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Abstract

Laser hot wire direct energy deposited (LHW-DED) Ti-6Al-4V wall structures expe-
rience variable cooling rates along the build direction as heat accumulates with wall
height. These variations in thermal history affect the microstructure, texture, and texture-
mediated mechanical response within the walls. In the present work, site-specific texture
in single- and multi-walled specimens and its concomitant effect on the localized mechan-
ical properties are investigated via large-scale EBSD characterization and a polycrystal
plasticity model based on the viscoplastic self-consistent (VPSC) framework. The ef-
fect of secondary process parameters, viz. interlayer delay and scan strategy, on the
texture evolution was also examined. The results revealed that the transformed « and
(prior) 8 texture intensities simultaneously increase with increasing wall height. The
reconstructed parent 8 grain structure exhibits a strong cube texture with two « fibers,

namely (OITZ)Q and (1 150)(, aligned parallel to the build direction in both single- and
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multi-walled specimens. VPSC simulations revealed the role of site-specific texture in
the tensile properties and anisotropic mechanical behavior of the walls.
Keywords: Ti-6Al-4V, Laser Hot Wire Direct Energy Deposition, Wall Structure,

Site-specific Texture, Mechanical Properties

1. Introduction

Additive manufacturing (AM) of metal parts involves layer-by-layer deposition to
produce near-net shape components with desired properties. In laser hot wire direct
energy deposition (LHW-DED) technique, the preheated wire is fed into the high energy
laser spot to melt and deposit simultaneously [1, 2]. The high energy density coupled
with high deposition rate in layer-wise deposition gives rise to heat accumulation with
increasing build height. This in turn introduces differential thermal gradients along the
build height in the as-fabricated components [3]. This temperature heterogeneity along
the build direction causes Ti-6Al-4V alloy (Ti64) to undergo a complex microstructural
evolution in LHW-DED processing that in turn leads to heterogeneous mechanical
properties in as-built components [4, 5]. The slower cooling rates in LHW-DED, unlike
laser powder bed fusion (LPBF), typically lead to the formation of a lamellar a + 8

(Widmanstétten) microstructure rather than a fully martensitic o’ structure [6, 7).

During solidification, prior 5 phase grains grow epitaxially across layers, forming
columnar grains aligned with the build direction [8, 9, 10, [11]. This behavior arises
since each newly deposited layer partially remelts the previous one, thereby eliminating
nucleation barriers and promoting grain growth on pre-existing structures [12]. As a
result, the long columnar S grains develop (100) || BD fiber texture in accordance with
the thermal gradient and heat extraction. This is to say, the 8 grains tend to align their
(100) direction with the heat flow because of the fast and easy growth of the (100)

direction for a cubic crystal structure during solidification [13}14]]. Upon transformation
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to a phase, Burgers orientation relationship (BOR) results in @ variants inheriting the
geometrically parallel orientations of the prior 8 phase, producing a « texture linked to
the original g structure [15,16, 17, 18]. However, LHW-DED Ti64 parts often exhibit
spatial variations in texture, which introduce mechanical anisotropy and may degrade

component performance in service [[19, 20, 21, 22, 23]].

Several studies have investigated different additive manufacturing processes influ-
encing microstructure and texture evolution for Ti64 alloy. For instance, Waryoba et al.
[6] conducted a comparative electron backscatter diffraction (EBSD) analysis of Ti64
produced via laser and electron beam (EB) DED. Near the substrate, both processes
resulted in a weak or negligible texture due to widespread nucleation. As the EB DED
build advanced, strong microtexture and pronounced variant selection developed. This
trend suggested that variant selection intensified under repeated thermal cycling. In
contrast, laser DED maintained a weak texture throughout the build, likely due to smaller
[ grains and greater melt pool disturbance, both of which limited the development of a
dominant orientation. Baufeld et al. [24] demonstrated that in single-pass laser-deposited
walls, B grains initially grew along (100) but gradually tilted as the wall grew due to
changes in the heat flow direction, leading to a spatial gradient in texture. Similarly,
Sahoo et al. [25] observed columnar prior-8 grains extending along the build direction in
Ti64 walls produced using LENS. The resulting o phase formed basket-weave colonies,

whose orientations were not random but inherited from the prior 8 phase.

Neutron diffraction studies have provided further insight into bulk texture develop-
ment. Pesach ef al. [26] found that wire-arc DED produced extremely sharp (0001),
textures, significantly stronger than those seen in LPBF. Neikter ef al. [27] reported the
strongest textures generated via wire DED among the AM processes examined. They
also observed higher « texture intensity near the base of the build, where a steep thermal

gradient enabled early dominance of a single orientation, while upper regions exhibited
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reduced texture intensity due to more uniform thermal conditions.

In LPBF processing, scan strategy plays a key role in shaping site-specific textures.
A unidirectional scan path promotes g grain alignment along both the scan and build
directions [[12]]. Alternating the hatch pattern between layers, such as rotating by 90° or
67°, randomizes in-plane 8 grain orientations and encourages their vertical growth along
BD. Al-Bermani et al. [13] showed that 90° rotations led to a more randomized (100)
texture resembling a cube texture. Thin-walled structures, which cool more rapidly in
the lateral direction, can exhibit 8 grains aligned perpendicular to the wall, i.e. with
respect to BD, resulting in tilted or bi-modal (100) || BD orientations. While island
scan strategies reduce global texture, macrozones — i.e. the clusters of @ grains sharing

similar orientation — can still develop in regions with consistent thermal histories.

Texture variation has also been observed in electron beam melting (EBM) through
different scan strategies. Saville et al. [28] compared point-melt and raster modes to
report that point-melt scans produced finer microstructures but stronger « texture. These
AM structures transitioned from Widmanstitten to lamellar @ colony with build height
ultimately resulting in an increasing « texture intensity. Raster scans, by contrast, formed
o’ martensite that decomposed into fine acicular @ lamellae, producing weaker a texture.
Neutron diffraction confirmed that all strategies resulted in some degree of « fiber texture,
but raster scans produced the weakest. Contour and hatch scanning strategies in EBM
also influenced local a texture near the part surface. Antonysamy et al. [14] found that
thick EBM builds contained S grains spanning the full build height and aligned (100) with
the build direction, while thinner regions exhibited grain tilting. They also noted that part
rotation or geometry adjustments can significantly influence grain orientations. Although
standard EBM practice involves a zigzag scan pattern with 90° rotation per layer, this
approach still results in a fiber texture. However, Al-Bermani et al. [[13] reported that

zigzag scanning led to a 8 texture ten times more random than with fixed-direction
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scanning due to high build temperatures and extended thermal cycles.

Although the above-mentioned studies provide insight into the site-specific varia-
tion of microstructure and texture in Ti64 parts fabricated by powder-based additive
manufacturing techniques, limited studies so far had reported the same for wire-based
AM-processing. Since the degree of heat accumulation in LHW-DED process is relatively
high due to the slower cooling rate and higher deposition rate than powder-based AM
techniques, significantly higher differential cooling rates with increasing build height are
expected for the as-deposited LHW-DED parts. This may in turn give rise to pronounced
microstructural coarsening as well as location-specific variation in microtexture evolu-
tion and orientation-mediated mechanical anisotropy, especially for thin-walled Ti64
components. It is therefore imperative to investigate site-specific texture evolution and

its influence on the degree of mechanical anisotropy for as-built Ti64 parts.

To this end, location-specific microtexture evolution with respect to the build height
was studied for transformed « and prior 8 phases for the case of a fifteen layer tall single-
bead wall (SW) and another with five layer wide and twelve layer tall multi-bead wall
(MW) Ti64 parts with either distinct interlayer delays (for SW) or varying scan strategies
(for MW). This is so done since the heat build-up and consequently, the thermal gradients
is controlled through the interlayer delay between deposition of successive layers and by
implementing different scan strategies. The present study therefore explores the influence
of interpass dwell time and scan strategies on the microtexture evolution of as-deposited
Ti64 parts. Uniaxial tensile tests were conducted to examine the orientation-induced
anisotropy wherein specimens were extracted at different directions relative to the build
direction. Subsequently, a polycrystal plasticity based viscoplastic self-consistent (VPSC)
model was developed to assess the influence of site-specific texture on the mechanical
properties at different build heights. Since the developed VPSC model did not use

microstructural information as input, rather only uses the texture data from different



10 build heights, it allows for deconvolution of e ects from microtexture and microstructure

1w evolution on the mechanical properties.

02 2. Experimental Procedure

103 Ti64 SW specimens with three di erent interlayer delays of 0 (SW1), 120 (SW2),
104 and 300 (SW3) s were fabricated using LHW-DED process while another set of MW Ti64
s Specimens was fabricated with di erent scanning strategies (MW1, MW2, and MW3).

s Note that the nominal delays are in addition to the inherent gap&#$. The processing

1

o

17 parameters for the fabrication of single and multi- wall specimens are provided in Table
we [1. Figures [la & [Lb exhibit images of Ti64 SW and MW specimens built in the present
0o Study. The detailed scan strategies employed to fabricate the three MW specimens are
uo also delineated in the Figufé 1c. Further details about the LHW-DED process can be

w1 found in Ref. [3].

Table 1: The process parameters for the deposition of SW and MW specimens in LHW-DED

Process Parameters SW1 SW2 SW3 MW1 MW?2 MW3
Laser Power (W) 5000 5000 5000 4500 4500 4500
Wire Power (W) 300 300 300 200 200 200
Feed Rate (mm/s) 575 575 575 40 40 40

Scan Speed (mm/s) 5 5 5 5 5 5

Interlayer Delay (s) 0 120 300 0 0 300 after 3V layers

Scan Strategy - - - Left to Right Inside OutLeft to Right 3V)/
Right to Left (3V)
Hatch Spacing (mm) - - - 6.19 6.19 6.19
No. of Beads 15v  15v 15V 5H/12V 5H/12V 5H/12V
Energy Density (J/mi) 70 70 70 70 70 70

V=Vertical; H=Horizontal
Energy Density= (laser power + wire power)/(speed x bead height x hatch spacing (or spot size

for single track wall) [29])
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Figure 1: Macro-images (not to scale) illustrating (a) SW and (b) MW specimens in the as-built conditions;
(c) Schematic diagram demonstrating the distinct scan strategies employed to fabricate MW specimens.

The sequence of laser scans for di erent layers is also delineated.

122.1. Microtexture Analysis

113 SW and MW Ti64 specimens were sectioned using electric discharge machining
us (EDM) and subsequently polishe8( for electron backscatter di raction (EBSD)

us Characterization at room temperature using a LEO 1525 eld emission scanning electron
us Microscope (FESEM) operating at an accelerating voltage of 25 kV and a working
ur distance of 21 mm. EBSD data was acquired from regions marked by rectangular boxes
us in the lower and upper sections of the wall specimens, as shown in Figure 2a & 2b. In
ue Figure 2a, the di erence in wall height between SW1 and SW2/SW3 is attributed to
120 heat accumulation in SW1 caused by the shortest interlayer delay, which progressively

121 alters melt pool width and length and leads to geometric distortion. In contrast, the

7



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

longer interlayer delays in SW2 and SW3 dissipate heat more e ectively, stabilize melt
pool dimensions, and result in a more uniform wall geometry. Further analysis of heat
accumulation e ects on melt pool behavior is provided in our previous w8fk A
dynamic focus of 44.8 %, a step size oféh, and 4 4 binning were used for EBSD data
acquisition. For each specimen, 81 smaller EBSD mapd4@0 m 1100 m) were
initially collected and subsequently stitched to create a large-area map of approximately
10 mm 10 mm, capturing the as-built microtexture. Additional details regarding the

EBSD methodology can be found in Ref. [18].

(@ (b)

Figure 2: Optical micrographs showing the cross-sections from (a) SW and (b) MW specimens. The
annotated rectangular boxes highlight the area from which EBSD scans were collected for site-speci ¢
texture measurement. The build direction (BD), scan direction (SD), and transversal direction (TD) are

also delineated in the gure.

The room-temperature EBSD data contain orientation information solely from the
transformed phase and were analyzed using TSL OIM software (version 8, EDAX
Inc.) alongside the MTEX toolbox (v5.10) in MATLAB3[L]. Reconstruction of the
prior -phase orientations was performed using MTEX in conjunction with the ORTools
add-on library (v2.3.0)32]. A consistent hexagonal axis convention was followed
by aligning the build direction along theaxis. Fiber volume and grain size were
measured from the combined EBSD maps taken from the lower and upper regions of

the SW and MW specimens (Figure 2). Additional analyses were performed on smaller
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regions cropped from the full EBSD maps, each representing approximately a single
deposited layer. These regions were categorized as bottom, center, and top sections,
corresponding to layers 1, 6, and 15 in the SW specimens and layers 1, 6, and 12 in the
MW specimens. The location-speci ¢ texture was evaluated by comparing the texture
strength across di erent sections of the wall. Here, texture strength is quanti ed as the

square root of the texture index. The texture index, as de ned by BuB&jei$ given by:

2 1 X 2
Fe= 3z [f(g)]° g i;
|
wheref(g;) is the value of the orientation distribution function (ODF) at orientation
g, and g is the corresponding orientation cell volume. The texture index is expressed

in units of m.r.d? (multiples of a random distribution) and represents the mean square

17 value of the ODF.
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12.2. Tensile Tests

To evaluate the in uence of crystallographic texture on the ensuing mechanical
properties of the AM Ti64 alloy, tensile tests were performed at room temperature with a
strain rate of 0.1 mm/min on subsized tensile samples machined along various loading
directions relative to BD of the SW parts. The dimensions of the tensile specimens and
the specimen preparation scheme with reference to the SW part are illustrated in Figure
3.

In this study, tensile testing was conducted exclusively on SW specimens, as the
primary objective was to use multi-directional tensile data to validate the VPSC crystal
plasticity simulation model. Once validated, this model could be employed to investigate
the in uence of site-speci ¢ texture evolution on mechanical properties. Since SW and
MW specimens exhibit comparable directional mechanical behavior, tensile data from

the SW specimens alone were deemed su cient for robust model validation.

Certain commercial software, equipment, instruments or materials are identi ed in this paper to
adequately specify the experimental procedure. Such identi cation is not intended to imply
recommendation or endorsement by the National Institute of Standards and Technology, nor is it
intended to imply that the equipment or materials identi ed are necessarily the best available for
the purpose
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