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Abstract: An integrated experimental-numerical method combining a 

realistic microstructure-based isotropic crystal-plasticity (CP) model and 

fracture surface analysis was adapted to analyze the fracture behavior of 

the titanium alloy Ti-6Al-4V. A hybrid fracture mode consisting of 

cleavage facets and elongated dimples was observed and analyzed. With 

the help of numerical simulations and post-mortem SEM, the 

micro-mechanism of the hybrid fracture mode was revealed.  
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The results show that ruptured α lamellae can be linked to cleavage facets 

induced by the development of voids. Simultaneously, hard β lath can 

function as walls that separate two neighboring arrays of voids or 

micro-cracks within the α lamellae. The origin of this behavior can be 

associated with a heterogeneous stress/strain distribution in the α/β 

phases, which was revealed via numerical simulations. Further, the 

influence of the α grain orientation on the void evolution was investigated 

by varying the Schmid factor of the grains in simulations.  

 

Keywords: Crystal plasticity; Spectral method; Fracture behavior; 

Titanium alloys; Deformation heterogeneities. 

Introduction 

Owing to their low density, high specific strength, and excellent corrosion 

resistance, two-phase α/β titanium alloys are widely used in modern 

industrial applications, such as airplane components, medical devices and 

implants[1-3]. At ambient temperature, these alloys consist 

predominantly of an HCP α-phase and a BCC β-phase. The 

heterogeneous deformation behavior of the two phases leads to plastic 

incompatibilities[2,3] which promote a damage initiation in the form of 

void nucleation and growth. The α/β interface decohesion[4-7] occurs 

especially in alloys with long straight interfaces(full lamellar 



microstructure)[8,9]. To expand the future use of these alloys, it is 

necessary to understand well the relation between plastic inhomogeneity 

and damage initiation. Furthermore, because of the strong dependence of 

the plastic behavior on the microstructure, the microstructure morphology 

should be taken into consideration. As demonstrated by many 

investigations [10-17], realistic microstructure-based crystal plasticity(CP) 

methods are suitable to investigate the role of the microstructure 

regarding plasticity deformation and damage evolution in metallic 

materials[18,19], since the local deformation behavior is predicted more 

accurately by these methods [20-28].   

With further developing of computational capacity, plenty of 

image-based models for materials have been created for simulations and 

property evaluations [11,29-36]. In addition to finite element 

method(FEM), another robust spectral solver, based on fast Fourier 

transform(FFT) and Green’s function method[33-38], was 

proposed[39-42]. It exhibits more advantages than FEM in dealing with 

representative volume elements(RVEs) subjected to periodic boundary 

conditions[43-45].  

In this study, we analyzed the relation between microstructure 

inhomogeneity and fracture behavior with the help of an integrated 

experimental-simulation method. A realistic microstructure-based RVE 

was generated to model isotropic CP and tensile deformation simulation 



using a FFT method. Generally, for Ti alloys, most CP models only 

consider slip and twinning systems in α phase owing to the limited 

volume fraction of β phase[11,44]. However, these models disregard the 

effect of the β phase on deformation procedure which may lead to 

discrepancies between experiments and simulations[45]. Thus, both α and 

β phases were considered in the here proposed model and subsequent 

simulations. Moreover, post-mortem and fracture surface analyses were 

performed on a tensile fractured sample. The results were directly 

compared focusing on the α/β plastic heterogeneities and fracture 

characteristics.  

Experimental Procedure 

Sample preparation 

The Ti-6Al-4V (TA6V) sample with full lamellar microstructure was 

used in this work (see Fig. 1(a) and (b) ). The material was supplied by 

BaoTi Group Co.Ltd and had following chemical composition (in wt%) 

6.43Al, 4,21V, 0.40Fe, 0.15Si, 0.10C, 0.05N, 0.015H, and bal. Ti. The β 

transus temperature of the alloy is 995℃±5℃[1]. To obtain a uniform 

lamellar morphology, the material was treated in the (α+β) phase field. 

Subsequently, the material was heated to 960℃ with 1 hour of holding 

time, followed by air cooling. Next, the material was aged at 540℃ for 8 



hours followed by air cooling to ensure an equilibrium distribution of α/β 

phase.  

According to Fig.1, the considered material exhibits a full lamellar 

structure before the deformations. Besides, a small quantity of β laths 

embedded in the α lamellae can be observed. It can be observed that the 

width of α lamella varies 3 μm~5 μm, whereas β lath seems to maintain 

the width less than 1 μm (see Fig.1(c),(d) ). 

 

 
Fig.1. Microstructure morphology of Ti-6Al-4V before deformation in different 

magnifications; (a) 100×, (b) 200×, (c) 500×, (d) 1000×. (Bright lamellae for α phase 

and dark laths for β phase) 

 

(a) (b) 

(c) (d) 



Fracture surface analysis and post-mortem SEM 

In the authors’ previous studies[8,9], some tensile tests were 

completed; the results and details can be found in [8,9]. Only 

post-mortem fracture surface and cross-sectional microstructure 

observations were additionally performed here.  

The fracture surfaces were characterized via a JSM-6010 scanning 

electron microscope(SEM). Then, the ruptured samples were embedded 

into an epoxy matrix with the tensile axis in the plane of the matrix, 

followed by a routine metallographic sample preparation procedure until 

the central plane appeared. Finally, polishing and subsequent etching 

were performed using a mixed solution of OP-S + H2O2 and Kroll’s 

reagent (1 ml HF+ 3ml HNO3+ 96ml water), respectively.  The 

microstructure morphology and distribution were observed with an 

optical microscope(OM-Leica DM 4000) and SEM (Zeiss Supra 55VP).  

 

Simulation Procedure 

Crystal Plasticity simulation techniques can provide interesting 

information about the mechanical behavior of polycrystalline materials, 

based on interplay between phases, grains and sub-grains[18].  

To analyze the influence of morphology and distribution of α/β phases 



on the stress/strain distribution and, subsequently, to predict the 

vulnerable sites for void nucleation and damage initiation, it is necessary 

to establish a CP model in accordance with the SEM image. Hereafter, by 

combining this simulation approach with our previous experiments, the 

local stress and strain evolution during plastic deformation can be 

determined.  

Isotropic-CP model creation  

Based on a realistic SEM image, a two dimensional (2D) FFT model 

was developed to analyze the distribution of stress/strain in α/β phases 

with the goal to predict the stress/strain behavior and failure mode of the 

Ti-6Al-4V alloy.  

It is worth to note that, at the ambient temperatures, full lamellar 

microstructure morphology can be observed. Within one α grain/colony, 

all α lamellae exhibit parallel and equal crystallographic orientations. To 

alleviate the effect of the crystallographic orientation on plastic 

deformation, a local region within an α grain/colony (see Fig.2 ) can be 

selected to have α lamellae with the same original crystallographic 

orientation. 

As shown in Fig.2, the image was imported in Image J[46,47] and  

threshold to distinguish between α phase(dark) and β phase(bright). A 

code was written to identify and map the phases onto a matrix; one pixel 



of the image was assigned to one element of the matrix corresponding to 

the brightness of this pixel in the image (darkness and brightness for α 

phase and β phase, respectively).  

In addition, according to Schmid’s law, it is necessary to consider the 

variations in the Schmid factors in modeling and simulation. The adapted 

method was as follows, 

(1) The original image was rotated 45° and 90°clockwise; 

(2) The same region was selected and processed for 0° rotation; 

(3) The ―image to matrix‖ procedure was repeated.  

It should be noted that in this study, the initial RVE region and 

rotating RVE region were marked as ―Ori. 0‖(0° rotation), ―Ori. 45‖(45° 

rotation) and ―Ori. 90‖(90° rotation), respectively. 



 

(b) 

(a) 

(c) 



Fig.2. RVE modeling based on realistic image (a) 0°rotation(Ori. 0), (b) 45° 

rotation(Ori. 45), (c) 90° rotation(Ori. 90)  

 

Although the prediction accuracy of the model could be increased by 

exaggerating the mapping size, the model size depends on the 

computational capacity. In this study, a different rotating angle can result 

in different mapping areas. For 0°, 45°and 90° rotations, the mapping 

regions are 182×310 pixels, 229×244 pixels and 310×182 pixels, 

respectively. In other words, the model sizes of these three mapping 

regions are on 182×310×1, 229×244×1 and 310×182×1 grids, 

respectively.  

At the end of this stage, the map was transferred to the numerical 

model implemented by Düsseldorf Advanced Material Simulation Kit 

(DAMASK) spectral solver. 

 

Isotropic crystal plasticity model 

The kinematics of the adapted constitutive model are based on the 

established continuum mechanical framework of elastoplasticity at finite 

strains [18].The total deformation gradient F can be decomposed into an 

elastic part and a plastic part;  

e pF = F F                         (1) 

where Fe represents the elastic part that consists of elastic stretching and 

crystal lattice rotation, and Fp denotes the plastic deformation gradient 



due to slip.   

The development of the plastic deformation gradient can be expressed 

as 

 p p pF = L F                        (2) 

where Lp is the plastic velocity gradient due to dislocation glide and can 

be described as 

   
-1

α α

p p pL = F F m n                 (3) 

 

where  , m
α
, and n

α
 are shear rate, slip direction vector and normal 

vector of one slip system α, respectively. n is the number of active slip 

systems. The shear rate,  ,can be defined as[48]  
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where 0  is a reference shear rate, τ
α
, the resolved shear stress of α slip 

system, and S
α
, the corresponding critical resolved shear stress. The 

exponent n represents the stress sensitivity (inverse rate sensitivity) of a 

dislocation slip.  

During plastic deformation, the dislocation accumulation induces the 

strain hardening. The adapted hardening law is based on Ref.[49]and Ref. 

[50] ,  
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where h0 is the initial hardening parameter, 
sS  reflects the saturation 

stress for the α slip system; and qαβ is the latent hardening parameter with 

a value of 1.4.  

As shown in Fig.2, a selected region was treated as RVE in the CP 

modeling by using the free and open source package DAMASK [39]. 

Since the RVE region was selected within one grain, i.e., misorientation 

was disregarded in this RVE an isotropic CP model was established in 

this study.  

According to our previous work, no twinning was found during 

deformation[8,9]. Only slip systems activated in the α/β phases were 

considered. Therefore, a conventional phenomenological CP model 

[18,51], reassessed by Kalidindi et al[52], was implemented for the slip 

characteristics of hexagonal titanium. The tensile deformation simulations 

were carried out by a spectral method [53] within DAMASK[39,43,53]. 

The identified parameter set is presented in Table 1. The loading rate was 

set to 10
-3

 S
-1

, and the direction was parallel to the horizon (X axis). 

 

 

 

 

 

 



Table 1 Materials parameters of CP modeling for (a) HCP α phase[54,55] and (b) 

BCC β phase[11] 

Property Value Unit 

(a) α phase (HCP) [54,55]   

C11 160.0 GPa 

C12 90.0 GPa 

C13 66.0 GPa 

C33 181.7 GPa 

C44 46.5 GPa 

0  0.001 S
-1

 

S0 for basal slip 349.3 MPa 

S0 for prism slip  150.0 MPa 

S0 for pyramidal slip  1107.9 MPa 

Ss for basal slip  568.6 MPa 

Ss for prism slip  1502.2 MPa 

Ss for pyramidal slip  3420.1 MPa 

h0 200 MPa 

a 2 / 

n 20 / 

(b) β phase (BCC)[11]   

C11 250 GPa 

C12 19 GPa 

C44 230 GPa 

0  0.0023 S
-1

 

S0({110}<111> 

slip system) 
500 MPa 

S0 ( {112}<111> 

slip system) 
500 MPa 

Ss ( {110}<111> 

slip system) 
700 MPa 

Ss ( {112}<111> 

slip system) 
700 MPa 

h0 200 MPa 

a 2 / 

n 20 / 

 



Results 

Microstructure morphology 

Fig.3 depicts the microstructure morphology of the sample that 

experienced plastic deformation. Adjacent to the fracture, the 

microstructure seems to maintain a lamellar morphology even after 

plastic deformation.  

A ―zig-zag‖ shape fracture trace can be found (marked by yellow dash 

line) in Fig.3(a), which infers that this material exhibits a ductile fracture. 

In addition, in the local region of the fracture zone, the trace seems to be 

long and straight instead of having a zig-zag shape. This can indicate 

existence of a brittle fracture mode (cleavage fracture) during damage 

development.  

Fig.3(b) presents the microstructure morphology of the selected zone 

(green rectangle in Fig.3(a) ). No obvious microstructure distortion can be 

observed in this region; both α lamellae and β laths maintain the original 

morphology (see Fig.1). However, as depicted in Fig.3(c), obvious 

microstructure distortion can be clearly observed. This local region is 

adjacent to the fracture surface, which is marked by a small red circle in 

Fig.3(a). Both α lamellae and β laths are distorted due to severe plastic 

deformation exists in this local region. 

 



 

 
Fig.3. Microstructure morphology of TA6V sample after fractured, (a) low 

magnification, (b) selected area in (a) (green rectangle), (c) selected area in (a) (red 

circle) 

 

In order to focus on variations in the microstructure morphology and 

distribution of voids in the vicinity of the fracture zone, SEM was 

implemented and the results are shown in Fig.4. The considered material 

exhibits a full lamellar structure with α lamellae of thickness of 3~5 μm. 

However, in some local regions, obvious α/β phase distortions can be 

noticed, due to the occurrence of severe local plastic deformations (see 

the upper right part of Fig.4(a) ). Moreover, adjacent to the ruptured 

surface, arrays of voids can be observed within the α lamellae, which are 

aligned in the direction of the α phase; the β phase still exists in the form 

(a) (b) 

(c) 



of β laths (see Fig.4(a) ).  

Furthermore, to analyze the interaction between voids propagation 

and microstructure morphology, the frontier area, which contains the 

front edges for void propagation, was selected and marked with a yellow 

rectangle in Fig.4(a). The magnified area is presented in Fig.4(b). 

Compared with other areas, the void density in β laths bifurcation area 

seems to be higher (see white arrows in Fig.4(b) ). This might be caused 

because void initiations are favored at the bifurcations of β laths. In 

addition, approximately all void arrays tend to nucleate and propagate 

along the α lamellae rather than ―breaking‖ the β laths. In other words, 

the β laths could act as ―walls‖ that separate two neighboring arrays. This 

is further proved by the unbroken β laths, whereas plenty of broken α 

lamellae can be observed in Fig.4 (a). 

The same results can be noticed in Fig.4(c) and (d). High density of 

voids can be found in β bifurcation regions, which means these 

bifurcation regions are vulnerable sites for void nucleation and 

propagation.  



 
Fig.4. Microstructure morphology and voids distribution adjacent to fracture zone in 

(a) and(c); (b) selected region in (a); (d) selected region in (c). 

Fractography 

Fig.5 presents the morphology of the fractured surface; several 

fracture features can be noticed in Fig.5(a) , including cleavage facets and 

tear ridge, which are usually considered as typical cleavage fracture 

features (brittle fracture). Further, dimples can be observed, which are 

characteristic for a ductile fracture. Thus, it can be assumed that this 

material has ruptured in a hybrid mode (brittle and ductile damages). The 

regions containing cleavage facets and tear ridge were analyzed 

individually, as shown in Fig.5(c)~(d) and Fig.5(e)~(f), respectively.  

(a) (b) 

(c) (d) 



 

Fig.5. Fractographs of ruptured sample; (a) macro-scale fracture surface morphology, 

(b), (c) and (e) selected area in (a); (d) and (f) selected area in (c) and (e), respectively.  

 

Fig.5(b) presents the morphology around the junction of α grains or 

colonies. Please note that in this study, both α grains and α colonies were 

treated as grains since they behave approximately equally during damage 

evolution. As shown in Fig.5(b), different fracture characteristics can be  

seen in different grains. In Grain 1, only cleavage facets can be observed. 

The facets exhibit a lamella-like morphology with some distortions, 

(a) (b) 

(c) (d) 

(e) (f) 



which can be associated with α lamellae. In Grain 2 and Grain 3, 

elongated dimples and facets exist. In addition, the dimples in Grain 2 

and Grain 3 exhibit different elongation directions, which could be 

related to different stress/strain distributions owing to dissimilar initial 

orientations.  

Regarding the boundaries, the holes (voids) tend to distribute at the 

boundary of α grains (grain boundaries are marked by red and yellow 

dash lines). Typically, a high hole density exists at the triple junction of 

boundaries (indicated by white arrows). According to Ref.[55,56], these 

holes can be treated as voids. Thus, the grain boundaries or colony 

boundaries, as well as the junction of boundaries, could be a vulnerable 

site for void initiation and evolution.  

Fig.5(c) depicts a region selected from Fig.5(a) with cleavage damage 

features and dimples. Some cleavage facets exist on the fracture surface 

(marked by white arrows) and have a plate-like aspect, which could be 

linked to coarse α lamellae. Besides, β ―walls‖ can be found between two 

neighboring facets (indicated by blue arrows). The dimples seem to be 

elongated along the plate-like facets. In order to analyze the cleavage 

facets more profoundly, one region within the facet was selected (marked 

by red rectangle in Fig.5(c) ) and is shown in Fig.5(d).  

In Fig.5(d), more complex characteristics can be observed; elongated 

dimples and their precursors—holes (voids), exist (indicated by white 



arrows) with widths of 5μm~8μm and less than 3μm, respectively. The 

size of holes(voids) is comparable with the thicknesses of α lamellae(3~5 

μm). Within the facets, dimples, holes, β walls and bifurcations exist. 

These results seem to agree well with the void distribution in transverse 

view (see Fig.4 ).Simultaneously, α fragments exist within the facets in 

particular at β bifurcations which will be discussed in the following 

section.  

In Fig.5(e), a tear ridge and the facets can be observed, which may be 

cleavage features. The tear ridge may result from the boundary of two 

neighboring α grains with distinct misorientation. Moreover, β walls and 

bifurcations also exist between facets. Please note that all facets exhibit a 

plate-like morphology and tend to lie parallel to each other. In addition, 

the widths of these facets are approximately 5 μm. As mentioned above, 

the facets could be linked to damaged α lamellae. Further, holes, which 

could be treated as precursors of dimples, can be found within the facets. 

If focusing on the holes, one region was selected (marked by green 

rectangle in Fig.5(f) ). Within the facets(linked to α lamellae), the holes 

tend to distribute at the bottom of β walls. Thus, a void could originate at 

the interface of α/β phases and propagate along this interface. This 

assumption agrees well with the results of our previous work [8,9]. 

Moreover, one micro-crack with holes inside can be observed (pointed 

out by white arrow in Fig.5(f) ). This micro-crack can be linked to the 



coalescence of neighboring void arrays caused by stress/strain 

concentration; β walls could break during the coalescence. Further, 

micro-cracks may coalesce to form meso-crack or macro-crack until 

failure of this material.  

CP simulations 

According to the microstructure morphology and fractography, the α 

lamellae and β laths could play different roles during damage evolution. 

The α lamellae tend to break to form facets, whereas β lath maintain the 

original morphology and separate facets (see Fig.4 and Fig.5 ). This could 

be attributed to the heterogeneous stress distribution in the α/β phases, 

which results from the plastic incompatibility of α/β phases.  

In order to analyze the behavior of the α/β phases, a realistic 

modeling and simulation technique was implemented. In Ref.[56] and 

[57], an RVE model for Ti alloy on the basis of real images was 

established. However, only one α/β phase orientation was considered for 

polycrystalline material. Therefore, the model disregards the influence of 

variation in orientation of stress/strain distribution.  

Thus, variations in Schmid factors were considered in this current 

simulation. The results are presented in Fig.6 created with open source 

software ParaView[58,59]. For all initial orientations, heterogeneous 

stress/strain distributions in the α phase(dark phase) and β phase(bright 



phase) can be observed. Furthermore, stress concentrates in the regions 

adjacent to the interface of the α/β phases, in particular in the vicinity of β 

bifurcations.  

Fig.6 (a)~(c) illustrate the stress and strain map for the Ori.0 status(0° 

rotation). In the map of components σxx and σM (see Fig.6(a) and (b) ), 

owing to the plastic-deformation incompatibilities of the α and β phases, 

the plastic-interaction stresses in the α and β phases are different; the α 

phase exhibit tensile stress, whereas it is the corresponding compressive 

interaction stress in the β phase.  

These results are in a good agreement with the observations in 

Ref.[60,61]. Moreover, in Ref. [60,61], it was indicated that the crack 

initiation can be probably promoted by tensile interaction stress. Owing 

to the plastic-deformation incompatibilities, a high-stress barrier is 

introduced at interface of α/β phases for slip transmission, which could 

cause high-density dislocations that pile up along the interface[62]. 

Subsequently, higher strain concentrations at the α/β interface could result 

in local regions that are favorable for void initiation.  

As shown in the strain distribution map (in Fig.6(c) ), ―wrinkles‖ that 

might be related to the deformation bands exist in α lamellae, with an 

inclining angle of approximately 45° with respect to the direction of 

deformation. These observations may reflect the indications in the authors’ 

previous work[9], which investigated the formation of shear bands within 



one grain. Strain in particular prefers to concentrate at bifurcations of the 

β phase, which can be interpreted using Ref.[62] and [63]. Moreover, our 

results agree well with the observation of a high void density close to 

bifurcations (shown in Fig.4(b) and Fig.5(d) ). 

 The same results can be found for Ori.45°(45° rotation), as shown in 

Fig.6(d)~(f). A stress concentration occurs along the α/β interface 

especially at β bifurcations in the forms of tensile interaction stress(see 

Fig.6(d) ). According to the lower left part of Fig.6(f), a severe strain 

concentration can be found at β bifurcations. Further, the ―wrinkles‖ seem 

to be inclined about 45° with respect to the deformation direction. 

However, the simulated results for Ori.90°(90° rotation) exhibit the  

opposite behavior(Fig.6(g)~(i) ). The α phase exhibits compressive 

interaction stress, whereas it is the corresponding tensile interaction stress 

in the β phase(see Fig.6(g) ). Therefore, the initial orientation 

significantly affected the deformation behavior. In other words, the 

variations in the Schmid factor induce different plastic stress/strain 

distributions within one grain. Regarding the von Mises stress/strain 

distribution ( in Fig.6(h)~(i) ), the results are comparable to those of Ori.0 

and Ori.45.Therefore, with the help of the simulation results, the different 

fracture surface morphologies for neighboring grains shown in Fig.5(b) 

can be interpreted.  

In order to further investigate this fracture behavior, it is necessary to 



add crystallographic orientation information into the simulation with the 

help of Electron Backscattered Diffraction technique(EBSD). This work 

will be conducted in the future. 

 
Fig.6. Results from the simulations performed using RVE with 5.0% equivalent strain; 

(a)~(c) for Ori.0; (d)~(f) for Ori.45; (g)~(i) for Ori.90. σM and εM refer to von Mises 

stress and strain , respectively. 

 

Discussion 

Evidently, void evolution and fracture morphology are related to the 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 



microstructure. As shown in Fig.3(a), a zig-zag shape can be found in the 

fracture zone. Furthermore, in the fractographs (shown in Fig.5), cleavage 

ductile characteristics, holes (precursors of dimples), and α phase 

fragments within cleavage facets can be observed. Apparently, material 

ruptured in a hybrid fracture mode.  

Hybrid fracture modes have been investigated in Ref.[56,62-64]. 

However, these studies did not explore the micro-mechanism of this 

fracture mode intensively.  

According to Ref. [4-6,65], voids can nucleate along an α/β interface, 

owing to a decohesion between the α and β phases. Generally, the β phase 

could be considered as being composed of ―hard‖ particles inserted into a 

―soft‖ matrix(α phase)[5,6,65].  According to Ref. [66], slip bands 

originate at the soft α phase near the α/β interface. Subsequently, the soft 

α phase starts plastic deformation firstly and is more highly strained than 

the β phase[60,62,65-68]. 

As indicated in Ref.[65], plastic strain accumulates at the interface of 

the α/β phases and the plastic incompatibility makes the interface a 

favorable site for void initiation. Besides, the void nucleation is not only 

driven by plastic strain, but by plastic interaction stress as well, as 

revealed via FEM simulation.   

Based on post-mortem work SEM and FEM simulation for fracture 

surfaces[65], it was considered that void initiate because of 



particle/matrix interface decohesion. The position and shape of the voids 

are depended on the hard particle orientations (perpendicular or parallel 

to the tensile-stress direction). 

These results are in a good agreement with the simulations results of 

this work, shown in Fig.6 (Ori.0° and Ori.90°). According to the von 

Mises stress distribution(see Fig.6(b),(e),and(h) ), stress concentration 

occurs at the interface of α/β phases, which could lead to a decohesion of 

the particle/matrix interface, and consequently to void initiation(see 

Fig.4).    

In the propagation procedure, voids can propagate and coalesce to 

form local micro-cracks along the α lamellae until it ruptures. Particularly, 

at the frontier of the advancing voids (shown in Fig.4) α lamellae broke 

via voids coalescence and micro-crack formation. Regarding the hard β 

laths, lath-like morphology was maintained which acts as ―wall‖ to 

separate arrays of voids or micro-cracks in two neighboring α lamellae 

(white arrows in Fig.4(a) and blue arrows in Fig.5(c) ), even if α lamellae 

are fractured.  

Regarding the observations in Fig.4 and the fracture surface 

morphologies(in Fig.5 ), the cleavage facets exhibit approximately the 

same morphology and width as the α lamellae(in particular, in 

Fig.5(b),(c)and(e) ). Thus, the cleavage facet may be induced by 

micro-crack propagation and the rupture of α lamellae. Moreover, the 



dimples and holes could be linked to voids evolution. The dimples can be 

treated as the growth and coalescence of voids according to the 

observations of the dimples elongating along facets in Fig.5(c) and (d).  

According to Ref.[56][65], holes could be linked to voids or precursors of 

dimples.  

Consequently, the hybrid facture mode could be induced by void 

development. If an α lamella is completely filled with voids/micro-cracks, 

the lamella can be fractured and act as cleavage facet in the 

fractographs(see Fig.5 (e)&(f) ). By contrast, if voids do not completely 

evolve from one α lamella, elongated dimples can be observed instead of 

facets. Further, undeveloped voids exist in the form of holes within the 

facets(shown in Fig.5(c)&(d) ).   

The orientations of the α lamellae (α grains) play a significant role 

during plastic deformation and void development, as proved by the 

fracture surface morphologies shown in Fig.5(b). In order to investigate 

the influence of orientations (including crystallographic orientations) 

polycrystalline anisotropy will be considered in the CP model by using 

EBSD and DAMASK in the future.   

 

Conclusions 

An integrated experimental-numerical method has been implemented to 



analyze the origin of hybrid damages in the (α+β) Ti-6Al-4V alloy, which 

exhibits brittle characteristics (cleavage facets) and ductile features 

(dimples). The following observations have been made: 

(1) Owing to microstructure inhomogeneities, the stress/strain tends to 

distribute heterogeneously in the α/β phases, which could make the 

interface of the α/β phases a vulnerable site for void nucleation. 

(2) Severe stress/strain concentrations in β lath bifurcation areas induce 

high void densities. In addition, a hard β lath acts as a wall that 

separates two neighboring void arrays.  

(3) The cleavage facets could be linked to ruptured α lamellae caused by a 

development of voids. The α lamellae can be fractured owing to voids 

coalescence which completely fill the lamellae. 

(4) The orientations of α grains can affect the void evolution by 

influencing the stress/strain distribution during plastic deformation, 

This was proved by different fracture surface morphologies for 

neighboring grains.  
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