 

 

(1) Microstructure-level deformation features in the present Ti-Al-V-Fe (α+β) alloy are characterized by the pronounced long-

range strain localization bands that initiate in the α-phase, barely impeded by the presence of GBs or PBs. Crystallographic 

calculations verify that texture-facilitated extensive prismatic 〈𝐚〉 slip and hence its smooth transfer into the β-phase are the 
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predominant deformation micro-mechanisms within these strain localization bands 

 

(2) Statistical assessment of the μ-DIC results elaborates the moderate strain partitioning response between α- and β-phases as 

well as the asymptotic evolution trend of the resultant partitioned phase strain ratio. Such characteristics are owing to the mild 

strength difference between the presenting phases together with the similar strain hardenability, which is implied by the nano 

indentation measurement. These observations also compatible with the crystallographic assessment, suggesting the near-

optimal slip transferability across α/β PBs; 

 

(3) Damage analyses carried out along the surface, fracture surface, and fracture cross-section show that although the strain 

localization region is noticeably associated with the development of surface cracks, they are rather shallow in depth and do not 

exhibit a discernable penetrative characteristics. Final fracture of the present alloy is mostly governed by the nucleation, growth, 

and coalescence of micro-voids. Further quantitative analyses also confirm the higher amount of micro-voids nucleate within 

the α-phase, which is possibly ascribed to its lower strength along with the combination of loading condition and texture. 
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