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ARTICLE INFO ABSTRACT

Keywords:

Enhancing the strength of titanium alloys through aluminum addition is well-established but often results in
significantly reduced ductility. Additive manufacturing (AM) presents a novel approach to fabricating titanium
alloys, addressing the persistent challenge of balancing strength and ductility. This study compares the micro-
structural and mechanical properties of typical Ti-Al alloys produced using conventional casting and AM tech-
niques. The results indicate that, compared to their as-cast counterparts, AM-fabricated Ti-6Al alloys exhibit a
remarkable 90 % improvement in yield strength and nearly double the tensile ductility. The enhanced perfor-
mance of AM alloys is attributed to their refined microstructures, increased dislocation densities, and ultra-high
solid solubility, resulting from AM’s rapid solidification rates and complex thermal histories. Detailed charac-
terizations reveal that these microstructural features contribute to increased strain hardening and enhanced
plastic deformation capacity. This research underscores the potential of AM to revolutionize material properties
through microstructural control, providing valuable insights for future alloy design and manufacturing strategies.

Additive manufacturing
o-Titanium alloys
Dislocation density
Microstructural evolution
Strength-ductility trade-off

1. Introduction

Titanium and its alloys are extensively utilized in aerospace and
biomedical applications due to their exceptional strength-to-weight
ratio, corrosion resistance, and high-temperature performance [1,2].
Among them, o-titanium (o-Ti) is particularly noteworthy, where the
strengthening effects by a-stabilizers such as O, N, and Al are widely
established [3-6]. However, while the addition of a-stabilizers enhances
the strength of a-Ti, it often significantly reduces ductility, making these
alloys less appealing for commercial applications [7]. This challenge is
especially pronounced in conventional manufacturing processes such as
casting, where intrinsic defects and coarse microstructures further
degrade the mechanical tensile ductility, necessitating a series of
post-heat treatment processes [8,9].

Additive manufacturing (AM) has recently emerged as a trans-
formative technology capable of overcoming those inherent limitations
in conventional methods [10]. Techniques such as laser-by-layer metal
deposition have demonstrated the ability to produce alloys with
enhanced mechanical properties by leveraging rapid solidification and
complex thermal histories [11-15]. These features enable the formation
of refined and often non-equilibrium microstructures that are unat-
tainable via conventional processing routes, leading to improved com-
binations of strength and ductility [16-19]. For instance, Zhang et al.
[20] revealed that high-strength low-alloy (HSLA) steels fabricated
using wire arc additive manufacturing (WAAM) achieved a higher
combination of ultimate tensile strength (oyrs) of 972.5 MPa and total
elongation (ggota1) of 17.1 %, surpassing their as-cast counterparts, which
exhibited lower strength (cyts ~ 778.6 MPa) and reduced ductility (gtotal
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~ 10.9 %). Similarly, Avateffazeli et al. [21] observed simultaneous
improvements in both strength and ductility in an Al-Cu-Mg-Ag-TiBy
(A205) alloy produced via laser powder bed fusion (LPBF) compared to
its conventionally cast counterparts, attributing these enhancements to
the fine equiaxed and supersaturated aluminum grain structures formed
under the high cooling rates inherent in the LPBF process. Kang et al.
[22] further highlighted the influence of AM techniques on FeMnAINi
alloys, showing that directed energy deposition (DED) yield enhanced
ductility while maintaining strength, in contrast to conventional casting
counterparts.

In the context of titanium alloys, particularly low-alloyed o-Ti sys-
tems, the potential benefits of AM remain underexplored. Traditional
methods for introducing alloying elements into titanium typically
involve the melting and casting of pre-mixed ingots. These processes
often lead to issues such as ingot inhomogeneity, resulting in micro- or
macro- segregation [23], as well as p-fleck defects commonly observed
in titanium alloys containing Fe or Cr [24]. Furthermore, achieving a
homogeneous alloy composition through conventional routes usually
requires long-term thermal treatments. These treatments are costly and
challenging to apply to titanium alloys due to their high affinity for
oxygen and the high diffusion rate of oxygen in the p phase at elevated
temperatures [25]. In contrast, in-situ alloying — where elemental
powders are blended and alloyed directly during the AM process —
offers a more flexible, efficient, and cost-effective alternative for
compositional control. This approach allows for real-time control of
alloy composition and enables the fabrication of compositionally graded
or novel alloy systems that are difficult to achieve through traditional
processing [6,26]. Moreover, the rapid solidification inherent to AM
processes helps suppress segregation and promotes the formation of
refined or metastable microstructures. Although the in-situ alloying
approach has demonstrated considerable potential in other alloy sys-
tems [27,28], its application to low-alloyed o-Ti alloys remains largely
unexplored. Introducing Al via in-situ alloying during AM presents a
promising strategy to strengthen a-Ti while retaining or even enhancing
ductility, owing to the microstructural control afforded by the process.

This study aims to develop high-performance, low-alloyed o-Ti alloys
(Ti-Al) through in-situ alloying using laser engineered net shaping
(LENS), a type of DED technique. By systematically comparing the me-
chanical properties of AM-fabricated Ti-Al alloys with their as-cast
counterparts, this work highlights the capability of AM to simulta-
neously improve both strength and ductility. Notably, the Ti-6 at% Al
alloy produced via AM achieved a yield strength (YS) of 795.3 MPa, an
ultimate tensile strength (UTS) of 876.1 MPa, and an elongation to
failure of nearly 20 %, representing approximately 90 % increase in YS,
80 % increase in UTS, and nearly double the ductility compared to the
as-cast counterparts. Detailed microstructural analyses reveal that the
superior performance of the AM samples stems from their refined grain
structures, elevated dislocation densities, and enhanced solid solubility,
all of which result from the rapid solidification and thermal cycling
inherent to the AM process. These findings underscore the potential of
AM — in combination with in-situ alloying — as a powerful platform for
designing next-generation a-Ti alloys with tailored microstructures and
optimized mechanical properties, paving the way for their expanded use
in high-performance structural applications.

2. Experimental materials and procedures
2.1. Material preparations

2.1.1. Materials

The feedstock powders utilized for AM fabrication include
commercially pure titanium (CP-Ti) powder, conforming to ASTM Grade
1 specifications, with a composition of 0.087 % oxygen (O), 0.01 %
carbon (C), 0.18 % iron (Fe), and 0.004 % nitrogen (N) (atomic per-
centage), supplied by Avimetal Powder Metallurgy Technology Co., Ltd.
Additionally, pre-alloyed atomized Ti-54Al powder, containing 54.2 %
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Al, 0.026 % C, and 0.048 % N (atomic percentage), was sourced from
Beijing Xing Rong Yuan Technology Co., Ltd. These powders, charac-
terized by a particle size distribution ranging from 50 pm to 103 pm
(with a median diameter (D50) of 81.2 pm), demonstrate a spherical
morphology and smooth surfaces, which are instrumental in facilitating
optimal flowability during the printing process, as depicted in Fig. 1a—c.
In preparation for fabrication, the powders were meticulously weighed
and homogenized using a powder mixer (Turbula, T2F) at ambient
temperature for a duration of 90 minutes, operating at a rotational speed
of 200 revolutions per minute, within a sealed container.

2.1.2. LENS fabrication process

The fabrication of bulk Ti-Al samples with Al contents ranging from
0 to 6 at%, and dimensions measuring 35 mm (length) x 16 mm (width)
x 3 mm (height), was conducted on a CP-Ti substrate using a LENS
system (OPTOMEC LENS™ MR-7). To mitigate oxidation — a critical
concern given the sensitivity of titanium and its alloys to oxygen [29] —
the build chamber was flushed with high-purity argon gas until the
oxygen content was reduced to below 100 parts per million (ppm) before
the manufacturing process commenced. The process employed a bidi-
rectional scanning strategy along the X and Y axes, incorporating a 90°
rotation after the deposition of each layer to ensure uniformity and
structural integrity (Fig. 1d).

To optimize the fabrication parameters, we systematically investi-
gated various combinations of laser power and scanning speed, which
are among the most influential parameters in the LENS process. Spe-
cifically, scanning speeds of 8 mm/s, 10 mm/s, and 12 mm/s, and laser
powers of 300 W, 400 W, and 500 W were evaluated. The printability
and formability of the as-fabricated samples were assessed through op-
tical microscopy (OM) on the cross-sectional surfaces. As shown in
Fig. 2, the OM images revealed that samples fabricated under the
selected conditions exhibited crack-free and nearly pore-free morphol-
ogies, indicative of good formability. Based on these results, the optimal
processing parameters were determined and are summarized in Table 1.

P, laser power; T, layer thickness; H, hatch distance; V, scanning
speed; FOP 1, feed rate of powder.

2.1.3. Conventional as-cast method

For comparative analysis, alternative fabrication methods were
employed to produce reference samples of as-cast Ti-6Al, maintaining
identical elemental compositions to those of the samples fabricated by
AM. These reference specimens were crafted using high-purity Ti and Al
ingots (99.99 % purity) through a process of arc melting followed by
water-cooled copper-mold casting. To ensure minimal oxygen presence,
the arc melting chamber was first evacuated to a pressure of 5 x 107° Pa,
then backfilled with argon gas to a pressure of 0.5 Pa prior to melting.
The Ti and Al ingots were melted seven times to achieve a homogeneous
distribution of alloying elements and mitigate the presence of unmelted
sections within the as-cast sample. Subsequently, the resulting molten
ingot, conforming to the Ti-6Al alloy composition, was solidified within
a cavity of a water-cooled copper mold. The elemental composition of
the resulting reference samples was verified to be consistent with the
designed alloy, as confirmed by subsequent Energy Dispersive Spec-
troscopy (EDS) analysis.

2.2. Mechanical performance evaluation

Tensile testing specimens, derived from both the as-cast and LENS-
fabricated samples, were shaped into a dog-bone configuration using a
wire-cut electric discharge machine (WEDM), with specifications of
2 mm in gauge diameter, 10 mm in gauge length, and an overall length
of 25 mm. The evaluation of their room temperature tensile properties
was conducted using a ZwickRoell Z020 TEW universal testing machine
at a constant strain rate of 1 x 10~®s™' . Elongation was measured using
a laser-based optical extensometer (ZwickRoell laserXtens 1-32 HP/TZ),
which tracks the displacement of laser-induced speckle patterns via
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Fig. 1. Materials and printing strategies utilized in this study. (a, b) Morphologies of pure Ti and pre-alloyed TiAl powders. (c) Particle size distribution of pure Ti
and pre-alloyed TiAl powders. (d) Printing strategies for consecutive layer deposition.
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Fig. 2. OM images showing the cross-sectional morphologies of the as-fabricated Ti-x at%Al samples produced by LENS under the optimized processing parameters,
exhibiting nearly pore-free morphologies. (a) Cross-section along the X-Z plane; (b) Cross-section along the Y-Z plane.

digital image correlation (DIC). Three specimens from each fabrication

Table 1 . . method were tested to ensure repeatability and reliability.
The process parameters of LENS™ fabricated Ti-6Al

Parameters P W) T (um) H (um) V (mm/s) FOP (g/s) 2.3. Microstructure characterization

AM Ti—6Al 400 100 300 10 0.2

The characterization of phase constituents within the as-cast and
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LENS-fabricated specimens was conducted using X-ray diffraction (XRD)
analysis with a Rigaku SmartLab 9 kW system. XRD measurements were
performed at a scan rate of 5° min~! and a step size of 0.02°, covering a
diffraction angle (20) range from 20° to 90°.

Microstructural examinations of the specimens were conducted
using an Olympus B53X optical microscope (OM) and a Tescan Mira
scanning electron microscope (SEM) equipped with EDS. For the LENS-
fabricated sample, cross-sections aligned parallel to the build direction
(Z-direction) were meticulously prepared through WEDM, followed by
standard metallurgical grinding and polishing processes. These prepared
surfaces were etched using Kroll’s reagent (comprising 3 % hydrofluoric
acid, 6 % nitric acid, and water) for 10 seconds to enhance micro-
structural visibility during subsequent OM and SEM analyses.

Further crystallographic characterization was conducted using a
ZEISS Gemini 300 SEM equipped with an electron backscatter diffrac-
tion (EBSD) detector. Sample preparation for EBSD involved a series of
mechanical grinding and polishing steps, concluding with electro-
polishing in a solution with a volumetric ratio of HClO4:C4H;00:CH40
(6:34:60), performed at a current of 0.4 A and a temperature of —20°C.
Additionally, a JEOL JEM-2100F transmission electron microscope
(TEM), capable of operating in both TEM and scanning TEM (STEM)
modes at an acceleration voltage of 200 kV, was employed to investigate
the microstructure at the nano- and atomic scales. Preparation of TEM
specimens involved initial mechanical thinning to approximately 30 pm,
followed by precision thinning using a Gatan precision ion polishing
system II (PIPS II). The ion milling was executed using sequential beam
voltages of 5 kV, 3 kV, and 1 kV, with milling angles set at + 7°, + 5°,
and =+ 5° for the rough milling, fine milling, and final cleaning stages,
respectively.

3. Results
3.1. Mechanical performance

The mechanical properties of Ti alloys fabricated using conventional
methods, such as casting or forging, with small additions of Al — typi-
cally less than 10 at%Al without the presence of the ay phase — have
been thoroughly investigated and well-documented [8,30,31]. These
studies consistently show that increases in Al content, ranging from 0 to
6 at%, result in strength enhancement but come at the cost of significant
reductions in ductility. In comparison, the engineering tensile stress--
strain behavior of the AM Ti-x at%Al alloys was evaluated, as presented
in Fig. 3a. Notably, the AM commercially pure titanium (CP-Ti)
demonstrated the highest uniform elongation but correspondingly
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exhibited the lowest strength. As the Al content increased, the strength
of the alloys improved while the ductility decreased. Among the various
Al concentrations, the AM Ti-6 at%Al (hereafter referred to as AM
Ti-6Al) sample displayed the most favorable combination of strength
and ductility, with a yield strength (YS) of 795.3 MPa and an ultimate
tensile strength (UTS) of 876.1 MPa, accompanied by a remarkable
elongation to failure (ef) of nearly 20 %.

For comparative purposes, a Ti-6 at%Al sample fabricated via casting
(hereafter referred to as as-cast Ti-6Al) was also produced and tested,
showing a YS of 417.2 MPa, UTS of 492.7 MPa, and &¢ of only 10.8 %,
consistent with previously reported data [8,32]. Analysis of the strain
hardening rate-true strain curves (Fig. 3b) derived from the stress—strain
curves further revealed a significantly higher strain-hardening rate and
greater true strain values in the AM Ti-6Al sample compared to its
as-cast counterpart. These findings underscore the superior mechanical
performance achieved through AM for low-alloyed Ti-Al alloys.

3.2. Microstructure analysis

While both the AM and casting processes introduce Al into Ti with
identical compositions, the TiAl alloys produced by AM consistently
demonstrate superior mechanical properties, including enhanced
strength and ductility, compared to the as-cast counterpart. This
discrepancy suggests that the distinct microstructural evolution result-
ing from the different fabrication techniques plays a critical role in
determining the mechanical performance of the alloys. To further
investigate the microstructural mechanisms responsible for this
enhanced performance, a detailed analysis was conducted, focusing on
the AM Ti-6Al sample with the optimal combination of strength and
ductility, as well as its as-cast Ti-6Al counterpart. The following section
presents an in-depth microstructural examination to elucidate how
processing-induced features contribute to the observed differences in
mechanical behavior.

3.2.1. Phase constituents

Fig. 4 presents the phase constituents of CP-Ti, pre-alloyed Ti-54 at%
Al powders (hereafter referred to as Ti-54Al powder) used in the AM
process, and both as-cast and AM Ti-6Al samples. Consistent with the Ti-
Al phase diagram [33], the results show that CP-Ti powder contains only
the o-Ti phase, while the Ti-54Al powder exhibits both the ay-TizAl and
y-TiAl phases. In examining the as-fabricated Ti-6Al samples from
cross-sectional surfaces parallel to the build direction, it was found that
both the as-cast and AM samples primarily consist of the o-Ti phase.
Notably, neither the ay-TisAl and y-TiAl phases were detected in the AM
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Fig. 3. Mechanical properties of as-cast Ti-6Al and AM Ti-x at%Al alloys. (a) Engineering stress—strain curves for as-cast Ti-6Al and AM Ti-x at% Al samples. (b) True
stress—true strain curves and strain-hardening rate curves for as-cast and AM Ti-6Al alloys.
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Fig. 4. Phase analysis of pure Ti and pre-alloyed Ti-54 at%Al powders, and Ti-
6Al samples fabricated by casting and AM methods.

samples made from CP-Ti and Ti-54Al powders, indicating effective
melting and homogeneous mixing during the AM process. Furthermore,
anoticeable shift of XRD peaks towards higher angles in both as-cast and
AM Ti-6Al samples, compared to the CP-Ti powder, indicates lattice
distortion induced by the solid solution of Al in Ti, suggesting effective
alloying in both manufacturing process [34].

3.2.2. Microstructure observations

Fig. 5 illustrates the microstructural characteristics of the as-cast and
AM Ti-6Al samples as observed through OM and SEM. The OM images of
the as-cast Ti-6Al samples (Fig. 5al-a2) reveal a microstructure pre-
dominantly composed of uniformly distributed a-grains with large plate-

As-cast Ti-6Al

AMTi-6Al
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like morphologies, interspersed with long, parallel a-columnar grains.
This morphology is characteristic of the slow cooling rate associated
with the p to o phase transformation in titanium alloys [35]. Higher
magnification SEM images (Fig. 5a3) further confirm this microstruc-
ture, revealing prominently oriented a-columnar grains embedded
within the larger plate-like grains. Complementary EDS mapping
(Fig. 5a4-ab) indicates a relatively uniform distribution of Ti and Al
elements, with Al concentrations consistently maintained at around 6 at
%, demonstrating homogeneity throughout the sample.

In contrast, the microstructure of the AM Ti-6Al samples shows sig-
nificant differences. The OM images (Fig. 5b1-b2) show a more refined
grain structure, characterized by a predominantly uniform distribution
of coarse a-grains with smaller plate-like morphologies. Additionally,
these o-grains are adorned with smaller quantities of finer a-grains
displaying basketweave morphologies, likely resulting from the rapid
solidification rates inherent to the AM process. The corresponding SEM
images and EDS mapping (Fig. 5b3-b5) provide further insights into the
fine basketweave a-grains, which measure only a few micrometers in
size, and confirm a uniform elemental distribution. The concentration of
Al remains consistent at approximately 6 at%, similar to that of the as-
cast samples. The absence of elemental segregation suggests that the
observed microstructural differences are primarily attributable to the
distinct thermal histories and solidification dynamics associated with
the two fabrication methods, rather than compositional inconsistencies
during processing.

3.2.3. Crystallographic analysis

To better investigate the microstructural differences in these sam-
ples, a comprehensive crystallographic analysis was performed using
EBSD measurements, with the results presented in Fig. 6. In the as-cast
Ti-6Al sample (Fig. 6al), the inverse pole figure (IPF) map reveals large
plate-like grains with no significant textural orientation. These grains
are interspersed with columnar a-grains exhibiting low levels of intra-
granular misorientation, consistent with previous findings [36]. Quan-
titative grain size analysis (Fig. 6a2) reveals that the average grain size
of the large plate-like a-grains is approximately 229.1 + 59.9 pm,

Fig. 5. Microstructural analysis of as-cast and AM Ti-6Al samples. (al, a2) OM images of as-cast Ti-6Al samples show large, plate-like a-grains interspersed with
parallel a-columnar grains. (a3) Higher magnification SEM image showing prominently oriented columnar grains embedded within the plate-like grains. (a4, a5) EDS
mapping confirms uniform distribution of Al and Ti. (b1, b2) OM images of AM samples display coarse a-grains with finer plate-like and basketweave morphologies.
(b3) Higher magnification SEM image reveals the appearance of finer basketweave grains measuring only a few micrometers. (b4, b5) EDS mapping shows uniform Al

and Ti distribution.
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As-cast Ti-6Al

AMTi-6Al
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Fig. 6. EBSD analysis of the as-cast and AM Ti-6Al samples. (al) IPF map of the as-cast sample, showing large plate-like grains with minimal textural orientation.
(a2) Statistical analysis quantifying the average grain size of the large plate-like a-grains, measured at 229.1 + 59.9 pm. (b1) IPF map of the AM sample, highlighting
coarse plate-like grains (dark square) and finer basketweave grains (blue square). (c1, d1) Higher magnification views of the coarse and fine grains, respectively. (c2,
d2) Grain size distribution of the coarse and fine grains, measured at 25.3 + 7.8 ym and 5.7 + 1.4 pm, respectively.

providing a clear statistical representation of the grain structure in the
as-cast sample. The relatively large standard deviation observed is
attributed primarily to variations in local nucleation density and
inherent cooling-rate inhomogeneities associated with the casting pro-
cess [37].

In contrast, the EBSD analysis of the AM Ti-6Al sample demonstrates
a significantly refined microstructure, predominantly composed of
coarse plate-like grains, which occupy approximately 75 % of the
observed area. These grains, marked by dark squares in Fig. 6b1 and
further magnified in Fig. 6¢1, have a considerably smaller average grain
size of 25.3 + 7.8 pm, as quantified in Fig. 6¢2. Additionally, fine bas-
ketweave grains constituting approximately 25 % of the observed
microstructure (highlighted by blue squares in Fig. 6b1 and further
detailed in Fig. 6d1) exhibit an even smaller average grain size of 5.7
+ 1.4 pm, as shown quantitatively in Fig. 6d2. Due to the rapid and
uniform solidification rates characteristic of the AM process, the grain
size distributions in the AM samples exhibit markedly lower standard
deviations compared to their as-cast counterparts. In the meanwhile,
similar to the as-cast sample, the AM Ti-6Al sample does not display any
pronounced textural orientation, consistent with previously reported
observations for AM titanium alloys [38].

Considering the substantial impact of fabrication methods on grain

size and morphology, as previously discussed, in-depth assessments of
Kernel Average Misorientation (KAM) maps and geometric necessary
dislocation (GND) densities were performed for both the as-cast and AM
Ti-6Al samples, as depicted in Fig. 7. In the as-cast Ti-6Al alloys
(Fig. 7al-a2), the KAM map reveals pronounced local misorientations
near sub-GBs and GBs. The corresponding GND density map indicates a
relatively uniform distribution of dislocations within the large plate-like
grains, with slightly elevated GND densities localized along GBs. Sta-
tistical analysis in Fig. 7a3 shows an average GND density of approxi-
mately (1.29 + 0.06) x 10'*/m?, measured across multiple regions in
the as-cast Ti-6Al sample.

In contrast, the AM Ti-6Al sample (Fig. 7b1-b2 and c1-c2) exhibits
different characteristics. Although the KAM maps reveal a generally
uniform distribution across the matrix, with higher misorientations near
boundaries, the distribution of GND densities varies across different
regions. In the coarse-grain regions, GND densities exhibit a relatively
uniform distribution with an average value of approximately (4.45
+ 0.24) x 10'*/m? (Fig. 7b3). However, in the finer basketweave grain
regions, the GND densities increased significantly, reaching an average
of approximately (17.88 + 0.18) x 10'%/m? (Fig. 7c3). This substantial
increase is attributed primarily to the rapid solidification rates and
unique thermal history inherent to the AM process, which not only
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Fig. 7. In-depth analysis of KAM and GND densities in as-cast and AM Ti-6Al samples. (al-c1) KAM maps illustrate local misorientations in the as-cast Ti-6Al sample,
coarse grains, and fine grains in the AM Ti-6Al sample, respectively. Inset images show histograms of local misorientation distribution along with average KAM
values. (a2-c2) Corresponding GND density maps highlighting the spatial distribution of dislocation densities across the regions. (a3-c3) Quantitative analyses of GND
density, detailing the average dislocation densities for the as-cast Ti-6Al sample and for the coarse and fine grains in the AM Ti-6Al samples.

refines the grain structure but also promotes the generation and accu-
mulation of higher dislocation densities, particularly within finer-
grained regions.

4. Discussions
4.1. Strengthening mechanisms

The tensile testing results (Fig. 3) indicate that the AM Ti-6Al sample
demonstrates significantly enhanced mechanical properties, achieving
an exceptional combination of ultrahigh strength and improved ductility
compared to the as-cast counterpart. While the distinct microstructures
resulting from the different manufacturing processes have been thor-
oughly characterized in the previous sections, it is essential to further
elucidate the contributions of various strengthening mechanisms that
arise from these microstructures and influence the yield strength (c,) of
the AM Ti-6Al sample relative to the as-cast Ti-6Al alloy.

The yield strength of both the as-cast and AM Ti-6Al samples is
expressed as the sum of contributions from individual strengthening
mechanisms. These include the critical resolved shear stress of pure Ti
(ocrss) [39], solid solution strengthening due to Al addition (o),
dislocation strengthening (o,), and grain boundary strengthening (o¢g).
Assuming that these mechanisms follow a linear mixture, the overall
yield strength can be described by the following equation [40,41]:

Oy = 6CRSS+555+Up+GGB (€8]

Given that the Al concentration remains consistent at 6 at% for both
the as-cast and AM Ti-6Al samples, as evidenced in Fig. 5, it is reasonable
to assume that the critical resolved shear stress of pure Ti (o¢rss) and the
solid solution strengthening effect (o) are equivalent for both samples.
Therefore, the observed increase in yield strength of the AM Ti-6Al
sample compared to the as-cast Ti-6Al sample can be attributed pri-
marily to other strengthening mechanisms. This increment in yield
strength can be expressed as:
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Oincrement = Ao_p + Aogs (2)

Here, the Ao, represents the dislocation strengthening due to
increased dislocation density in the AM sample, and Acgp accounts for
the extra grain boundary strengthening resulting from refined grain
sizes in the AM sample.

Additionally, based on the EBSD analysis (Figs. 6 and 7), the
microstructure of the AM Ti-6Al sample is composed of two distinct
grain structures: predominantly coarse plate-like a grains and a smaller
fraction of finer basketweave o grains, along with varying dislocation
densities. Therefore, considering the rule of mixtures for composite
materials comprising two components, the yield strength of the AM Ti-
6Al sample can be determined as [42,43]:

X = f;‘ineXﬁne +f coarseXcoarse (3)

Where X is the composite yield strength, X, and Xcoarse are the yield
strengths of the individual components, and fsn. and foarse are their
respective volume fractions. In the AM Ti-6Al sample, the volume
fractions of the coarse and fine grains are 75 % and 25 %, respectively.
Thus, the Eq. (2) can be further expanded as:

(Ao-p—ﬁne + AO-GB—fine) + fzoarse (Ao-p—coarse + AO-GB—:oarse)
4
Here, the individual parameter o, is attributed to dislocation hard-
ening, described by the Taylor hardening model [44]:

6, = aMub./p ()

Oincrement = fﬁne

Where a is the dislocation interaction constant (0.2 for o-Ti [45]), u is
the shear modulus (44 GPa for o-Ti [46]), M is the Taylor factor (1 for
a-Ti [39]), b is the Burgers vector (0.290 nm [44,47]), and p is the
dislocation density that can be calculated by the following equation [48,
49]:

_ 20xam

Xstepb (6)

Here, X, represents the EBSD scanning step size, which varies
across the samples and regions, with values of 1pm for as-cast Ti-6Al,
0.15 pm for coarse-grain AM Ti-6Al, and 0.03 pm for fine-grain AM Ti-
6Al sample. The parameter 6xay denotes the average local misorienta-
tion, obtained from EBSD statistics (Fig. 7al-c1), and is calculated from
the following expression:

1 .
Oxam = €Xp {NZQIHKAMLJ} )

Where KAM]; is the local KAM value at point t i, and N represents the
total number of points within the test area [50].

Based on these parameters, the strength increments due to disloca-
tion hardening in the AM sample are calculated as 103 + 19 MPa for
coarse grains (Ac,_coarse) and 391 + 23 MPa for fine grains (Ac,_fine)-

Similarly, grain boundary strengthening due to grain refinement can
be calculated using the Hall-Petch relation [51]:

oup=kypod /> ®

Where d is the average grain size derived from SEM and EBSD statistics
(Figs. 5 and 6), and ky_p is the Hall-Petch coefficient for Ti alloys,
ranging from 0.5 to 0.7 MN e m~3/2 [52], with a value of 0.6 MN e
m~3/2 used for simplicity. Applying this equation, the grain boundary
strengthening increments, relative to the as-cast sample, are calculated
as 94 + 22 MPa for coarse grains (Acgp_coarse) and 240 + 40 MPa for
fine grains (Ao fine)-

Based on the equations and values provided, the strengthening in-
crements from both dislocation and grain boundary mechanisms in the
coarse and fine grains of the AM Ti-6Al sample, relative to the as-cast
counterpart, have been thoroughly quantified and are presented in
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Fig. 8. Contributions of individual strengthening mechanism to the yield
strength increment in the AM Ti-6Al sample compared to the as-cast Ti-6Al
counterpart.

Fig. 8. The total strength increment for the AM Ti-6Al sample is calcu-
lated to be 329 + 25 MPa. When combined with the yield strength of the
as-cast sample, the theoretical yield strength of the AM sample is pre-
dicted to be 759 + 30 MPa, which closely aligns with the experimentally
measured value of 802 + 10 MPa. This strong correlation between
theoretical and experimental results highlights the significant
strengthening effect achieved through additive manufacturing, primar-
ily due to rapid solidification and microstructural refinement compared
to the as-cast counterpart.

4.2. Origin of good ductility in the AM Ti-6Al sample

One of the most noteworthy findings of this study is the enhanced
ductility of the AM Ti-6Al sample, achieved alongside increased
strength, in comparison to the as-cast Ti-6Al sample. It is well estab-
lished that improvements in strength are typically accompanied by a
reduction in ductility [53,54]. To investigate the underlying mecha-
nisms responsible for the superior ductility in the AM Ti-6Al sample, a
detailed analysis of the microstructure prior and after deformation was
conducted, with the examination divided into two sections.

4.2.1. Dislocation behaviors

An in-depth TEM analysis was performed on both the as-cast and AM
Ti-6Al samples before deformation and after fracture, as shown in Fig. 9.
In the as-cast sample (Fig. 9a and b), high-density dislocation arrays
with a pronounced criss-cross morphologies are observed throughout
the matrix. These dislocations are predominantly long and straight, with
limited dislocation activity observed beyond these pile-ups, indicative of
restricted cross-slip and a tendency toward planar slip. Such planar slip
behaviors, including dislocation pile-ups and localized deformation, are
widely reported in a-titanium alloys containing aluminum additions and
are typically associated with short-range ordering (SRO) [55,56]. Pre-
vious studies have extensively documented that aluminum-induced SRO
in as-cast Ti-Al alloys promotes a transition from wavy to planar slip,
allowing dislocations to glide continuously along specific atomic planes
and thus resulting in localized slip behaviors. This localization reduces
the size of plastic deformation zones near fatigue crack tips, ultimately
leading to a reduction in both ductility and fracture toughness [57-59].
Consequently, as macroscopic strain accumulates, planar slip can induce
strain softening, influencing the overall mechanical response of the
material [60,61].

In contrast, the as-built AM Ti-6Al samples exhibit a high density of
curved dislocations uniformly distributed within the grains, as shown in
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Fig. 9. Microstructural features of as-cast and AM Ti-6Al samples before deformation. (a, b) Bright-field TEM (BF-TEM) images of the as-cast Ti-6Al sample, showing
dislocation pile-up configurations within the a-matrix. (c) BF-TEM image of the AM Ti-6Al sample, displaying predominantly curved dislocation configurations

within the a-matrix.

Fig. 9c. Unlike the casting process, which involves slow cooling, the
rapid cooling rates in AM promote the formation of a supersaturated
solid solution, as widely documented in the literature [62,63]. This
rapid solidification prevents Al segregation, thereby suppressing the
formation of SRO. As a result, the absence of SRO enables dislocations to
propagate more freely within the matrix, allowing for greater disloca-
tion mobility and interaction, which accommodates plastic deformation

a
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.
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Fractured cast Ti-6Al

Fractured AM Ti-6Al

»
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more effectively [64].

The deformation behavior of both as-cast and AM Ti-6Al samples was
further investigated through microstructural examination of the frac-
tured samples, as shown in Fig. 10. In the as-cast Ti-6Al sample, defor-
mation was dominated by planar slip, characterized by well-organized
dislocation arrays that formed localized deformation zones (Fig. 10a and
b). These planar slip bands restrict cross-slip and dislocation

b

7N

v
7,
N

\

\ \ [
\ 0%
Dislocatign arrays.
\ \

Fig. 10. Microstructural features of as-cast and AM Ti-6Al samples after fracture. (a, b) The BF-TEM images revealing dislocation configurations in the as-cast Ti-6Al
sample after fracture. (c, d) The BF-TEM images showing dislocation configurations in the AM Ti-6Al sample post-fracture.
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interactions, resulting in a rapid decline in strain-hardening capability
and limited elongation prior to fracture. This behavior is typical of
conventionally cast Ti alloys, where solute segregation and coarse mi-
crostructures promote embrittlement and impede dislocation mobility
[24].

In contrast, the AM Ti-6Al sample reveals a high density of curved
and entangled dislocation segments (Fig. 10c and d), reflecting signifi-
cantly enhanced dislocation activity and strain-hardening capacity. This
behavior arises primarily due to the absence of SRO, which facilitates
dislocation mobility, encourages interactions among dislocations, and
promotes activation of Frank-Read sources for dislocation multiplication
and tangling [9]. The extensive formation of dislocation tangles (high-
lighted by red arrows in Fig. 10d) and frequent cross-slip contribute
directly to sustained strain-hardening, even at high deformation stages,
effectively delaying fracture initiation and enabling the concurrent
achievement of high strength and ductility [65,66]. These observations
align closely with recent findings on AM-processed Ti alloys, where
rapid solidification effectively suppresses micro-segregation, refines the
microstructure, and promotes uniform deformation by enhancing
dislocation interaction and multiplication [67,68]. This distinctive
dislocation behavior in the AM Ti-6Al sample underlies its ability to
achieve superior combination of strength and ductility compared to
conventional cast alloys.

Fractured cast Ti-6Al

Fractured AM Ti-6Al
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4.2.2. Crack propagation

Based on the observed dislocation behaviors, the as-cast Ti-6Al
sample tends to localize strain more readily, thereby facilitating crack
propagation along specific crystallographic directions. To gain further
insight into the influence of dislocation behavior on mechanical prop-
erties, we investigated the crystallographic mechanisms of crack prop-
agation in both as-cast and AM Ti-6Al samples.

EBSD analysis was performed on regions adjacent to the fracture
surface of both samples (Fig. 11al and b1). In the as-cast Ti-6Al sample,
interlamellar cracks are predominant, propagating primarily along the
large plate-like grains. Within these grains, numerous microcracks are
observed near the prominent interlamellar cracks, propagating along
specific crystallographic orientations, as schematically delineated by red
dotted lines and indicated by red arrows in the IPF and KAM maps
(Fig. 11a2-a3). This behavior supports the hypothesis that planar
dislocation activity, constrained to a single slip plane, leads to strain
localization and preferential propagation of microcracks along specific
planes, ultimately resulting in premature failure [69,70].

In contrast, although interlamellar cracks are also present in the AM
Ti-6Al sample (Fig. 11b2), the microcracks near the dominant large
interlamellar cracks propagate in multiple directions, as evidenced by
the elevated KAM values, schematically delineated by red dotted lines
and marked by red arrows Fig. 11b3. This observation aligns with the
dislocation behavior noted in the TEM images and suggests that the

Fig. 11. EBSD analysis of crack propagation in the as-cast and AM Ti-6Al samples. (al, bl) SEM images showing the examined areas of the as-cast and AM Ti-6Al
samples. (a2, a3) IPF and KAM maps of the as-cast sample, highlighting dominant interlamellar cracks, with numerous microcracks propagating along specific
crystallographic orientations within plate-like grains. (b2, b3) IPF and KAM maps of the AM sample illustrating dominant interlamellar cracks, with microcracks

propagating in multiple directions.
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activation of multiple slip systems in the AM Ti-6Al sample not only
facilitates dislocation entanglement during deformation but also im-
pedes the propagation of microcracks along a single direction. This
combined effect contributes to the simultaneous enhancement of both
strength and ductility in the AM Ti-6Al sample [71,72].

The fractographic analyses of the as-cast and AM Ti-6Al samples
reveal significant differences in fracture mechanisms, directly correlated
with their respective microstructural evolutions (Fig. 12). The as-cast Ti-
6Al sample exhibits predominantly brittle fracture features, evident by
sharp, staircase-like cleavage facets with smooth contours
(Fig. 12al-a3). These columnar-shaped facets (highlighted by blue
dotted lines in Fig. 12a3) align closely with the underlying a-columnar
grain structures, signifying a predominantly trans-granular cleavage
fracture. This brittle behavior is largely attributed to segregation-
induced embrittlement resulting from solute partitioning inherent in
conventional casting processes [23]. Specifically, micro-segregation
leads localized, solute-enriched regions, significantly weakening grain
boundaries and providing preferential pathways for rapid crack initia-
tion and propagation [24]. The absence of dimples and the distinctly
planar nature of these cleavage facets further confirms the limited
plastic deformation preceding fracture, a characteristic feature of
embrittlement arising from the inhomogeneities. Such segregation-in-
duced defects act as intrinsic stress concentrators, diminishing fracture
toughness and enhancing susceptibility to brittle failure.

In contrast, the AM Ti-6Al sample demonstrates a pronounced
ductile fracture mode, characterized by a classic cup-and-cone fracture
surface accompanied by significant necking (Fig. 12bl). Higher
magnification observations (Fig. 12b2-b3) reveal densely distributed,
deep and equiaxed dimples, indicative of substantial plastic deformation
achieved through void nucleation, growth, and coalescence. This
enhanced ductility is primarily attributed to the refined, segregation-
free microstructure attained through rapid solidification conditions
characteristic of additive manufacturing. The inherently high cooling
rates during AM effectively suppress solute partitioning, thereby
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eliminating embrittling segregation and promoting chemical homoge-
neity. Such a homogenized microstructure facilitates more uniform
strain distribution, while the refined grain morphology provides
enhanced grain boundary strength, collectively hindering crack initia-
tion and propagation [73,74]. The clear transition from brittle cleavage
in the as-cast sample to pronounced ductile dimpling in the AM-pro-
duced material highlights the critical role of AM in mitigating segrega-
tion embrittlement, ultimately enhancing mechanical performance and
fracture resilience.

5. Conclusions

The comparison of the microstructural and mechanical properties of
Ti-6Al alloys fabricated through both as-cast and AM processes has
elucidated significant differences attributed to the distinct
manufacturing techniques employed. The key findings are as follows:

(1) The AM Ti-6Al samples exhibited significantly improved tensile
strength and ductility compared to their as-cast counterparts.
Specifically, the AM Ti-6Al samples achieved a 90 % improve-
ment in YS, an 80 % increase in UTS, and nearly a 100 %
enhancement in elongation to failure compared to the as-cast
samples. These results strongly indicate that even low-alloy o-Ti
alloys can achieve superior properties, making them a promising
candidate for commercial applications utilizing AM methods.
The enhancement in YS is directly associated with the micro-
structural advantages observed in the AM samples, including the
presence of fine basketweave grains that effectively impede
dislocation movement during deformation and enhance disloca-
tion strengthening. Additionally, the increased dislocation den-
sities within the fine basketweave grains also contribute to the
YS, primarily as a result of the rapid cooling rates and complex
thermal history characteristic of AM processes.

(2

Fig. 12. Fracture morphologies of as-cast and AM Ti-6Al tensile samples. (al) Overview of the fracture surface of the as-cast Ti-6Al tensile sample. (a2, a3) Higher-
magnification images showing staircase-like cleavage facets indicative of brittle fracture. (b1) Overview of the fracture surface of the AM Ti-6Al tensile sample. (b2,
b3) Enlarged views revealing a high density of deep, equiaxed dimples, characteristic of ductile fracture.
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(3) The superior ductility observed in the AM Ti-6Al samples can be
attributed to differences in dislocation behavior, with the as-cast
samples predominantly exhibiting planar slip and the AM sam-
ples characterized by wavy slip. This variation in dislocation
behavior is linked to differences in cooling rates: the low cooling
rate of the as-cast samples promotes SRO, facilitating planar slip,
while the high cooling rate associated with the additive
manufacturing process allows for a supersaturated solid solution
that encourages wavy slip. The intricate dislocation structure
resulting from wavy slip enhances strain hardening and plastic
deformation capacity. Furthermore, the dislocation tangles in the
AM Ti-6Al samples act as Frank-Read sources, promoting the
formation of dislocation tangles and thereby enhancing the ma-
terial’s ability to undergo deformation without experiencing
premature failure.

The findings of this study underscore the potential of AM to
produce low-alloy a-Ti with enhanced mechanical properties
through the strategic manipulation of microstructure. The
inherent advantages of AM, including rapid cooling rates and
complex thermal histories, play a crucial role in improving
ductility and strength. These enhancements offer promising av-
enues for the development of high-performance materials suit-
able for a wide range of applications.
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