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Abstract: With the help of X-ray synchrotron tomography, in situ tensile
tests have been performed on Ti-6Al-4V titanium alloy with full lamellar
microstructure. The rendered 3D images have shown that void could
nucleate as soon as the material yields, although local stress triaxiality
(T=0.472) seems not to be high and even tends to maintain a constant
value in the following damage steps(T=0.474~0.510). It can be inferred
that local stress triaxiality could not be the dominating factor during
damage development in this current work. By combining this result with
the result of post mortem analysis by SEM and EBSD, it can be found

that voids preferentially nucleate and propagate along either the o/f
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interface, or along shear bands within one grain/colony, or at
grains/colonies boundary. This could be interpreted by the role of shear
stress during this processing. Based on the location of voids, shear stress
can be taken into consideration at o/p interface, shear band within one
grain and grains/colonies boundaries, respectively. The origins of shear
stress at different scales seems correlated to local microstructure
inhomogeneity and subsequent heterogeneous plastic deformation at
different scales. VVoid nucleation and propagation could depend on this

local shear stress instead of stress triaxiality.

Keywords: Ti-6Al-4V; Lamellar microstructure; X-ray tomography;

Shear behavior; Damage development;

1. Introduction

Titanium and its alloys play an important role in modern industries i.e.
aerospace, biomedical, and chemical processing and synthesis, due to the
integrated properties including excellent mechanical properties,
unrivalled corrosion resistance and outstanding biocompatibility[1]. Ti-
6Al-4V(TA6V), because of its integrated properties and lower cost, is
considered as the most common titanium alloy[2,3]. Depending on the

thermo-mechanical treatment or heat treatment of such (o+f) titanium



alloy, the microstructure morphologies or mechanical properties may
vary in a wide range [3]. It is well recognized that the mechanical
properties are mainly dependant on microstructural features; furthermore,
failure behavior of Ti alloys could be affected by these features
significantly [3,4].

Depending on the thermo-mechanical treatment of such (o+p)
titanium alloy, different microstructures can be obtained, which can
lead to different mechanical properties[5-7]. Two extreme
microstructure morphologies are fully lamellar microstructure and
equiaxed microstructure. The fully lamellar microstructure could
present a lower strength and lower ductility, but better fatigue crack
propagation resistance; whereas the equiaxed microstructure can
show a better initiation fatigue crack resistance. Any bimodal
microstructure is a combination of equiaxed and lamellar
microstructures that combine both mechanical properties and can
present well-balanced fatigue properties.

From the literature it can be noticed that most of researchers’
attention was paid on fully equiaxed[8-13] or bimodal microstructure[14-
16] rather than fully lamellar microstructure[17,18]. However, after
casting or welding process, the existence of fully lamellar microstructure
cannot be avoided. In order to enhance the mechanical properties of

components with this structure, it is necessary to focus on the failure



mode of TAG6V presenting a fully lamellar microstructure. Because TA6V
is consisting of HCP o phase and BCC [ phase, microstructural
inhomogeneity is inevitable. This may induce an inhomogeneous
stress/strain distribution, which could play a key role in the ductile
damage evolution [19].

In order to describe this microstructure inhomogeneity and
consequently, heterogeneous stress/strain distribution at micro-scale,
microstructure-based micromechanical modeling approach can be
adopted [13,20-24]. Consequently, numerous models were proposed and
validated to elucidate micromechanical behavior with microstructure
features for dual phase metals, especially for dual phase steels[20-24].

As indicated by Q.Xue et al [25], microstructure inhomogeneity,
internal boundary and favorable orientation of grains or colonies could
affect the distribution of strains which could determine the site for shear
band formation, on which void nucleation occurs. Because of local
constraints induced by microstructure distribution heterogeneities,
heterogeneous void growth can be found for Ti-6Al-4V alloy during
damage development [13]. Unfortunately, up till now, for TA6V dual
phase titanium alloys, the micro-mechanism of heterogeneous
stress/strain distribution and its acting on damage evolution is not
completely known.

This work aims at deepening our understanding in the origins of



plastic deformation inhomogeneities and its role in the failure processing
of TA6V alloy. Based on the authors’ previous work [26], ductile damage,
a process driven by plastic deformation, is the main failure mode for such
alloy. It is commonly proved that the procedure can be divided into three
steps[16], void nucleation, void growth and void coalescence. With the
help of 3D tomography technology, it is possible to investigate the action
of such heterogeneities in the development of ductile failure. [13,26-29].
Hence, in the present work, in situ tensile tests are carried out based
on synchrotron X-ray micro-tomography for Ti-6Al-4V alloy with a fully
lamellar microstructure in order to track and analyze void evolution. Then,
post mortem procedure are performed by scanning electron
microscopy(SEM) and electron backscatter diffraction (EBSD) in order to
analyze the micro-mechanism of plastic deforming heterogeneities in
terms of microstructure inhomogeneities. Then, shear behavior, correlated
with such plastic deforming heterogeneities, is analyzed at the micro-
scale and grain-scale. This leads to the formation of micro-shear band,
shear band initiation or neighbor grains /colonies rotation, respectively.
The influence of these shear induced mechanisms on void nucleation and

propagation are also analyzed and interpreted in this work.



2. Experiments
2.1 Materials

In order to obtain fully lamellar microstructure, commercially
available casting Titanium Ti-6Al-4V alloy, fabricated by BaoTi Group
Co.Ltd was investigated in the form of plates, with a dimension of
300mm>200mm>10mm. The chemical composition of the material, in wt%
is 6.43Al, 4,21V, 0.40Fe, 0.15Si, 0.10C, 0.05N, 0.015H and bal. Ti. In the
subsequent heat treatment, the solution-aging parameters were selected
based on the B-transus temperature(995°C+5°C). This TA6V plate was
treated at 960°C for 1 hour followed by air cooling and aging treatment in
order to obtain fully lamellar structure. Then the plate was aged at 540°C
for 8 hours following air cooling to ensure equilibrium distribution of o/
phase.

For the subsequent analysis, TA6V samples were cut from the plate
with the size of 35mm>1L0mm>10mm for manufacturing the samples for
microstructure observation and in-situ tensile test. Phase composition and
microstructure morphology produced by this treatment are illustrated in
Fig.1. Only a phase could be noticed in the result of XRD(Fig.1(a) ), this
may relate to the very small amount of 3 phase in the sample. However,

as shown in Fig.1(b)&(c), B laths can be clearly observed.
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Figurel. X-ray diffraction spectrum(a), microstructure morphology at low
magnification (b) and high magnification (c) for the Ti-6Al-4V sample

before deformation (o phase in bright, and § phase in dark)

2.2 X-ray tomography

Tomography measurements were performed at the 1D19 beamline at
the European Synchrotron Radiation Facility(ESRF) in Grenaoble, France.
More details on the set-up can be found in Ref.[27.30]. The spatial

resolution and voxel size of the tomography can be achieved up to 1 um



and 1.3x1.3x1.3 um?®, respectively. A dedicated in situ tensile test
apparatus (in Ref.[27,30]) was mounted on the rotation stage of the
tomography set-up.

Before deformation, one scan was carried out to capture the
undeformed state. Hereafter, several scans were performed until the
sample fractured. It is worth noting that the loading was stopped but not
released during each scanning procedure. Although continuous tensile
experiments based on tomography have become available; our step-by-
step procedure, give results comparable with those coming from a

continuous loading procedure [31,32].
2.3 In situ tensile test

For in situ tensile test based on X-ray tomography, the shape of the
samples, inspired by Landron et al [29], were cut into 2.5 mm radius

notched samples. The geometry of the samples is given in Fig. 2.
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Figure.2 Schematic illustration of tensile sample, (a) geometry of the



sample,(b) 3D view[33]

The local strain, g, during deformation was calculated as

gzln[%j 1)

where S, is the area of initial cross-section in the undeformed state, and S
Is the solid area of minimal cross-section at each damage step. This
means that in the measurement of S, the eventual area of the voids in the
current section is subtracted. The minimal cross-section S was also used
to evaluate the true stress in this section,
F
Oiree = &
S
where F is the measured force during the tensile test.

()

Fig.3(a) and (b) present the force-displacement and true stress-strain
curve which were obtained in this in situ tensile deformation. It should be
noticed that different loading rates were set for elastic deformation and
plastic deformation, individually. Within elastic deforming period, the
loading rate was set to 5 pm/s. With the onset of plastic deformation,
because of limited plastic capacity for this alloy, the loading rate was
decreased (0.1 pm/s) in order to perform more scans. In this current work,
the first scan was performed at the yielding point, while the last one was

carried out just before the fracture (shown in Fig.3(a)&(b) ).
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Figure.3 Force-displacement curve (a) and scanning points (b) of TA6V

sample[26]

2.4 Microscopic measurement for X-ray tomography data

After this tensile test, damage was quantified according to the post-
processing procedure for dual-phase steel presented in [27,29,34]. The
raw data obtained from reconstructed volumes were median filtering and
thresholding, based on the approach described in [29]. This procedure
allows us to distinguish the voids from the TA6V matrix.

Only the central region of the tensile specimen is selected for damage
analysis, according to T. Pardoen and F. Delannays’ work[35], which
indicates that the central volume undergoes the largest stress triaxiality
and highest strain that leads to the fastest damage rates. The post
treatment and 3D rendering work was managed by using open source

image analysis software, Image J and Tomviz.



2.5 Post mortem based on SEM

After fracture, the samples were embedded into epoxy matrix parallel
to their tensile direction, followed by polishing down to the central plane.
The surfaces were grinded by using SiC paper up to 2500 grade. Then,
the surfaces were polished and etched by a mixed solution of OP-S and
H,0, and Kroll’s reagent (1 ml HF+ 3ml HNOs+ 96ml water). Both
microstructure and voids, were observed by SEM (Zeiss Supra 55VP).
High resolution EBSD analysis was conducted in this SEM equipped with
Oxford Instrument Nordlys detector and the Aztec online acquisition
software package. A free tool — “Analysis Tools for orientation

Mapping”(ATOM) was used for EBSD data post-processing[36].

3. Results

3.1 Microstructure morphologies

Before deformation, a full lamellar microstructure morphology can be
observed (seen in Fig.1 (b)&(c) ). The samples comprises colony
microstructure with a prior-p grain size (and comparable colony size) of
500~800 um and a grain boundary a layer approximately 3~5 pum thick.
After deformation, as shown in Fig.4, the sample still tends to maintain

fully lamellar microstructure morphology. However, microstructure



distortion can be clearly observed which means that severe plastic
deformation exists within this local region. The tensile direction was

parallel to the horizontal direction of this Figure.
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Figure.4 Microstructure morphology for the Ti-6Al-4V sample after

deformation in low magnification(a) and high magnification(b).

3.2 X-ray tomography

Fig.5 presents the typical evolution of the reconstructed vertical
section of the sample. These sections are extracted from the 3D volume at
different damage steps. These refer to undeformed step(a), just after
yielding(b), void coalescence step(c) and just before fracture(d). The
orientation of these sections is parallel to the tensile axis, which is
vertical in this figure.

Within this figure, only one crack can be observed and the growing
direction of this crack seems to be perpendicular to the tensile axis.

Meanwhile, in order to understand void evolution deeply, 3D



reconstructed images are presented in Fig.6.
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Figure.5 Tomographic slices parallel to the tensile axis at different
damage steps. (a) undeformed step, (b) just after yielding, (c) void
coalescence step and (d) just before fracture

Fig.6 shows a 3-D reconstructed volume for the imaging area at the
same damage step as in Fig.5. In this figure, the matrix is transparent and

the outer aspect of the sample is visualized in a semitransparent mode. As



shown in Fig.6(c), the main crack formed could lead to final fracture in
the following steps.

It is interesting to note that in previous work concerning damage
analysis of other ductile metals, such as dual phase steels[27,29,34] or Al
alloys[31-33], obvious necking behavior can be noticed during the
deformation procedure. While slight necking phenomenon can be found
within Fig.5 & Fig.6, it may symbolize the discrepancy of damage
evolution between TAGV in this current work and other ductile metals.
In addition, comparing with voids number of DP steels[27,29,34] or Al
alloys[31-33] in the literatures, only few voids could be observed in Fig.6.
This could be associated with microstructure morphology and micro-
mechanism of deformation for this alloy. Details will be given in a

following section of this paper.
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Figure.6 3-D presentation of the reconstructed volume for the sample in
(a) undeformed step (b) just after yielding (c) void coalescence step (d)
just before fracture. The dimension of the reconstructed block is
450450600 pixel® (1095x1095%1460 pm®). The perspective view

makes the insertion of a scale bar inappropriate.
3.3 Microscopic damage measurement

The curvature radius of outer surface R and the radius of the minimal

section r can be used to calculate the average stress triaxiality T in the



center of the minimal cross-section with the help of Bridgman

formula[37],
T 1 r 3
3 In(l 2R] ®)

It has been proved that local strain calculated from Eq.(1) and stress
triaxiality calculated from Eq.(3) exhibit acceptable agreement when
comparing with the results from finite elements simulations[29].

Fig.7 shows development of stress triaxiality T as a function of local
strain during the deformation. It can be seen that, although severe plastic
deformation occurs in the minimal section region, the value of T tends to
maintain a low and constant value (T=0.474~0.510). This is due to slight

necking.
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Figure.7 The stress striaxiality as a function of the local strain, calculated
by the Eq.(3).

In modern damage models, including commonly used Rice-Tracey



model(R-T model)[38] and Gurson-Tvergarrd-Needleman model(GTN
model)[39,40], stress triaxiality(T) is considered as an important factor in
void evolution processing. According to Helbert’s work[12], for Ti-6Al-
4V alloy, stress triaxiality, which could affect void evolution significantly
during void development, can be reflected by the angle between stress
axis and void growing direction. This angle could increase with the
increase of triaxiality value, which can lead to the damage mode
transformation, from plastic instability to cleavage mode.

As shown in Fig.8, it can be clearly seen that the angle tends to
maintain a constant value during damage development. In Fig.8(a), one
void is observed tilting at about 23to the stress axis. While in Fig.8(b)
and (c), with the increase of plastic deformation, another void is
generated (see Fig.8(b) ) and it then coalesce to the former one (see
Fig.8(c) ). Comparing the result of Fig.8(b) with (c), it can be found that

this latter void intends to grow in the direction which is inclined 28<

towards stress direction.

UON)IAII(] ISUI],

Figure.8 presents the variation in angle between stress axis and void



growing direction, which were extracted from the tomographic 3-D block
in the same damage steps as Fig.6, (a) just after yielding (b)void

coalescence step (c)just before fracture.

3.4 Post mortem based on SEM & EBSD

3D X-ray tomography could show interesting advantages in analyzing
void evolution, including size, aspect and position; however, it also
presents a lack of capacity to observe microstructure morphology of such
TAG6V alloy. Hence, in order to focus on the dependence of damage
processing on microstructure morphology, post mortem was performed
with the help of SEM/EBSD.

As shown in Fig.9(a), a so-called zig-zag shape morphology can be
observed in the fracture zone, which is linked to the existence of ductile
damage rather than cleavage damage. In order to facilitate the analysis,
this fractured sample was divided into 2 parts (marked by L part and R
part), which is shown in upper part of Fig.9(a).

Voids may also stimulate failure by instability, which usually
involves one or more shear bands. In order to analyze the failure
procedure, it is necessary to select some regions in the vicinity of fracture
surface. Fig.9(b)&(d) presents the microstructure morphology of such
selected regions. Microstructure distortion and kinking can be observed in

these post mortem micrographs. This could be associated with



deformation inhomogeneities and involve the existence of shear bands
(marked as grain-scale shear band, and pointed out by white arrows).
Such regions of high deformation could promote the nucleation and
growth of voids (pointed out by blue arrows) along shear bands[41,42].

In the literature, it well documented that slip or shear bands play an
important role during plastic deformation processes[43-49]. For instance,
at the micro scale, the slip bands[44,47,49] and shear bands[44,46,47-49]
can be treated as a symbol of plastic strain localization in Ti alloys, which
may relate to nucleation and propagation of local voids. Furthermore, it
has been proved that shear bands can be treated as vulnerable sites for
nucleation, growth and coalescence of voids in the way of numerical
simulation [25] and experiments [49-51].

As shown in Fig.9(b), it can be noticed that voids locate at the inner
part of shear band(pointed out by blue arrows), which means that
formation of shear band could induce heterogeneous strain distribution
and thus motivate inner void nucleation. Moreover, these voids tend to
advance along this shear band, which may be induced by occurrence of
local shear deformation within this region. If focusing on the area of
shear band (rectangle area in Fig.9(b) ), as shown in Fig.9(c), it can be
clearly observed that voids prefer to be produced either at the interface of
a lamellae and 3 lath (pointed by blue arrows) or the boundary between o

colonies (pointed by yellow arrows).



The same void nucleating behavior could be found in the other part of
this specimen, which is shown in Fig.9(d)&(e). Hence, it can be
considered that microscopic inhomogeneities (o phase and 3 phase) and
local plastic incompatibilities (o colonies with different crystallographic

orientations) may trigger the formation of shear bands, and lead to the

initiation of voids.
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Figure.9 SEM images for central plane of the fractured sample. (a) zig-



zag fracture shape; (b) microstructure morphology from R part of the
sample;(c) high magnification for selecting region in (b);(d)
microstructure morphology from L part of the sample;(e) high
magnification for selecting region in (d).

From Fig.10 (a)&(b), it can be noticed that voids nucleate at the
interface of o/p phase for both parts of the specimen. In addition, once the
embryos of voids form, they will grow in a phase and tend to distribute

along o lamellae.

Tensile Direction .

axis
— TD//Z Axis

Figure.10 SEM images for the distribution of the voids within one grain.
(@) L part; (b) R part.

In order to understand the interplay between local inhomogeneities
and void evolution, EBSD mapping was performed for the regions
adjacent to fracture surface. Within these maps (See Fig.11), distinct
orientation gradient can be observed, which means that slip is the main
deforming mechanism during deformation process.

From Fig.11(a)~(c), it can be seen that the fracture trace tends to



follow the lath boundaries, accompanied with microstructure distortion in
the vicinity of ruptured surface. Besides, one crack(marked as crack A)
exists in the distorting zone. As shown in Fig.11(d)&(e), three grains
were selected and marked as Grainl, 2 and 3 adjacent to the fracture
surface. These grains present a close orientation and tend to align their
<0001> axis with the Normal Direction(ND). Moreover, the distortion of
the a-colonies close to the crack surface can be clearly observed in these

three grains, which is in line with SEM image (shown in Fig.11(a) ).



Figure.11 EBSD maps for the fracture region. (a) linked SEM image, (b)
Band Contrast image, (c¢) Euler map, IPF map in TD (d) and in ND (e).
For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.

Fig.12 depicts the rotation of these three grains in terms of Inverse
Pole Figures. The same type of rotation around <0001>// ND axis can be

observed for Grain 1, Grain 2 and Grain 3. In addition, for Grain 1 and



Grain 3, distinct rotating deviation could be noticed in IPF LD and IPF
TD, which could refer to different rotating levels for these two grains,
even they have rotated to activate the same slip system. This may be
resulted from different constraint for grains rotation; and could promote

the damage initiation at the boundary of Grain 1 and Grain 3(Crack A).

0001

Figure.12 Inverse Pole Figure of Grain 1, 2 and 3 located at the vicinity

of fracture surface.

Fig.13 presents the view of the map focusing on the region
neighboring to fracture trace (marked by yellow dash line). One grain,
which was marked as Grain 4, shows no obvious orientation gradient
(grain or colony rotation) inside. This could indicate slip may not occur

within in this grain, which may reveal that deformation performs in term



of twinning rather than slip in Grain 4. This could be verified by the
appearance of deformation twins within this grain(indicated by yellow
arrows). But it is worth to notice that no twins can be found in the grains
adjacent to the fracture trace(Grain 1, 2 and 3). In other words, slip is the

dominating approach during plastic deformation.

Grain 4

I - 100 1 [PF; Step=0.3 pm; Grid1010x412

Figure.13 Closer view of the grain neighboring on the fracture trace, IPF

ND map in(a) and TD map in (b).



4. Discussion

Alloys with different microstructure morphologies certainly
exhibit different damage mechanisms. From simple morphological
arguments (spherical inclusions induce less stress concentration than
lamellar ones). It was shown in [5-7] that a Ti alloys or (at+p) Ti
alloys with bimodal or equiaxed microstructures exhibit better
strength and ductility than the material with a fully lamellar
microstructure.

For the alloys with  bimodal[11-16] or equiaxed
microstructures[17-19], it is known that the precursors of micro-
cracks, voids, tend to nucleate at a/p interfaces due to plastic strain
incompatibilitites between the two phases. In this situation, stress
triaxiality, a significant parameter in damage procedure, may vary
seriously during damage development. Besides, Helbert et al[12] have
suggested that for Ti-6Al-4V alloy with equiaxed microstructure, under
low triaxiality (T<<0.7), voids appear and grow within o particles. For
high triaxiality (T>0.7), voids prefer to nucleate at the interface of o/f
phases.

Whereas, in this work, the result is not consistent with Helbert et al’s
suggestion[12]. During the whole deformation procedure, stress
triaxiality tends to maintain a low and nearly constant value (0.45<T<<

0.55, see Fig.7). But voids prefer to nucleate and propagate at the



interface of o/f phases, within shear bands and grains/colonies
boundaries instead of within a phase.

Hence, it is rational to consider that stress triaxiality could not be the
dominating factor during damage development in this work. According to
experimental results, multi-scale shear stress may play a significant role
in void/micro-crack evolution. The influence of shear stress on

voids/micro-crack evolution will be interpreted at different scales.

4.1 Voids initiation and propagation at the interface of ao/p

phase(micro-scale).

Because of different crystallographic structure for a phase (HCP
structure) and B phase (BCC structure), different numbers of slip systems
can be activated for a phase and [ phase. This can result in the so-called
“plastic deformation incompatibility” and could stimulate the initiation of
voids in local region, especially at the interface between a phase and f
phase. Strain gradient and local stress concentration could evolve during
plastic deformation for dual phase Ti alloys due to this plastic
deformation incompatibility of o phase and B phase[52-54].

From the literature [55-60], the soft a phase can undertake higher
plastic strain than 3 phase. This could lead to dislocation glide and high
local strain concentration at the interface. Local shear stress and

subsequent local shear band could be generated at the interface, which



shows in terms of obscure microstructure kink and distortion (see
Fig.10(a)&(b) ). It was treated as “micro-shear band” in order to
distinguish it from normal shear band, which linked to microstructure
kink obviously(see Fig.9(b)&(e) ).

Fig.14 (a)~(c) illustrate the formation of micro-shear band and
evolution of voids. It is worth noting that, because of constraint action
from this “hard” straight  phase, these micro-shear bands and inclusions,
voids, may not be able to rotate in order to respect the highest shear stress
direction. This could be testified by the results from Fig.10(a) and

Fig.11(c)&(d).
() (b) (c)

Voids
Micrg-
crack
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A

Figure.14 Schematic diagrams of micro-shear band formation and voids
evolution during tensile deformation.(a) without loading (b) formation of
micro-shear bands (c) initiation of voids. The blue arrow shows the

loading direction.



4.2 Voids initiation and propagation within the shear bands(grain

scale)

As presented in Fig.9(c)~(e), it can be noticed that voids locate within
shear band which is in the vicinity of the boundary. As pointed by Q.Xue
et al[25], the nucleation of voids can be treated as a result of tensile stress
inside shear band. Furthermore, the directions of the shear bands in
Fig.9(c) & (e) tend to tilt from the tensile deforming direction(Z axis) at
an angle of 51°and 48< respectively. These are approximately equal to
the angle between Z axis and the direction of highest shear stress in this
situation, 45< Thus, it is rational to infer that the plastic strain
localization (shear band) can act as a stimulant to void nucleating at or
adjacent to the boundaries.

As for the voids within the shear band, which are shown in
Fig.9(d)&(e), they tend to elongated to elliptical shape along the
direction of the shear band, as well as the void located at the boundary
(pointed out by yellow arrows in Fig.9(d) ). This is due to the existence of
severe shear strain within this local region, and consequently, in the
subsequent growth and coalescence procedure, these voids can be
characterized with elongating to ellipse shape and rotating with respect to
the direction of shear band (see Fig.10(f) ). The relationship between shear
band and voids evolution are schematically depicted in Fig.15(a)~(c).

Before deforming processes, both o lamellae and straight 8 lath can



be observed without any microstructure distortion (see Fig.15 (a) ). When
increasing the loading force, because of strain localization, shear bands
appear and tend to respect the direction of highest shear stress, as well as
the voids nucleation within the shear band(see Fig.15(b) ). Hereafter,
voids can contact each other and coalesce to form a micro-crack along

this shear band(shown in Fig.15(c) and Fig.9(f) ).
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Figure.15 Schematic diagrams of grain-scale shear behavior and its
results, shear band formation and voids evolution. (a) Without loading (b)
formation of shear bands and voids (c) micro-crack initiation and

propagation. The blue arrow shows the loading direction.

4.3 Voids initiation and propagation at boundaries of

grains/colonies(several grains scale)

If a void prefers to nucleate at the boundary (shown in Fig.9(c) ), it
may exhibit an elliptical shape and keep its long axis aligning with the
boundary. Local shear stress, which can result from serious deforming

heterogeneity induced by the discrepancy of crystallographic orientation



between these neighbor grains/colonies, could induce void evolution at
the boundaries(see crack A in Fig.11).

In the authors’ previous work[26], voids prefer to nucleate at junction
of a colonies and grow along the boundary. When plastic deformation
occurs, neighbor grains/colonies tend to rotate in order to respect this
deformation and to activate slip systems. Since these neighbor
grains/colonies have distinct initial crystallographic orientations, they
have to rotate to different direction in order to activate slip systems.
Hence, severe distorting and shear stress, which could lead to the
nucleation of voids, could be generated along the boundary of such
neighbor grains/colonies(See Fig.9(b)~(d) ). Schematically, the
generation of shear stress resulting from grains/colonies and formation of

voids was illustrated in Fig.16.

(b)

() ()

Voi

P-phase Tensile Direction Z axis
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Figure.16 Schematic diagrams of shear behavior formation at boundaries
of neighbor grains/colonies. (a) Without loading (b) grains rotation to
form shear stress (c) voids initiation and propagation. The blue arrow

shows the loading direction.



5. Conclusions

The damage development of Ti-6Al-4V alloy with lamellar
microstructure was analyzed by employing in situ tensile test based on
Synchrotron X-ray micro tomography. Furthermore, the origins of shear
stress generation and role of shear playing in void initiation and
propagation was conducted by post mortem using SEM and EBSD
techniques. The main conclusions are as follows.

1) For Ti-6Al-4V titanium alloy with full lamellar microstructure, slip is
the dominant approach during uniaxial tensile deformation, as a
symbol of clear orientation gradient from EBSD map. After deforming,
obvious microstructure distortion and kinking can be found, which
refers to the existence of severe plastic stress/strain localization in
local region.

2) Void, locating at the central region, initiate as soon as the alloy starts
to yield. Then, such voids grow towards the direction with an inclining
angle from the tensile direction of 23< Besides, the value of stress
triaxiality nearly keeps as a constant during the whole damage
development. Therefore, it could be considered shear stress could play
a significant role rather than stress triaxiality.

3) Origin of shear stress generation is due to microstructure



inhomogeneity and consequently, plastic strain localization. Within
one grain/colony, this shear stress, which results from deformation
incompatibility of a phase and B phase, can promote voids initiation
along the interface of o / B phases. Within the range of one grain,
shear band can become the preferred site for nucleation, growth and
coalescence of voids. Within the range of 2~3 neighbor grains, during
the deformation, formation of shear stress at the boundary could be
attributed to the heterogeneous rotation of neighbor grains which
exhibit distinct initial crystallographic orientation. This shear stress
could “tear” the boundary in order to accommodate voids nucleating

along it.
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