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Abstract
An α/β two-phase Ti–6Al–4V alloy was fabricated by electron beam melting to obtain a basketweave structure. The orienta-
tion dependence of the mechanical properties of Ti–6Al–4V alloy was studied by micro-pillar compression and post-mortem 
transmission electron microscopy analysis. The results indicate that different grains have different mechanical responses, and 
the possible attributions were discussed. Besides the orientation effect, due to the limited volumes of micropillars, the size of 
the α phases, dispersion of the β phases, and the presence of the free dislocation path also affect the mechanical properties of 
the micropillars to a large extent. Although no direct link was discovered between the mechanical properties and the parent β 
orientations, this work provided a promising method to further study the anisotropic mechanical behavior in Ti–6Al–4V alloy.

Keywords Electron beam melting (EBM) · Ti–6Al–4V · Micro-pillar compression · Orientation dependence · Mechanical 
properties

1 Introduction

Ti–6Al–4V (Ti64) alloy is widely used in aerospace indus-
tries and biomedical fields due to its light weight, high 
specific strength and good bio-compatibility [1]. However, 
achieving the complex geometries of aerospace components 
or the required efficiency for customized bio-implants for 
humans is difficult using conventional subtractive meth-
ods. Additive manufacturing (AM) technique, which allows 

layer-by-layer building of complex functional parts designed 
in a 3D model, shows great promise in the construction of 
aerospace components and medical devices [2–4]. Electron 
beam melting (EBM) is one of the powder bed AM tech-
niques that utilize electron beam as heating source and has 
been extensively studied for Ti64 alloy [5–14].

Mechanical properties comparable with those of the as-
wrought alloys can be achieved through EBM process for 
Ti64 alloy by careful selection of processing parameters, 
such as scanning strategy and input energy density [11, 15, 
16]. However, controlling the microstructural consistency 
throughout a whole component is difficult. Hrabe and Quinn 
[17] reported that the horizontal built part of EBM-built 
Ti64 alloy has a significantly larger elongation than the ver-
tical built part, but yield strength is the same in both parts. 
Zhao et al. [18] reported higher strength and better ductility 
in the vertically built part compared with the horizontally 
built part of the EBM Ti64 alloy. Although inconsistent con-
clusions have been drawn in different studies, the mechanical 
performance of EBM-processed Ti64 alloy varies with the 
part/building orientation.

In addition to existing defects (pores), elongated parent 
β grains and microstructural texture are responsible for the 
anisotropic mechanical behavior in AM-fabricated alloy [13, 
19, 20]. Most of parent β grains exhibit a coarse columnar 
structure and a dominant 〈001〉 growth direction [12, 14, 
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21]. However, the direct link between the texture/orientation 
variation and mechanical properties remains unclear. The 
influence of part locations and defects should be excluded to 
establish the correlation between the parent β orientation and 
mechanical properties. Single crystals can be traditionally 
grown to study the orientation effect; however, the process 
is very time consuming. At present, microsized single crys-
tals, which can be machined using focus ion beam (FIB) and 
tested typically under the electron microscopes, are com-
monly used to study the mechanical responses of various 
materials. In the present work, micro-pillar compression 
will be employed to investigate the orientation-dependent 
strength of EBM-fabricated Ti64 alloy within an individual 
parent β grain.

2  Experimental

Ti64 powders with size of 45–105 µm were supplied by 
AP&C, Canada. The chemical compositions of the powders 
are listed in Table 1. The cylindrical samples were built using 
Acram EBM Q20. The horizontal section of the as-fabricated 
sample was mechanically cut and polished for microstructural 
analysis using a Tescan Mira-3 scanning electron microscope 

(SEM). The thin foil of the as-fabricated sample for transmis-
sion electron microscopy (TEM) was prepared using twin-jet 
electropolishing (Struers tenupol-5) in a solution containing 
5%  HClO4, 35% butanol and 60% methanol and observed 
using ThermoFisher Talos F200.

Prior to micro-pillar milling, electron backscattered dif-
fraction (EBSD) analysis was carried out in an FEI G4 Xe 
plasma FIB equipped with Bruker e-flash detector to identify 
the orientation of parent β grains. Since residual β phase is 
very thin and difficult to detect during large area scan, only 
α variants were selected for indexing. The normal directions 
of the β grains were recovered from the EBSD results. The 
micro-pillars with a typical size of Φ 18 µm × 40 µm were 
machined using plasma FIB with high tension of 30 kV and 
current of 15 nA finishing. The resulting pillars are tapered 
cylinders where the top diameter is smaller than the bottom 
diameter. The tapering angle is around 2.8°. The micropil-
lars were compressed using Alemnis compression system 
installed inside the plasma FIB, and a displacement control 
mode was employed with a loading strain rate of 1 × 10–3 s−1 
and a 20% strain. The compressed pillars were then imaged 
for slip trace. TEM thin foils were lifted out and thinned 
from compressed pillars using FEI Helios 600i FIB and FEI 
Helios G4 FIB and then characterized using FEI Tecnai F30.

Table 1  Chemical composition of the Ti64 powders (wt.%)
C O N H Fe Al V Y Others Ti

0.01 0.09 0.02 0.003 0.18 6.42 4.13 0.001  < 0.4 Balance

Fig. 1  a BSE image of the horizontal section showing the structure of EBM-fabricated Ti64 alloy; inset showing the schematic drawing of the 
sample section; b bright-field TEM image showing the overall microstructure and dislocations
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3  Results

Figure 1 shows a typical horizontal section of the as-fab-
ricated Ti64 sample. The backscattered electron (BSE) 
image in Fig. 1a shows a basketweave structure, where fine 
α plates precipitate from the high-temperature β phase. The 
residual β phase possesses thin white layers as indicated by 
arrows. Some α plates have brightness that differs from the 
other plates, indicating orientation difference among differ-
ent variants. Small groups of α plates with similar orienta-
tion are identified. Figure 1b shows the bright-field TEM 
image of the horizontal section. A high density of disloca-
tions is observed inside the α grains and at the interface of 
α/β plates. The basketweave morphology and high-density 

dislocations are caused by the high cooling rate during the 
EBM process.

A large horizontal section of the as-fabricated sample 
was characterized by EBSD to show the parent β grain in 
Fig. 2. The orientation map shows the α variants individu-
ally oriented in different directions, but over a large area, 
they share the same orientation, which indicates that they 
were transformed from the same high-temperature β grain. 
Distinguishing the parent β grain boundaries without 
reconstruction is difficult; however, reasonable assumption 
can be made based on the orientation of the α variants. For 
example, seven regions are labeled in Fig. 2a to represent 
different β grains, and their corresponding {0001} pole 
figures of α variants are shown in Fig. 2b. The parent β 
grains have considerably larger grain sizes, typically few 
hundreds of microns, than the transformed α variants. The 

Fig. 2  a EBSD orientation map of the horizontal section of the as-fabricated sample; only α phase is used for phase indexation. The parent β 
boundaries were indicated by white dashed line. b Pole figure of [0001] zone axis corresponding to the area labeled in a. The inverse pole figure 
indicates the normal directions of the transformed β grains, which is represented by small circles
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pole figures indicate that at least six variants exist in a 
single β grain. The normal direction of the parent β grain 
is calculated based on Burgers relationship between α/β 
phases, and they are shown as small circles in the inverse 
pole figure (Fig. 2b). A dominant 〈001〉 growth direction 
of the parent β grains was reported in literature [12, 14, 
21]; however, in the current study, a specific texture cannot 
be identified due to the limited sampling.

Micro-pillars were machined from these seven regions 
with different β loading directions, and the compression 
curves are shown in Fig. 3 along with a typical image of 
the micro-pillar before compression. It is clear that differ-
ent compression strengths can be obtained from different 
parent β grains, but it does not necessarily depend on the 
parent β orientation, i.e. the grain B and grain E share the 
same normal direction, but the yield strength has a 10% dif-
ference. On the other hand, micro-pillars having different 
normal directions of parent β grains can have similar com-
pression strength, e.g. grain B, F and G. The corresponding 
0.2% yield strengths are listed in Table 2 along with 2% and 
10% flow stresses. The highest yield strength was observed 

in the pillar from orientation A, which is 25% higher than 
the lowest yield strength in the pillar with orientation D. 
The overall yield strength is within 0.86–1.07 GPa. When 
dealing with the microsized samples, the size effect is always 
considered. Liu et al. [22] reported that the size effect in Mg 
can be neglected when the pillar size is larger than 10 µm. 
Nonetheless, the tensile tests for the bulk sample reported 
by Hrabe and Quinn [9] show comparable yield strength 
values ranging from 0.93–0.95 GPa. This suggests that the 
mechanical properties of the current micro-pillars are rep-
resentative of the bulk samples.

The micro-pillars after compression were character-
ized by SEM, and the results are shown in Fig. 4. After 
compressed with a 20% strain, all the pillars have multiple 
slip steps on the sample surface. The largest shear step was 
observed in pillar D which has the lowest yield strength. 
Compared with pillar D, the slip steps in the pillar A are 
relatively small and interrupted by other slip systems. There 
is no obvious difference in the compressed morphology 
between pillar B and pillar E despite they have a slight dif-
ference in yield strength.

So, TEM analysis is necessary for the deformed struc-
tures. Figure 5a shows a TEM lamella lifted out from pillar 
D, and the viewing direction is indicated with respect to the 
pillar. Figure 5b shows a narrow shear band in the middle 
with severe deformation in contrast to the neighboring mate-
rials which appear more homogeneously deformed. This 
shear band corresponds to the large step in pillar D shown 
in Fig. 4. Assume that the shear band is edge on, and the 
angle between slip band and loading direction is 50°. Using 
STEM diffraction, it is able to examine the orientation across 
the shear band, and it turns out the materials inside the shear 
band belong to the same α variant with slight deviation 
caused by the deformation. The orientation of the α variant 
in the shear band (indicated by the circle in Fig. 5c) was 
determined by diffraction pattern (Fig. 5d) to be hcp struc-
ture and [0001] orientation. This suggests that the shear 
band is close the 

(

1100
)

 prismatic plane.Fig. 3  Stress–strain curves of the compressed micro-pillars corre-
sponding to parent β grains in Fig. 2

Table 2  Compression strengths 
of the micro-pillars calculated 
from Fig. 4

*This value is calculated based on the loading direction and Schmid factor of each α variant, and it indi-
cates the lowest stress needed for activating at least one prismatic 〈a〉 slip system in a single variant

Micro-pillars 0.2% yield 
strength, GPa

2% flow stress, 
GPa

10% flow stress, 
GPa

Minimum strength needed 
for dislocation activation*

A 1.07 1.32 1.67 0.83
B 0.97 1.19 1.51 0.84
C 0.92 1.12 1.37 0.81
D 0.86 1.06 1.30 0.92
E 0.88 1.08 1.37 0.92
F 0.97 1.18 1.46 0.91
G 0.95 1.19 1.49 0.81
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Fig. 4  SEM images of the compressed pillars taken at stage tilt angle of 40°. The letters represent the pillars from corresponding grains

Fig. 5  TEM results from compressed pillar D: a STEM HAADF image showing the overview deformed structure; b a magnified STEM image 
showing a localized shear band; c, d TEM bright-field image and the corresponding selected area diffraction patterns of the shear band region
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The deformed structure of pillar A is shown in Fig. 6. 
There is no obvious shear band, indicating a homogeneous 
deformation. Thicker β phase was observed compared with 
grain D. The TEM images show high density of dislocations 
everywhere. Figure 6c shows a large colony which includes 
multiple α variants with the same orientation but separated 
by β phase. The dislocations show similar morphology in this 
colony under the current beam condition.

Figure 7 compared the deformed structure from pillar E and 
pillar B, which share the similar orientation but with different 

yield strengths. In Grain E, there are very large α variants (the 
yellow outlined region in Fig. 7), and no β phase was observed 
inside these variants. High density of dislocations appear as 
white lines present in these α variants and multiple slip sys-
tems are activated (indicated by red arrows). In comparison, 
pillar B shows smaller α variant size and dispersed β phase 
(indicated by blue rectangular box).

Fig. 6  Deformed morphologies from compressed pillar A: a STEM overview image showing the deformed structure, the inset showing the SEM 
image and the relative view direction for TEM observation; b magnified STEM image; c, d TEM bright-field images showing the dense disloca-
tions in the α grains
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4  Discussion

4.1  The role of orientation on the strength 
of micropillars

To understand the underlying mechanism of the mechani-
cal behaviors, the orientation dependence will first be 
considered. It is well known that the yield strength of sin-
gle crystals is mainly determined by two key factors: i.e. 
CRSS and Schmid factor. The minimum strength required 
for yielding in a single crystal phase can be calculated 
using �y = �CRSS∕m . It is more complicated in the current 
Ti64 alloy where both α and β phases present. α phase is 
the major component transferred from parent β, and its 
deformation behavior has been widely studied. Gener-
ally, the pyramidal 〈c + a〉 type slip system has a consid-
erably higher CRSS compared with 〈a〉 type. Jones and 

Hutchinson [23] reported that the most easily activated 
slip system of α phase at room temperature and under 
compression is prismatic 〈a〉 slip (CRSS of approxi-
mately 392 MPa), followed by pyramidal 〈a〉 slip (CRSS 
of approximately 404 MPa) and basal 〈a〉 slip (CRSS of 
approximately 444 MPa).

If only α variants are considered, the minimum stress 
required to initiate 〈a〉 slip systems for each micro-pillar is 
estimated in Table 2 based on the CRSS and Schmid fac-
tor of each variant. Overall, the measured yield strength 
range (0.86–1.07 GPa) is higher than the estimated value 
range (0.81–0.92 GPa). But there are exceptions, i.e. the 
estimated minimum strengths to activate 〈a〉 slip systems in 
grain D and E are higher than the measured yield strengths. 
It appears that no clear connection exists between the experi-
mental results and the estimated yield strengths for α vari-
ants. This also indicates that no obvious linkage is found 

Fig. 7  a, b STEM high angle annular dark field (HAADF) images from compressed pillar E showing large α variants, the dense dislocations 
appear as white lines and red arrows indicate the slip directions of few slip systems inside two large α variants; c, d STEM HAADF images from 
compressed pillar B revealing more dispersed β phase (indicated by blue boxes)
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between the mechanical response of the Ti64 and the ori-
entation of the parent β phase. This may be due to the poly-
crystalline nature of α phase, the presence of the residual β 
grains and the interfaces.

4.2  Interface effect on the strength of micropillars

Two important interfaces, i.e., α/α and α/β boundaries, play 
significant roles in strengthening the Ti64 alloys. Similar 
with grain boundaries, these boundaries act as obstacles hin-
dering the dislocation movement. However, unlike grain 
boundaries, certain orientation relationship exists in α/α and 
α/β interface. For α/α boundaries, six types are obtained in 
the current basketweave structure due to the high cooling 
rate. For example, Wang et al. [24] defined an α/α interface 
sharing a type 2 ( 

[

1120
]

/60°) boundary with a 
[

1120
]

 com-
mon axis parallel to  [111]β zone axis of the parent β phase, 
and the misorientation angle is 60°. 〈a〉 type dislocation can 
easily cross slip through this type of boundary when the 
loading direction is appropriate. However, for other types, 
piling up of dislocations at the interface boundary is 
expected. For α/β boundaries, due to the Burgers relation-
ship, only one type of 〈a〉  dislocations ( a1 = 1∕3

[

2110
]

 ) can 
transmit through the interface boundary given the shallow 
angle between the broad face and slip plane [25]. Disloca-
tions with Burgers vector of a2 = 1∕3

[

12̄10
]

 or 
a3 = 1∕3

[

1120
]

 will glide a large angle at the interface and 
do not easily transmit through. It eventually results in dislo-
cation pile-ups at the interface boundary. Typical interac-
tions between dislocations and the β phase are observed. 

Figure 8a shows that at least two groups of dislocation lines 
were present in α phase under the current beam condition. 
Group 1 dislocations sheared through the β phase during the 
deformation, and β phase becomes discontinuous (Fig. 8b). 
Gaps are also observed between different parts of β phase 
and may be caused by movements of group 2 dislocations.

In bulk samples, Galarraga et al. [26] reported that the 
hardness of the Ti64 decreases with increasing α variant 
size. Similar trend is also observed in the current study, e.g. 
pillar E has larger α variant size and less β phase comparing 
to the pillar B (Figs. 6 and 7), and this may result in lower 
strength. But different from bulk samples, the micro-pillar 
has limited volume where dislocation may move freely with-
out interacting with interfaces before leaving the sample 
surface. Although in average the thickness of the α variant 
is small, its length and width are comparable with the micro-
pillar size, indicating that free dislocation path may exist. 
Pillar D is such a case, and the thin variant is cross the whole 
pillar and has 1∕3

[

1120
](

1100
)

 slip system with Schmid 
factor around 0.45. The slip plane is parallel to the variant 
which indicates that once the slip is activated, the disloca-
tions glide on prismatic slip can move freely without 
encounter with α/α and α/β boundaries until slip out of the 
sample surface. And this free dislocation path is likely 
responsible for the lowest yield strength observed in pillar 
D. So in micro-sized pillars, the local difference in variant 
sizes, the volume fraction of the β phase and also dislocation 
free path are all critical in varying the mechanical 
properties.

Fig. 8  a STEM image of deformed pillar B showing the interaction between β phase and dislocations in α phase. The dislocations appear 
as white lines and yellow arrows represent the slip directions of two groups of dislocations. The same region under different beam conditions 
is presented by the green box in b. The β phases were segmented by dislocations transmitted through, and the magenta arrows show the gaps 
between β segments caused by deformation



484 J. Tian et al.

1 3

5  Conclusion

The microstructure and orientation-dependent mechanical 
properties of the as-fabricated Ti64 alloy by EBM were 
investigated. The as-fabricated alloy contains a basketweave 
structure with more than six variants present inside a single 
β parent grain due to the high cooling rate. The micro-pil-
lars of α/β two-phase alloy from different parent β orienta-
tions are compressed, and different mechanical responses 
occurred, but no direct link is obtained between mechanical 
properties and parent β orientation. The TEM results con-
firm that the mechanical properties of the micro-pillars may 
be attributed to size of α grains, the dispersion of α/β inter-
face boundaries and the free dislocation path due to limited 
volume of micro-pillars.
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