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Abstract: Additive manufacturing, particularly the laser powder bed fusion (LPBF) technique, has
ushered in a new era of intricate metallic component fabrication, leveraging the exceptional perfor-
mance of the Ti6Al4V alloy. However, the intricate mechanical behavior of additively manufactured
Ti6Al4V, particularly its anisotropic attributes stemming from non-equilibrium microstructures,
presents a formidable challenge. In this study, we embark on a comprehensive exploration of
the anisotropic mechanical properties exhibited by LPBFed Ti6Al4V alloy. The interplay between
microstructure and tensile response is unraveled by integrating experimental investigations with
crystal plasticity finite element (CPFE) simulations. The acquired empirical data with CPFE model
predictions are harmonized through systematic tensile tests along distinct processing orientations.
The results unveil the genesis of plastic anisotropy within the LPBFed Ti6Al4V alloy, ascribed to
the emergence of columnar grains meticulously aligned along the building direction, despite the
intricate material microstructure inherent to additive manufacturing. These findings collectively
furnish a holistic comprehension of the intricate nexus between material attributes and the mechanical
manifestations intrinsic to metal components realized through additive manufacturing modalities.

Keywords: anisotropy; crystal plasticity; laser powder bed fusion; Ti6Al4V alloy

1. Introduction

The pervasive adoption of additive manufacturing (AM) technology has ushered
in transformative advancements across critical sectors, including aerospace, national de-
fense, and mold making, propelling the imperative to discern the intricate mechanics
underpinning the performance of AM metal materials. Among the diverse array of AM
methodologies, the laser powder bed fusion (LPBF) technique has emerged as a prominent
contender, celebrated for its capacity to fabricate high-performance components distin-
guished by exceptional microstructural attributes and mechanical prowess [1–3]. However,
the mettle of LPBFed metal materials is often imbued with non-equilibrium microstructures,
endowing them with intriguing mechanical dynamics that merit closer scrutiny [4,5].

The microstructural idiosyncrasies characteristic of materials borne from additive
manufacturing are poised to engender substantive deviations in their mechanical comport-
ment compared to their conventionally manufactured counterparts [6,7]. Notably, the LPBF
methodology, a vanguard within the AM pantheon, introduces profound thermal gradients
and heterogeneous stresses as a consequence of the localized thermal flux resultant from
laser–material interactions, rapid quenching rates, and a stratified layer-by-layer assembly
protocol [8–12]. The intricate thermal milieu engendered during LPBF is orchestrated by a
plethora of process parameters encompassing the intrinsic attributes of the powder, the
thermokinetic specifics of the laser, and the ambient conditions during processing [13]. In
the context of the extensively employed α + β dual-phase Ti6Al4V alloy, the proclivity for
anisotropic deformation behavior in AM-fabricated components is predominantly ascribed
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to their microstructural constitution, notably the manifestation of columnar grains that
arise congruent with the build direction (BD) [14]. Earlier investigations have eloquently
demonstrated that the yield strength and ultimate tensile strength of AM metals are con-
spicuously amplified in a direction perpendicular to the BD (⊥BD) relative to the uniaxial
tensile evaluations conducted parallel to the BD [15–18]. This propensity for anisotropic
tensile strength finds its rationale in the role played by columnar grains, which, subjected
to the most pronounced thermal gradients during the AM process, function as formidable
impediments to the glide of dislocations, thereby auguring a heightened yield strength in
the context of the ⊥BD tensile assessments [7,14,19]. The strategic deployment of columnar
grains provides a heightened density of grain boundaries that serve as impediments to
dislocation propagation, thus endowing the material with augmented strength perpendicu-
lar to the BD when juxtaposed with the uniaxial tensile tests conducted along the BD [20].
Nonetheless, the extant insights into the intricate interplay between microstructural con-
stituents such as columnar grains and lath structures and their cumulative influence on the
mechanical properties of LPBFed Ti6Al4V alloys beckon for further exploration.

A salient approach in deciphering the confluence of microstructure and mechanical
response, especially within the ambit of polycrystalline materials, is proffered by the crystal
plasticity finite element (CPFE) method. This method has emerged as a robust paradigm
for unraveling the complex nuances of material behavior across length scales. In the
domain of AM, CPFE simulations have accorded a commendable vantage point for eluci-
dating the macroscopic retort of diverse materials, embracing exemplars like 316L stainless
steels and Ti6Al4V alloys [21–23]. Early explorations of Ti6Al4V alloy often simplified
microstructural characterization or utilized idealized textural models for computational
efficiency [24–27]. For instance, Thomas et al. [28] investigated microstructure-related prop-
erties using a distilled structural framework by Venkatramani [29]. Somlo et al. [30] studied
plastic anisotropy in LPBFed Ti6Al4V alloys with periodic representative volume elements.
While these approaches revealed the macroscopic behavior of AM materials, predicting
intricate grain-level deformation was constrained due to limited grain configuration and
phase consideration. In CPFE simulations, the representative volume element (RVE) is
vital, balancing microstructural fidelity and representativeness. An electron backscattered
diffraction (EBSD)-derived RVE is used for elastic–plastic finite element analysis, capturing
dual-phase geometry [31,32]. EBSD provided granular insights, but its representativeness
could vary. The Voronoi tessellation algorithm addressed this, creating EBSD-based grain-
scale models revealing grain dimensions and texture effects [33–36]. However, for LPBFed
Ti6Al4V alloys, where mechanical traits involve granular components, columnar crystals,
and lamellar structures, existing grain-scale RVEs have limited coverage.

This present inquiry, a harmonious fusion of empirical examinations and CPFE simu-
lations, embarks upon an expedition to unravel the anisotropic tensile behavior enunciated
by LPBFed Ti6Al4V alloys. Envisioned as a bespoke tableau, the RVE is meticulously
crafted, eschewing the contours of genuine material microstructures and calibrating granu-
larity to encapsulate salient attributes, encompassing the visage of granular morphology,
crystallographic orientations, and phase dispersion. At the heart of this endeavor lies a
crystal plasticity (CP) model that stands as a citadel of physical fidelity, etched within
the bedrock of crystal plasticity. Constitutive equations, germinating from the hallowed
precincts of crystal plasticity theory, coalesce to reflect the intrinsic anisotropy that governs
material comportments at the crystal level. The panoramic insights gleaned from both
empirical and CPFE simulations coalesce to furnish a compelling tableau, positing that
the aforesaid anisotropic tensile behavior finds its genesis in the tapestry of heterogeneous
granular distributions.

2. Materials and Methods
2.1. LPBF Process of Ti6Al4V Alloy

In Figure 1a, a Ti6Al4V alloy specimen is additively manufactured through the LPBF
modality, employing the RC M250 equipment (Nanjing Zhongke Raycham Laser Technol-
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ogy Co., LTD, Nanjing, China), atop a forged titanium alloy substrate within an argon-
protected milieu. The judicious selection of LPBF process parameters, as delineated in
Table 1 and informed by antecedent investigations, diligently aims to confer a high apparent
density and mitigate porosity in the final constructs [37]. To foster material uniformity,
a bidirectional laser scanning strategy, punctuated by a 90◦ rotation for each stratum, is
orchestrated. Evidentiary validation of this process is presented in Figure 1b, a visual
testament to the superlative quality of the Ti6Al4V powder instrumentalized in the LPBF
orchestration. Derived through gas atomization, the powder acquires commendable at-
tributes including spherical particle morphology, facile flow dynamics, and conspicuous
absence of agglomeration or adhesion. The powder’s granulometric spectrum spans from
10 µm to 50 µm.
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Table 1. Process parameters.

Process Energy Source Deposition Parameters Scanning Strategy

LPBF

Type Wavelength
[nm]

Power
[W]

Spot
diameter

[µm]

Scanning
speed

[mm/s]

Hatch
distance

[µm]

Layer
thickness

[µm] Bidirectional with 90◦

rotation in each layer
Pulsed
laser 400 280 100 1200 140 30

The ensuing dog-bone-shaped tensile samples are meticulously machined employing
electrical discharge machining, followed by a veneer of refinement via silicon carbide (SiC)
abrasion. Elaborate specifications of the tensile samples’ dimensions are showcased in
Figure 1c,d. In a concerted endeavor to assess the sway of microstructural architecture on
tensile performance, this investigation adjoins two specimens of akin geometric contour,
disparate solely in their orientation relative to the build direction (BD), with one positioned
perpendicular and the other parallel thereto. Tensile evaluations are judiciously conducted
at ambient temperature, progressing at a steadfast pace of 1 mm/min, an orchestration
masterfully executed via the INSTRON 8801 servo–hydraulic fatigue testing apparatus,
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augmented by a concomitant extensometer. The localized deformation kinetics and strain
dynamics engendered during the tensile assay are assiduously monitored through an in
situ stretching observation setup, constituting the ZEISS AxioScope metalloscope (Zeiss
Microimaging GmbH, Jena, Germany), CARE Measurement & Control Co IBTC-5000 in
situ tensile testing machine (CARE Measurement & Control Co., Ltd., Tianjin, China)
and VIC-2D Digital Image Correlation (DIC) software 1.0. Parallelly, a sequence unfolds
whereby the tensile samples are judiciously thinned to a thickness of 1 mm via grinding
and polishing mediated by SiC papers, a prelude to the subsequent imposition of a black
and white speckle configuration, aptly hued to align with DIC tracking requisites.

2.2. Microstructure of the LPBFed Ti6Al4V Sample

The microstructural attributes of the LPBFed Ti6Al4V specimen are subjected to a
comprehensive inquiry facilitated by a diverse assemblage of characterization methodolo-
gies. Optical microscopy (OM), scanning electron microscopy (SEM), electron backscatter
diffraction (EBSD), and transmission electron microscopy (TEM) converge in an orches-
trated endeavor to unravel the intricate fabric of the material’s constitution. Initiating this
investigative trajectory, preparatory rituals of mechanical polishing and chemical etching
are meticulously applied to the specimen preceding OM and SEM examinations. These
judicious procedures serve to elevate the material’s transparency, granting insights into its
inherent features. The subsequent invocation of EBSD and TEM methodologies unfurls a
more profound exploration, delving into localized orientation distributions and microstruc-
tural configurations latent within the pristine fabrication. Foraying into the domain of
TEM analysis mandates an exacting regimen of meticulous preparation. A chronicle of
mechanical thinning followed by judicious jet-polishing, enacted via the Tenupol-5 appara-
tus (Struers™, Champigny sur Marne, France), culminates in a specimen primed for TEM
scrutiny, a medium of inquiry wherein heightened scrutiny and nano-scale perusal reveal
the material’s cryptic architecture.

Figure 2 presents a comprehensive three-dimensional overview of the LPBFed Ti6Al4V
sample, offering valuable insights into its microstructure morphologies from different per-
spectives. Notably, the grains in the XY plane exhibit a distinctive checkerboard pattern,
with alternating light and dark regions corresponding to different crystal orientations.
Moreover, the XZ and YZ planes showcase the formation of epitaxial columnar structures,
characterized by an average width of approximately 20 µm. These columnar grains demon-
strate a remarkable growth along the building direction, traversing multiple cladding layers
without exhibiting discernible overlapping tracks. This phenomenon can be attributed to
the temperature gradient within the molten pool along the BD during the LPBF process
ranging from 1000 to 2000 K/mm, which is considered high compared to other processing
techniques. Specifically, the unfused columnar grains located at the cooler bottom region act
as nucleation sites during the solidification of the re-melted layer. Previous investigations
have indicated that these columnar grains typically display a distinct texture orientation of
<100> [38,39]. Furthermore, a detailed examination of the internal microstructure in the XZ
plan view, as revealed by SEM imaging, highlights the presence of fine acicular martensitic
α laths within the columnar crystals.

To further explore the local orientation distribution and microstructural morphology
in the XZ plane, the EBSD and TEM analyses are performed. As illustrated in Figure 2b,c,
extremely fine acicular martensitic α laths with high aspect ratios are obvious, whose width
ranges from 0.1 µm to 10 µm. The EBSD analysis indicates that the orientations of α laths
in the XZ plane show the characteristics of random distribution. The TEM images reveal
that the as-fabricated Ti6Al4V material contains a relatively high dislocation density and
twin deformation, which can be attributed to the thermally induced stress during rapid
solidification. However, the dislocation density and twin deformation are ignored, as the
current study focuses on the effects of columnar crystal and acicular martensitic.
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Figure 2. Microstructure of the LPBFed Ti6Al4V sample. (a) OM and SEM images of the etched
morphology. (b) EBSD inverse pole figure (IPF) and (c) TEM images of the XZ plane.

2.3. CPFE Modelling

A quasi-three-dimensional grain aggregate finite element model for the LPBFed
Ti6Al4V alloy based on the measurement results is established. A representative vol-
ume with dimensions of 60.4 × 60.4 × 0.2 µm3 is initially constructed. Then, it is uniformly
divided into three parts along the length, each part corresponding to a prior grain. Inside
the prior grains, there is an artificial microstructure with continuous parallel α laths, as
shown in Figure 3a. Each prior grain is randomly divided into three sub-grains by the
trisecting points. Each sub-grain is then divided into two randomly orientated sub-sub-
grains, namely α laths. The lath thicknesses are 25 µm and 15 µm, respectively. The process
is automated on the ABAQUS platform (version 2017, Dassault Systèmes Simulia Corp.,
Providence, RI, USA) using the Python language. The corresponding texture distribution
illustrates that different colors represent different sets. The as-built model is meshed with
22,623 eight-node brick elements (C3D8) and 45,796 nodes. The model employes a single
element through the Z direction, with a length corresponding to the extent of the model
along the Z-axis, which is 0.2 µm. The boundary conditions for the pure tension simulation
are depicted in Figure 3b,c. Displacement control is applied to the top surface, with the
displacement increasing linearly from 0 to 6 µm over time. A uniform and consistent
macroscopic strain rate, denoted as 0.001 s−1, stands as the governing parameter pervading
all ensuing simulations. When the load is along the ⊥BD direction, the UX surface is
completely fixed, indicating x = 0, y = 0, z = 0 on the surface. On the other hand, when the
load is along the BD direction, the UY surface is entirely fixed.
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A physics-based CPFE constitutive model, finely tailored to encapsulate the distinc-
tive anisotropic plastic deformations exhibited by the LPBFed Ti6Al4V alloy, is artfully
introduced. The foundational tenets of crystal plasticity theory, meticulously elucidated
in references [40–42], underpin the conceptual underpinnings of this model. The flow
behavior of the slip system χ is described by Orowan’s law:

.
γ

χ
= ρmν(bχ) exp(−∆F

KT
)sinh(

∆Vχ

KT
(τχ − τ

χ
c )) (1)

where ρm characterizes the mobile dislocation density, while ν represents the dislocation
jump frequency. The magnitude of the Burgers vector (bχ) delineates the lattice distortion
associated with dislocation motion. The thermal activation energy for pinned dislocation
(∆F) is a crucial determinant, influenced by both the Boltzmann constant (K) and the
prevailing temperature (T). These factors collectively contribute to the activation volume
(∆Vχ), adding a nuanced dimension to dislocation dynamics.

Furthermore, the resolved shear stress (τχ) acting on the slip system is ascertained
through the projection of the stress tensor. Of paramount significance is the critical shear
stress (τχ

c ), a pivotal threshold dictating dislocation motion:

τ
χ
c = τ

χ
c,0 + G12bχ

√
ρSSD + ρGND (2)

where τ
χ
c,0 symbolizes the initial critical resolved shear stress and G12 stands for the modulus.

Statistically stored dislocation (SSD) density (ρSSD) follows a linear trend in relation to the
effective plastic strain rate:

.
ρSSD = λ

√
2
3

DP : DP (3)

where λ represents the hardening coefficient and DP denotes the plastic deformation rate.
The tensor G of geometrically necessary dislocation (GND) densities can be divided

into nine separate components:

9

∑
δ=1

ρGND,δdδ ⊗ tδ =
1
b

G (4)

where dδ and tδ present the closed packed direction and a vector as defined in ref. [43]. G is
calculated using the Nye equation [44]:

G = −Fp ×∇ (5)

where Fp is the curl of the plastic deformation gradient.
The integration of all equations is realized through a user subroutine UMAT, which

has been incorporated into the ABAQUS/Standard finite element software utilizing the
FORTRAN programming language. This implementation takes into account both the BCC
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and HCP crystal structures in the context of the dual-phase LPBFed Ti6Al4V alloy. The HCP
structure exhibits an aspect ratio of 1.587 (a/c) and encompasses three principal slip system
families: 3 X (0001)<11-20> basal slip systems, 3 × (00-10)<11-20> prismatic slip systems,
and 12 X (00-11)<11-23> pyramidal slip systems. Detailed in Table 2, the parameters for
the dual-phase UMAT are adapted from established investigations [45–47]. To validate
the calibrated models, a comparison between the stress–strain curves simulated by the
model and the experimental data obtained from tension tests is performed. The values
of the elastic constants and the initial critical resolved shear stress τ

χ
c,0 are then iteratively

adjusted until a satisfactory agreement is achieved between the experimental observations
and the simulated outcomes [46,47].

Table 2. Material parameters in the CPFE model.

Parameter α Phase β Phase

Elastic constants
(GPa)

C11 = 89.0
C12 = 39.0
C44 = 24.0
C13 = 42.0

C33 = 126.0

C11 = 68.250
C12 = 53.000
C44 = 30.390

ρm (µm2) 5.71 × 10−2 5.71 × 10−2

ν (Hz) 8.75 × 1012 8.75 × 1012

bχ (nm) 0.295 0.286
∆F 0.4247 0.3340

K (JK−1) 1.38 × 1023 1.38 × 1023

T (K) 293 293
∆Vχ (nm3) 1.22b3 2.10 × 10−3b3

τ
χ
c,0 (MPa)

Basal: 397.95
Prism: 574.21

Pyramidal: 778.0
370.60

G12 (GPa) 40.0 54.9

3. Results and Discussion
3.1. Anisotropic Mechanical Properties

Figure 4 gives the engineering and true stress–strain curves directly obtained as
experimental data from the tensile testing device used in the experiments. The tensile
experiments are repeated two times for each sample orientation, and the results are found
to be consistent. There is a significant difference in ductility and strength between the
horizontal sample (⊥BD) and vertical sample (//BD), indicating the tensile anisotropy
of the LPBFed Ti6Al4V alloy. The results show that the ultimate tensile strength (UTS)
of the horizontal sample surpasses that of the vertical sample by 5.6%. In contrast, the
vertical sample shows more excellent elongation before fracture, which is consistent with
the results in the literature [48,49].
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Figure 5 illustrates the mechanical response of the experimental and simulation results
under different uniaxial tensile directions. Under uniaxial tensile loading, the simulated
true stress–strain behavior can qualitatively predict the experimental trend. Both the
experimental and simulated results exhibit strong anisotropy during the tensile process.
The material response of the LPBFed Ti6Al4V alloy indicates that the strength in the ⊥BD
is greater than that in the BD. In addition, a sensitivity analysis is conducted to assess
the influence of lath thickness and random orientation on the model’s convergence. As
shown in Figure 5c, the simulation results indicate that variations in the lath thickness,
and random orientations have a minor impact on the tensile stress–strain curve and the
observed trend in UTS across different tensile directions.
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3.2. Effects of Columnar Grains

Figure 6 shows DIC contour maps of the horizontal and vertical samples at 10.0% strain.
A significant difference in the heterogeneous strain distribution can be observed. However,
both strain distributions represent the common characteristics along the forming direction.
The strain change curves along the A–B and C–D lines also reflect the inhomogeneous
deformation of both the samples during the tensile process, which can be attributed to
columnar grains along the forming direction and non-uniform α laths. The columnar
grains divide the sample into different regions where α laths with different crystallographic
orientations exist. In addition, the significant plastic strain in the red region indicates the
possible location where the fracture occurs.
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Figure 6. The DIC contour maps and strain distributions of the horizontal and vertical samples at
10.0% strain.

Figure 7a,d presents contour plots illustrating the von Mises stress distribution at a
strain of 10.0%. Evidently, distinct stress patterns emerge under varying loading directions.
In the case of tension perpendicular to the build direction (⊥BD), the stress concentration
is conspicuous within the mid-region of the sample, aligned parallel to the build direction.
This concentration is particularly pronounced in α laths characterized by crystallographic
orientations conducive to slip. Such behavior is attributed to the robust microstructural
stress distribution. The presence of α lath interfaces and grain boundaries creates property
discontinuities that impede dislocation movement, thereby inducing heterogeneous defor-
mation. Conversely, under tensile loading along the build direction (BD), stress distribution
is more uniform, although localized stress concentrations manifest at grain boundaries.
Plastic deformation across distinct independent slip systems is facilitated within individual
grains. However, the existence of grain boundaries within the columnar grains curtails
plastic deformation, thereby engendering stress and strain disparities along the columnar
structure. Notably, this observation corroborates findings from digital image correlation
(DIC) experiments, as depicted in Figure 6.

Figure 7b,c,e,f illustrates the spatial distribution of statistically stored dislocation (SSD)
and geometrically necessary dislocation (GND) densities at a strain of 10.0% under uniaxial
tensile loading for different directions. A discernible resemblance emerges between the
overall characteristics of SSD and GND distributions and the von Mises stress distribution.
Notably, the amplitude and spatial arrangement of plastic deformation during loading
⊥BD markedly contrast with those under loading BD. In the latter scenario, a more homo-
geneous plastic deformation field manifests in comparison. The morphological attributes
of columnar grains, particularly the presence of grain boundaries, introduce substantial
impediments to dislocation mobility during loading perpendicular to the build direction.
Conversely, loading along the build direction enables dislocations to glide across α lath
interfaces, grain boundaries, and slip planes, thus promoting uniform plastic deformation.
In contrast, under ⊥BD loading, plastic deformation predominantly localizes along grain
boundaries, accentuating the stress concentration within the columnar grain’s boundary.
The congruity in the stress distribution characteristics between the simulation and experi-
mental findings, along with the consistent acknowledgment of the influence of columnar
crystals, serves to underpin the reliability of the simulation outcomes.
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3.3. Fracture Morphology of Tensile Experiments

Examination of the fracture surfaces provides valuable insights into the interplay
between the microstructural attributes of the LPBFed Ti6Al4V alloy and its tensile prop-
erties. Figure 8 presents fracture surface topographies of both horizontally and vertically
oriented samples, shedding light on the underlying mechanisms. The comprehensive
views of fracture surfaces depicted in Figure 8a,c unveil the presence of finely distributed
microscopic voids alongside shallow dimple networks, indicative of a ductile rupture
mode. However, a distinctive disparity emerges in the fracture behavior of the horizontal
sample, as evidenced by the rough and stratified topography showcased in Figure 8b.
Notably, discernible vertical cracks, emblematic of columnar grains, manifest within this
fracture surface. This observation highlights the initiation and propagation of voids at
the interface between α laths and columnar grains, with preferential fractures occurring
along the boundaries of the columnar grains. In the context of the vertical sample’s fracture
morphology, as depicted in Figure 8d, a contrasting scenario unfolds. Here, the dominance
of microscopic voids in the damage progression takes center stage, obviating the presence
of vertical cracks. This divergence can be attributed to the distinctive checkerboard pattern
characterizing the grain distribution within the feature plane. Furthermore, the conspicu-
ous plastic deformation concentrated at the grain boundaries serves as an incipient point for
crack initiation, a phenomenon consistently observed in Figure 7, ultimately culminating
in the observed fracture morphology.
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4. Conclusions

In summary, this study has encompassed a comprehensive exploration of the me-
chanical behavior of LPBFed Ti6Al4V alloy through a harmonious integration of CPFE
simulations and experimental analyses under uniaxial tensile loading conditions across
diverse orientations. The ensuing observations and outcomes offer significant insights, as
outlined below:

(1) The intricate LPBF process engenders the development of columnar grains that align
themselves along the build direction, concomitant with the presence of distinctive
lath structures.

(2) Rigorous tensile examinations underscore a marked discrepancy in strength between
the material’s behavior perpendicular and parallel to the build direction. The aug-
mented strength exhibited orthogonal to the build direction, compared to its in-line
counterpart, manifests in tandem with the strain distribution profiles unveiled by
DIC experiments and an analysis of the fracture surfaces, corroborating the pivotal role
played by inherent microstructural attributes in dictating the material’s tensile attributes.

(3) A meticulously formulated finite element model that accurately encapsulates colum-
nar grains and laths has been meticulously developed, bearing apt testimony to its
fidelity in replicating plastic responses akin to those unveiled through experimental
uniaxial tension tests.
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