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In-situ SEM/EBSD characterization techniques were employed to investigate the microstructural evolution and 

characteristic deformation behavior of slip-lees fragmentation of irregular-shaped α grains in Ti-6Al-4V-0.55Fe alloy. The 

as-forged Ti-6Al-4V-0.55Fe alloy exhibits multiscale synergistic evolution during in-situ tensile deformation, including 

the changes in the fraction of the high-angle grain boundaries (HAGBs), the rotation of the grains, stress concentrations 

and dislocation slips. With increase of strains, cross slips and multi slips are activated after the single slips occur at the 

small strains. The HAGB proportion decreases while that of low-angle grain boundaries continues to increase. This 

transformation originates from strain-induced dislocation slip and rearrangement. The uniform plastic deformation of as-

forged Ti-6Al-4V-0.55Fe alloy is mainly achieved by the activation of the pyramidal <c+a> slips. Within grains in high-

strain regions, stress concentration causes a dramatic accumulation of orientation differences, inducing slip-less fracture 

of irregular-shaped primary α grains along specific internal paths at relatively low strain. In terms of crystallographic 

evolution, the grain rotation path activated by prismatic slip prefers (0001) basal plane, and promotes a synergistic effect 

of (0001) texture strengthening and (10-10) texture weakening. Structural inhomogeneities in the size and shape of primary 

 grains cause abnormal slip-less fragmentation during tensile deformation. 

Keywords: Ti-6Al-4V-0.55Fe alloy, In-situ SEM/EBSD, slip-less fragmentation, activation of dislocation slip. 
 

1. INTRODUCTION 

Conventional Ti-6Al-4V alloy is widely utilized in the 

aerospace and marine industries due to its excellent 

mechanical properties/weight ratios and high corrosion 

resistance [1, 2]. Ti-6Al-4V alloy with a typically bimodal 

microstructure comprising of an equiaxed primary hcp-Ti 

(αp) and a lamellar secondary hcp-Ti (αs)/bcc-Ti (β). Among 

the three phases, dominant primary hcp-Ti (αp) are able to 

resist plastic deformation in comparison to low proportional 

β phases [3, 4]. In fact, the active slip modes of the dominant 

α phase, accumulation of the back stress, the slip 

transmissions and activation of strain-induced dislocations 

are regarded as the main concerns during tension or 

compression [5 – 8]. From extant studies, the deformation 

mechanism of αp in the bimodal Ti-6Al-4V alloy is still not 

completely understood. Moreover, different rotation paths 

and rotation rates resulted among the grains and within a 

single grain owing to the difference in active slip systems, 

and further influence the deformation behavior of αp in Ti-

6Al-4V alloys [9, 10]. 

Fe micro-alloying is considered as an effective route to 

promote the mechanical properties of Ti-6Al-4V alloy [11]. 

The optimized addition of 0.55 wt.% Fe has been reported 

previously from the aspects of tensile strengths and fracture 

toughness [12, 13]. Moreover, the addition of Fe helps to 

decrease the temperature of β transus and hot working, and 

the peak flow stress during hot rolling and forging [14]. As 

mentioned before, the geometry of αp grains with relatively 

large size affects the accumulation of the back stress at the 
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interfacial regions between phases and grains [7, 10]. 

Taking account of the grain size gradient, the large-sized 

grains and ultra-fine grains act as the "soft domains" and 

"hard domains" respectively during deformation. Grain size 

gradient, slip system compatibility, subgrain formation and 

multi-slip system activation play an important role in the 

generation of back stress. Due to the heterogeneous 

deformation behavior between large and small grains, 

dislocations accumulate at grain boundaries and induce back 

stress. Plastic deformation behaviors of Fe micro-alloyed 

Ti-6Al-4V alloys attract much attention due to the 

optimized mechanical performance and great potential for 

extended applications. 

Here, some efforts have been made to investigate the 

different responses of slip lines, deformation of the grains, 

the accumulation of stress at the interfacial regions between 

grains and inside the grains, and the generation of 

dislocations inside by using in-situ anixial tensile testing 

method. The importance of the effects of the geometry of 

grains is explored through the comparison of geometrically 

necessary dislocations (GND), difference in Kernel average 

misoritentation (KAM), slip behavior of dislocations.   

2. EXPERIMENTAL DETAILS 

Ti-6Al-4V-0.55Fe bulks were purchased from Baoji 

Titanium Co. Ltd. The chemical composition of as-forged 

Ti-6Al-4V-0.55Fe alloy was 6.20 wt.% Al, 4.03 wt.% V, 

0.537 wt.% Fe, 0.004 wt.% C, 0.043 wt.% O, 0.007 wt.% N 

and Ti balanced. Ti-6Al-4V-0.55Fe alloys were melted 3 



times by the vacuum arc remelting (VAR) process. In the 

following forging process, the alloy was initially fabricated 

into as-cast Ti-6Al-4V-0.55Fe via three rounds of vacuum 

consumable arc melting. As-cast bars were then subjected 

to three forging processes with approximately 50 % at 

1110 °C for 2 hours, approximately 50 % at 1010 °C for 

1.5 hours, and approximately 85 % at 900 °C for 1.5 hours. 

The  transus temperature was determined to be 950 °C by 

combining the metallographic method and differential 

scanning calorimetry. 

The specimens were prepared by wire electrical 

discharge machining (WEDM), and their dimensions are 

illustrated in the inset figures in Fig. 1a. In-situ tensile tests 

were carried out on an in-situ tensile stage equipped in a 

field emission scanning electron microscope (FESEM, 

TESCAN S8000 GMH) at a tensile rate of 2 μm s-1. The 

observations by scanning electron microscopy (SEM) and 

electron backscatter diffraction (EBSD) were conducted 

under an accelerating voltage of 20 kV, working distance of 

15 mm and step size of 0.6 μm. 

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

3.1. Activation of slips during in-situ tensile 

deformation characterized by in-situ SEM 

observation  

Fig. 1 shows the displacement-load curve of the Ti-6Al-

4V-0.55Fe alloy during in-situ tensile testing. The 

displacement-load curve is very typical and underwent 

several stages including the elastic stage, the yield stage, the 

work hardening stage and final rupture. The tensile 

elongation was paused at positions of 0 mm, 0.72 mm, 

1.27 mm, 1.44 mm, and 1.77 mm marked as P0, P1, and P2, 

respectively, in order to investigate the deformation from 

the captured SEM morphology. The as-forged Ti-6Al-4V-

0.55Fe alloy in Fig. 1 b1 is composed of equiaxed  grains 

and some irregular-shaped  grains. The dominant phase is 

 phase, and  phase is in low proportion. When the 

displacement was 0.72 mm, there are several single slip 

lines in Fig. 1 b2 in the elastic stage. At the large 

displacement of 1.27 mm in the yield stage, many slip lines 

are generated and lined up, and the surface of the elongated 

sample becomes rougher accompanying with necking. 

Many cross-slip lines and multi-cross slip are activated as 

the displacement is 1.44 mm in the work hardening stage as 

shown in Fig. 1 b3. With the accumulation of the newly-

formed dislocations inside the  grains and at the interfacial 

regions, the dislocations density inside the alloys is 

drastically increased due to large plastic deformation. As a 

result, the necking becomes more serious. It is worthy to 

state that the slip lines were hardly observed inside some 

specific grains. This fact indicates that the α grains with 

specific orientation may be insufficient to initiate 

deformation in the early stage of deformation. The 

accumulation of the dislocations and slip lines might link 

with the degree of plastic deformation. 

3.2. Effect of the geometrical characteristic on the 

deformation of αp grains on base of in-situ 

EBSD analysis 

By tracking the changes of 6 specific αp grains in the 

inverse pole, grain boundaries, Kernel average 

misoritentations, the density of geometrically necessary 

dislocations (GND) and the geometry at the same position 

during in-situ tensile testing, the plastic deformation had 

been investigated. These 6 grains were marked as A, B, C, 

D, E and F, and the different displacements were indicated 

by the “1, 2, 3”, such as grain A3 for grain A at a 

displacement of 1.44 mm. Fig. 2 summarizes these changes 

based on the experimental results obtained from in-situ 

EBSD analysis. IPF maps at different displacements of 

0 mm, 1.27 mm and 1.44 mm in Fig. 2 b1 – b3. Most of the 

αp grains still maintain their initial oritentation without 

changes and serious rotations until the yielding stage. The 

geometry of αp grains becomes slightly different. However, 

when the samples were subjected to the plastic deformation 

at the displacement of 1.44 mm, many subgrain boundaries 

form accompanying with the generation of small-sized 

subgrains as indicated in Fig. 2 b1 – b3. 

 

Fig. 1. a – In-situ load-displacement curve of Ti-6Al-4V-0.55Fe alloys during in-situ tensile test; b1 – the surface morphology at 

corresponding displacement of 0 mm; b2 – 0.72 mm; b3 – 1.27 mm; b4 – 1.44 mm. Tensile direction is horizontal. The inset shows 

the dimensions of the sample used for the in situ tensile tests 

 



When no load is applied at P0, the proportions of high-

angle grain boundaries (HAGB marked as blue lines with 

misorientation higher than 15°) and low-angle grain 

boundaries (LAGB marked as red lines with misorientation 

lower than 15°) are 66.4 % and 33.6 %, respectively. When 

the displacement increases to 1.27 mm at P1, the LAGB 

fraction rises to 51.4 %, while HAGB fraction drops to 

48.6 %.When the displacement further increases to 

1.44 mm at P2, the LAGB fraction continue to increase up 

to 62.4 %, whereas that of LAGB inversely decreases down 

to 37.6 %. As result, the stress concentration becomes more 

serious at different strains as shown in Fig. 2 c1 – c3. 

KAM value increases from 0.5° to 0.81° with an 

increase on the displacement of as-forged Ti-6Al-4V-

0.55Fe alloy. The density of GND at a displacement of 

1.27 mm is confirmed to be 6.4 × 1014 m-2 in Fig. 2 d. Under 

unloaded conditions, the strain is mainly distributed at the 

grain boundaries of the  phase. With the increase of plastic 

deformation, thestrain gradually extends from the grain 

boundaries to the interior of the αp grains. As the tensile 

process proceeds, the GND density increases from 

4.55 × 10¹⁴ m⁻² to 8.91 × 10¹⁴ m⁻². The shapes of 6 grains 

are outlined in Fig. 2 e, and the deformation changes at 

different levels. The ratio of length-to-height is calculated 

to be 1.43 for grain A1, 1.61 for grain A2, 1.77 for grain A3, 

2.76 for grain B1, 3.79 for grain B2, 4.86 for grain B3, 1.70 

for grain C1, 2.13 for grain C2, 2.68 for grain C3, 0.94 for 

grain D1, 1.06 for grain D2, 1.29 for grain D3, 1.33 for grain 

E1, 1.09 for grain E2, 1.01 for grain E3, 1.51 for grain F1, 

1.61 for grain F2, 1.96 for grain F3. As summarized in 

Fig. 2 f, GND density, texture intensity, KAM value and 

fraction of LAGB all increase with the displacements. 

Although the macroscopic plastic deformation takes place 

for all grains in Ti-6Al-4V-0.55Fe alloy, inhomogeneous 

deformation occurs inside due to structural inhomogeneities 

(such as grain size differences, and the geometry of grains, 

the rotation of grains, etc.), which then trigger subsequent 

mechanical responses.  

 

Fig. 2. a1, a2, a3 – corresponding inverse pole figures; b1, b2, b3 – distribution profiles of grain boundary, c1, c2, c3 – Kernel average 

misorientation mappings of Ti-6Al-4V-0.55Fe alloys at different displacement: a1, b1, c1 – 0 mm; a2, b2, c2 – 1.27 mm, 

a3, b3, c3 – 1.44 mm; d – the GND profile; e – the specific geometry outlines of grain A, B, C, D, E, F at a displacement of 1.27 mm 

and the dependency of GND density, texture intensity; f – average KAM and fraction of LAGB. Tensile direction is horizontal 



The inhomogeneous deformation is linked with the 

density of dislocations, activation of the dislocation slips 

and the generation and strain distribution inside the grains 

and the interface regions between grains. Characteristic 

Schmid factor for slip systems of basal <a> for {0001}<11-

20>, prismatic <a> for {1-100}<11-20> and pyramidal 

<c+a> for {1-101}<11-20>, often used to judge the 

difficulty to the activation of the dislocation slip, is 

displayed in Fig. 3 a1 – a3 . The pyramidal <c+a> has been 

activated as shown in Fig. 3 a3. As for grain A, B, D, E and 

F, more than two slip systems among the above-mentioned 

slip systems have been activated at the displacement of 

1.27 mm. The KAM of grain A2 shows the higher strains at 

the edges of the grains due to the higher stress concentration 

in Fig. 3 b, although grain A2 has the ratio of length-to-

height equal to 1.61. With the progress of stretching, the 

KAM values of grain A increase gradually. The increase in 

KAM values is attributed to the continuous accumulation of 

dislocations during the tensile process, which leads to a 

gradual increase in the misorientation between different 

regions inside the grains, thereby resulting in the gradual 

increase in KAM values. Grain A2 has the Schmid factor of 

0.45 for the basal <a>, 0.21 for the prismatic <a>, and 0.38 

for the pyramidal <c+a>. The large Schmid factor for basal 

<a> means that the basal slip systems are relatively easy to 

activate and basal slip is the main deformation mode of the 

grains during tensile elongation. The basal slip dominates in 

the initial stage and the pyramidal and prismatic slip systems 

are gradually activated at larger displacements to 

accommodate the deformation through gradual orientation 

adjustment and the grain rotations [15, 16]. The grain 

rotation of grain A and F is almost the same as 5°, and the 

rotation rates are confirmed to be 3.5 °/mm for grain A and 

1.44 °/mm. The grain rotation for Grain B, C, D, E is 1 – 3°. 

The grain C has an irregular shape similar with dumb-bell, 

and the middle region is narrow. However, the ingrain strain 

inside grain C2 is very local with a displacement of 1.27 mm, 

particularly higher strain at the neck region in Fig. 3 c. The 

strain vertical to the tensile direction in the frame is 

obviously higher than in other interior regions. The 

misorientation angles along Line CD become larger at the 

displacement of 1.27 mm compared with those at the initial 

states, and the misorientation angle at the position with 

higher strain is even higher than 2°, which indicates the 

formation of the new subgrain boundaries there, as present 

in Fig. 3 d. The Schmid factors of all 6 grains C2 at a 

displacement of 1.27 mm (P1 position) are summarized in 

Fig. 3 e. The deformation in grain A is mainly achieved by 

the basal <a> slip, as well as for grain E. That of grain B is 

attributed to both basal <a> and pyramidal <c+a> slips, and 

that dominant operated slips as for grain D are both 

prismatic <a> and pyramidal <c+a> slips. It is worthy to 

state that grain F has a relatively low Schmid factor (0.31 

for basal <a>, 0.06 for prismatic <a> and 0.19 for pyramidal 

<c+a> slips) which are resulted from the low degree of 

plastic deformation of the adjacent grains. However, the 

Schimd factors for grain C are confirmed to be 0.23 for basal 

<a>, 0.03 for prismatic <a> and 0.12 for pyramidal <c+a> 

slips. This fact means that almost all slip systems for grain 

C fail to be activated as other grains. It is considered that the 

slip-less plastic deformation occurrs at the relative low 

degree of strain. 

Fig. 4 reveals the Schmid factor distribution maps of the 

deformed Ti-6Al-4V-0.55Fe alloys across different slip 

systems (basal <a>, prismatic <a>, and pyramidal <c+a> 

slip). As can be seen in Fig. 4 a, the Schmid factors of the 

pyramidal plane are mostly concentrated in the range of 

0.4 – 0.5, with 63 % of them exceeding 0.4. In contrast, the 

Schmid factors of the prismatic <a> and basal <a> are 

mostly below 0.4 accounting for 38% and 25% for values 

greater than 0.4.  

 

Fig. 3. Distribution maps of Schmid factors of Ti-6Al-4V-0.55Fe alloys at different displacement: a1 – 0 mm; b1 – 1.27 mm; c1 – 1.44 mm. 

The IPF and KAM for: b – grain A; c – grain C at displacement of 1.27 mm; d – comparison of misoritentation along line CD at 

displacement of 0 mm and 1.27 mm; e – the Schmid factors of grain A, B, C, D, E, F at displacement of 1.27 mm. Tensile direction 

is horizontal 



 

Fig. 4. a – distribution frequency and ratios of Schmid factors at displacement of 1.27 mm; b1 – IPF at different displacements of 0 mm; 

b2 – 1.27 mm; b3 – 1.44 mm of Ti-6Al-4V-0.55Fe alloys 

 

Larger Schmid factor indicates that the corresponding 

slip system is more easily activated, which facilitates plastic 

deformation. It can thus be concluded that the deformation 

of the deformed Ti-6Al-4V-0.55Fe alloy is mainly induced 

by the pyramidal slip system, and this finding is consistent 

with the research results before [10, 13]. At the initial stage 

of tensile, due to the difficulty of slip, the grains may mainly 

coordinate the deformation with adjacent grains through 

grain rotation. The grain rotation path is related to the 

texture evolution of equiaxed αp grains in titanium alloys 

[15]. It is evident that a similar phenomenon also occurs in 

the Ti-6Al-4V-0.55Fe alloy. The inverse pole figures (IPF) 

at different displacements during in-situ tensile testing in 

Fig. 4 b1 – b3 show that the texture intensity along the (10-

10) direction gradually decreases with increasing 

displacement and strain. However, the texture intensity 

along the (0001) direction exhibits an opposite trend, 

increasing progressively as displacement and strain increase. 

3.3 Discussion 

As indicated in Fig. 2 a3, b3, c3, and Fig. 3 c, grain C 

has been fragmented under the interaction of the high stress 

at the necking region by the adjacent deformed grains. 

Among 6 grains tracked during tensile elongation, only 

grain C undergoes serious plastic deformation and 

fragmentation at a displacement of 1.44 mm. This fact is 

considered to depend on the geometrical characteris-tics of 

grain C and the lack of activation of the dislocation slip 

systems in the interior grain. As indicated by the Schimd 

factors of grain C presented in Fig. 3 e, the slip-less plastic 

deformation governs the stress redistribution inside grain C, 

and further results in the local formation of the subgrains at 

the necking regions in Fig. 3 c. During the in-situ tensile 

process, the degree of geometric shape change is relatively 

low for equiaxed grain A, D and E. The aspect ratio of grain 

A changed from 1.07 → 0.95 → 0.78, and that of grain D 

changed from 0.94 → 1.06 → 1.29, and that of grain E 

changed from 1.33 → 1.09 → 1.01. The uniform strain 

distribution at a low level is observed, and the serious plastic 

deformation does not take place for grain A, D and E. The 

abnormal fragmentation for grain C is considered to be due 

to the high local stress concentration and slip-less 

deformation. The irregular outlines of grain C trigger the 

uneven stress distribution and cause the higher strain at the 

necking region in Fig. 3 c. From the aspect of the dislocation 

slip, this kind of heterogeneity in the grain size and grain 

shapes for grain C prefers to drive the dislocations to 

accumulate at specific regions, such as the narrow regions 

between two adjacent tensile regions, the grain boundaries 

or the interface between two phases [7, 17]. Although the 

present Ti-6Al-4V-0.55Fe alloys are composed of  and  

phases, the  grains are limited in proportion and small in 

size. The effect of the  grains is not taken into account for 

the plastic deformation here. Therefore, the abnormal frag-

mentation of grain C during plastic deformation is induced 

by the structural inhomogeneities of grain sizes and grain 

shapes. On the other hand, that means that the spheroidi-

zation and equiaxation of p grains during the forging, 

annealing and rolling is of importance for the improvement 

of the rupture resistance of titanium alloys.  

4. CONCLUSIONS 

In-situ SEM/EBSD technology was employed here to 

investigate the microstructural evolution and tensile fracture 

failure mechanism of Ti-6Al-4V-0.55Fe alloy. Macroscopi-

cally, as-forged Ti-6Al-4V-0.55Fe alloy exhibited a higher 

proportion of low-angle grain boundaries, larger local 

misoritentation, and more stronger stress concentration 

inside p grains during the in-situ tensile process. The 

uniform plastic deformation of as-forged Ti-6Al-4V-0.55Fe 

alloy is mainly achieved by the activation of the pyramidal 

<c+a> slips. During the deformation process, the grain 

rotation path activated by pyramidal slip gradually shifted 

toward the (0001) direction, which enhanced the intensity of 

the (0001) texture and weakened the intensity of the (10-10) 

texture. The structural inhomogeneities of large p grains 

with irregular shapes caused the abnormal fragmentation 

through the localization of the newly-formed dislocations. 

The rupture of the irregular-shaped p grains is attributed to 

their slip-less deformation. 
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