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Titanium alloys are used in a wide variety of high-performance applications
and hence the processing of titanium and the resulting microstructures after
additive manufacturing has received significant attention. During additive
manufacturing, the processing route involves the transition from a liquid to
solid state. The addition of successive layers results in a complex
microstructure due to solid-state transformations. The current study focuses
on understanding the phase transformations and relate them to the trans-
formation texture in Ti-6Al-4V to identify conditions leading to a strong alpha
transformation texture. The as-deposited builds were characterized using
optical microscopy and electron backscattered diffraction. The results showed
columnar prior b grains with a martensitic structure after the deposition of a
single layer. On subsequent depositions, the martensitic microstructure
decomposed to a colony and basketweave microstructure with a stronger
transformation texture. The alpha texture with a colony and basketweave
microstructure showed a stronger transformation texture as a result of vari-
ant selection. Thus, by controlling the cooling rate of the build from the b
transus, it is possible to control the alpha transformation texture.

INTRODUCTION

Titanium and its alloys are widely used in
aerospace applications due to their high strength
to weight ratio.1 In recent years, the fabrication of
metallic parts using the solid free form fabrication
route has been shown to be promising since cost
savings can be realized by repairing and reusing
high-value aerospace parts. Laser direct metal
deposition (LMD) offers a potential solution by
virtue of its low heat input and distortion levels.2

However, the repeated heating and cooling cycles
cause spatial variations of microstructure and these
effects coupled with lack of fusion and porosity
defects in the build result in degradation in the high
cycle fatigue properties.3,4

Hence, much work has been focused to improve
the fatigue properties by microstructure control,2,3

alloying,5 and defect elimination.5 Although signif-
icant improvements in the fatigue properties were
realized in these studies, there is a need to fabricate

builds with better fatigue properties on par with
wrought components. The texture dependence of
high cycle fatigue in titanium alloys has been well
documented.6 The processing route of additive man-
ufacturing involves a complex transition from liquid
to the solid state and successive depositions act as
heat treatments for the already deposited layers
leading to solid-state phase transformations.7

Ti-6Al-4V undergoes a solid-state phase transfor-
mation during cooling in which the high-tempera-
ture b phase transforms to the room-temperature
a + b phase. During phase transformation, titanium
alloys follow a specific Burger’s orientation relation-
ship where the {110}b || (0001)a and the<111>b ||
<11�20>a. There are three<11�20>a directions on a
(0001)a plane and two close-packed<111>b on one
{110}b. Thus, 1 single beta grain can transform to 12
different alpha orientations during cooling.8 This
would lead to a weak a texture during transforma-
tion if all the variants were selected with equal
probability,9,10 However, that is rarely the case. It
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has been demonstrated in numerous studies that
the selection of the alpha variant when the beta
transforms is not random but is controlled by

i. The presence of specific grain boundary char-
acteristics in the high-temperature beta,8,9,10

ii. The self-accommodation of the strains produced
during beta to alpha transformation.11,10,12

The selection of specific variants could lead to the
formation of a strong a texture. The formation of a
transformation texture is dependent on the prior
beta grain size,13 heating temperature and cooling
rate.10 Texture development of Ti-6Al-4V during
electron beam,14,15 and laser additive manufactur-
ing7 has been studied. All studies confirmed that
alpha texture was random. The observed texture
was hypothesized to be a result of the lack of variant
selection during the phase transformation from the
high-temperature b to the room-temperature a + b
phase. However, there are no studies which have
investigated the changes in texture as a function of
build height. The aim of this work is to investigate
the changes in texture and microstructure as a
function of the build height and to identify the
conditions which lead to variant selection so as to
tailor the texture in the Ti-6Al-4V direct metal
deposits to improve the high cycle fatigue properties.

EXPERIMENTAL PROCEDURE

For this study, the Ti-6Al-4V builds were made
using PREP powder with a size distribution of 44–
120 lm. Four builds with 1, 2, 3 and 4 layers with a
layer height of 0.5 mm were made using a laser
power of 400 W, a powder feed rate of 2.1 g/min and
a scan speed of 25 inches/min (63.5 cm/min) on a
DM3D 103D machine. The builds were made on a
wrought Ti-6Al-4V substrate. The laser used for
deposition was a 1-KW Diode Laser. Deposition was
made under inert atmosphere by backfilling the
chamber with Ar until the O2 levels were<10 ppm.
After the deposition of four layers, subsequent
layers were not deposited since it was hypothesized
in the previous work3 that, starting with the fifth
layer, there is no change in the first layer. To also
investigate the effect of cyclic transformations and
the cooling rates on the builds, two wrought Ti-6Al-
4V samples were subjected to thermal cycling in a
Gleeble thermomechanical simulator. The thermal
cycles were obtained by creating a thermal model
using simulation of additive manufacturing process
(SAMP), a commercial software developed at
Applied Optimization. After thermal cycling, the
samples were cooled to room temperature using two
cooling rates

i. 200�C/s by quenching with ice water and He,
ii. 7�C/s by air cooling.

Following deposition, the samples were sectioned in
the middle cutting with a low-speed saw with a
coolant and then cold-mounted in epoxy to minimize

the temperature rise in the builds. Following mount-
ing, the samples were polished using standard
metallographic techniques and then the final polish-
ing was done using a 0.05-lm colloidal silica solution
in a Buehler VibroMet2 vibratory polisher. The
samples were etched for 20 s with Kroll’s reagent.
Optical microscopy was done in a Leica 100 micro-
scope. Following optical microscopy, the samples
were re-polished with colloidal silica again for 6 h to
remove the etched surface to carry out orientation
imaging microscopy (OIM) using electron backscat-
ter diffraction (EBSD). EBSD was performed using a
JEOL 6500 SEM with an accelerating voltage of
20 kV and probe current of 4 nA. A step size of 0.5 lm
was used in an attempt to index the beta phase.

RESULTS AND DISCUSSIONS

Microstructure Evolution During Additive
Manufacturing

The optical micrographs are presented in Fig. 2a
and b. The microstructure in the single layered build
shows columnar prior beta grain morphology at the
bottom and an equiaxed grain structure at the top
(shown in Fig. 2a) which remains fully equiaxed in
the ends of the builds. This gradient in the prior beta
grain morphology in the microstructure is hypothe-
sized to be a result of the G versus R varying
continuously during the build.16 In both the colum-
nar and the equiaxed grains, the microstructure
after the deposition of the first layer is predomi-
nantly a¢ Martensite. The average size of the
equiaxed prior b grains was close to 95 lm and the
columnar prior b grains (marked in Fig. 1) was close
to 800 lm. The build height of the individual layer is
500 lm and hence it is clear that the grains have
developed epitaxially from the substrate towards the
surface. The effect of a large columnar prior beta
grain size is important from a texture standpoint
since it has been shown that larger prior beta grains
tend to experience stronger transformation texture
than smaller prior beta grains.17The formation of a¢
Martensite has been well established in the selective
laser melting process due to the rapid cooling rates
involved,18 and it is indeed possible that a¢ could
form in the first layer of the build. The room-
temperature b phase in this case could not be
indexed using high-resolution EBSD. However, the
presence of b at room temperature has been observed
using TEM during quenching at 500 K/s.3 On the
deposition of the second layer, the top surface of the
first layer is expected to melt. If this occurs, then
epitaxial growth of the prior beta grain boundary
from the bottom layer should be evident, which is
what has been observed from optical microscopy
analysis as shown in Fig. 2b. This observation has
been previously documented.2,3 The inverse pole
figures obtained from electron backscattered diffrac-
tion for all the builds are presented in Fig. 3a–d.
Figure 3a shows the microstructure obtained after
the deposition of the first layer. Due to the rapid
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cooling rates experienced, the build forms a marten-
sitic microstructure. It is pertinent to mention that
the Martensite laths grow coarser with the deposi-
tion on additional layers, as shown in Fig. 3b and c.
Figure 3b and c shows the inverse pole figures after
the deposition of two and three layers, respectively.
After the deposition of layer 4 (shown in Fig. 3d), the
microstructure transforms from Martensite to a
basketweave and colony microstructure. This con-
firms that the microstructure in the first layer
breaks down with the deposition of further layers
as previously shown.3,5

Thermal Cycling Using Gleeble

The thermal cycles that the samples were sub-
jected to are shown in Fig. 4. Thermal cycling in the
Gleeble of the sample that had been cooled at 200�C/s

showed a martensitic microstructure while the sam-
ple cooled at 7�C/s showed a colony + basket weave
microstructure. The main aim of the thermal cycling
experiment was to understand whether prolonged
thermal cycling had an effect on the final microstruc-
ture or whether the final microstructure was a result
of the cooling rate from the final beta transus. If
prolonged thermal cycling (both above and below the
beta transus) had a predominant effect on the
microstructure, then the two samples cooled at
different cooling rates should have had similar
microstructures. The optical microstructures are
shown in Fig. 5a and b. Figure 5a, which was
quenched, shows a martensitic microstructure,
whereas Fig. 5b, which experienced slow cooling,
shows a colony and a basket weave microstructure.
The fact that the microstructure is different proves
that the microstructure evolution in additive

Fig. 1. Schematic of the regions (marked with a white circle) where
the microstructure is analyzed.

Fig. 2. (a) The equiaxed prior beta grains at the surface of the de-
posit with martensitic microstructure; (b) the epitaxial growth of the
columnar grains throughout the deposit after the deposition of four
layers. The builds are sectioned along the direction.

Fig. 3. EBSD scans of deposits after the deposition of (a) one layer,
(b) two layers, (c) three layers, and (d) four layers.

Fig. 4. Thermal cycles simulated using a Gleeble thermo mechani-
cal simulator.
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manufacturing is controlled by the final cooling rate
experienced by the build from the Beta transus and
the thermal cycling below beta transus may have
only a minimal effect. Thus, it is not surprising that,
by maintaining the build temperature above the b
transus, it is possible to obtain a uniform basket
weave microstructure.2 For further analysis, EBSD
was performed on the sample cooled at 7�C/s to
analyze the impact of the slow cooling on the texture.
The inverse pole figure maps are presented in Fig. 6a
and b. However, more in situ characterization is
necessary to validate the above hypothesis.

Texture Evolution as a Function of Build
Height

Texture analysis was performed on the samples
with a single layer and with four layers along with
the samples subjected to thermal cycling in the
Gleeble. Figure 7a–c shows the orientation distribu-
tion functions (ODFs) obtained from (a) after the
deposition of one layer and (b) subsequent deposition
of 3 layers (a total of 4 layers), and (c) from the
sample that was cooled at 7�C/s after Gleeble simu-
lation. An ODF shows the probability of finding an
orientation in the Euler space. Interested readers
can find a more comprehensive description on ODF

elsewhere.19 The texture after the deposition of one
layer shows the presence of a strong {90�, 90�, 0�},
which is associated with the formation of Marten-
site.10 The texture of the first layer after the depo-
sition of the fourth layer, which has a basket-
weave + colony microstructure, shows a weak {90�,
30�, 0�} texture. This means that the {0001} basal
planes are oriented at an angle of 30� parallel to the
direction of building or the Z axis of the build. These
textures have been previously documented and
reported during heat treatment,9,10,13,20 The texture
in the sample cooled at 7�C/s after Gleeble simulation
also showed a similar {90�, 30�, 0�}, but the texture
showed a strength of 36 times random as against 22
times random for the previous case. The presence of
the transformation texture in the builds inspected
previously could not be detected since the texture
was obtained from the large area scans spanning the
total length of the build,14,15 The change in the
texture obtained after the deposition of four layers is
hypothesized to occur as a result of the change in the
mechanism of phase transformation.

Variant Selection and Texture in Titanium
Alloys

The evolution of transformation texture during
additive manufacturing can be rationalized by
understanding the mechanism of variant selection.
As stated previously, the BCC to HCP transforma-
tion occurs with a specific Burger’s orientation
relationship. During diffusion controlled phase
transformation of the a variant, which nucleates on
the grain boundary of the prior b grains with a
common {110} pole, the a will grow with a common
{0001} pole oriented parallel to the common {110}
pole. Consequently, the two variants will have their
<11�20>a rotated by 10�.8 This sharing of common
basal poles leads to a strong alpha transformation
texture. To illustrate the above hypothesis, selected
grains were extracted to examine the orientation of
the a and the Martensite laths formed and are shown
in Figs. 8 and 9. During diffusional transformation,

Fig. 5. Optical micrographs of samples after thermal cycling in the Gleeble. (a) Rapidly quenched, (b) slow cooled.

Fig. 6. EBSD images of samples after thermal cycling in the Glee-
ble. (a) Lower magnification, (b) higher magnification showing the
presence of a colony microstructure + basket-weave microstructure.
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variant selection takes place to minimize the nucle-
ation energy on the non–Burger’s side of the prior
beta grain. This occurs by selecting a suit-
able<11�20>a¢ ||<111>,8,12 Thus, the alpha nuclei
possess an orientation with a common basal plane
leading to a stronger transformation texture as
stated previously. This is exactly what is observed
in Fig. 8a and c where the {0001}a poles are aligned
and the<11�20>a are rotated by 10�. Consequently,
the alignment of the basal planes results in the
observed {90�, 30�, 0�} texture.

However, in the case of the Martensite laths
obtained after the deposition of the first layer,
Fig. 9a and b shows that the <11�20>a directions
are aligned but the {0001}a are rotated by 60�,
thereby resulting in a weaker {90�, 30�, 0�} texture.
This change in the transformation texture indicates
that the laths are Martensite and not a. It has been
reported that, during martensitic transformations in
titanium alloys, the a¢ laths choose variants in such a
way as to self-accommodate the shape strains,10,11

The shape strain arises from the fact that the
formation of Martensite may result in a large volume
change. Using the phenomenological theory of
martensitic transformations, the shape strains were
calculated for a number of combinations of variants,
and it was reported that the maximum shape strain
accommodation was observed for three variants in

Fig. 7. ODFs of the deposits after deposition of (a) one layer and (b) four layers, (c) after thermal cycling in the Gleeble and slow-cooled. Note
the presence of a strong (90�, 30�, 0�) in the Gleeble–processed samples, and the samples after deposition of four layers.

Fig. 8. The orientation relationship between two adjacent laths after
thermal cycling in the Gleeble and slow cooling sharing a common
(0001) pole which contributes to texture strengthening.
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two kinds of clusters.11 The first cluster consisted
of three a¢ variants misoriented 63.26� around the
<10553>a¢ axis, while the second cluster consists of
three variants misoriented by 60�around the<11�20>a¢.
These clusters were shown to accommodate shape
strain produced by the martensitic transforma-
tion.10,11,21 Thus, the {0001}a texture strength is
expected to get weaker with an increase in the
cooling rate promoting a martensitic transformation.
This shows the importance of the cooling rate from
above the beta transus on the texture in AM parts.
Thus, attempts to control the cooling rate of the AM
parts may offer significant opportunities to control
the texture by tailoring the microstructure.

SUMMARY

The texture evolution of LMD Ti-6Al-4V has been
studied as a function of the number of layers
deposited and the effect of deposition of subsequent
layers on the previous layers. The presence of an
equiaxed microstructure was observed at the sur-
face of the single-layered deposits while the bottom
of the layer close to the substrate remains columnar.
This is attributed to the effect of changing G versus
R where the columnar to equiaxed transition occurs
as previously stated. Characterization of the builds
using optical microscopy and EBSD shows the
presence of a¢ Martensite in the single-layer depos-
its which transforms to a colony and a basket-weave
microstructure after the deposition of the fourth
layer. The transformation from the a¢ Martensite to

the colony and basket-weave microstructure occurred
as a result of the multiple thermal cycles experienced
by the build during subsequent depositions. This
transformation also increases the strength of the
basal texture as a result of the lower cooling rate
experienced as the build cools from the beta transus.
Thus, by holding the build above the beta transus
during deposition, and by inducing variant selection
by promoting diffusional products during cooling,
thereby fabricating parts with a strong basal texture,
leads to the enhancement of texture-induced
strengthening.
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