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A B S T R A C T

In this study, the strength and ductility of a direct energy deposited (DEDed) metastable β Ti-5Al-5Mo-5 V-3Cr 
(wt%, Ti-5553) alloy was explored by tuning the formation of various α microstructures through post-heat 
treatments. The microstructure of DEDed Ti-5553 with and without post-heat treatments was systematically 
studied using scanning electron microscopy, three-dimensional (3D) focused ion beam-scanning electron mi
croscopy tomography, transmission electron microscopy, scanning transmission electron microscopy, and atom 
probe tomography. Nanoscale ω phase and O′ phase particles were observed in the as-built DEDed Ti-5553 
without post-heat treatment for the first time. By altering the aging temperatures and heating rates during 
post-heat treatments, various microstructural evolution pathways were activated, leading to α microstructures 
with different sizescales, morphologies, and number densities. By fast heating and isothermal aging at 600◦C for 
2 hours, refined α microstructure was formed through the pseudospinodal decomposition mechanism. While slow 
heating (at the heating rates of 5 ◦C/min or 0.5 ◦C/min) to 600◦C and isothermal aging for 2 hours, super-refined 
α microstructures were produced respectively, primarily via ω-assisted and O′-assisted α precipitation mecha
nisms. By fast heating to and isothermal aging at 700◦C, fine-scaled intragranular α microstructure was formed, 
dramatically different in morphology and sizescale from the coarse α microstructure formed in the casted Ti- 
5553, which is suspected to be related to the indirect influence of nanoscale isothermal ω phase particles 
formed during the DED process and the excess oxygen introduced during the DED process. With fast heating to 
and isothermal aging at 800◦C, coarse α microstructure forms through the classical nucleation and growth 
mechanism. Various α microstructures led to a drastic change of mechanical properties with improvements up to 
a 55 % increase in hardness and 92 % increase in tensile yield strength, compared with as-built DEDed Ti-5553. 
Our work indicates the feasibility of achieving tailored mechanical properties in DEDed metastable β-Ti alloys by 
tuning α microstructures through selectively activating various phase transformation mechanisms via post-heat 
treatments.

1. Introduction

In recent years, the growing demand for aerospace applications 
highlights the significance of metastable β titanium (β-Ti) alloys, due to 
their outstanding hardenability, excellent fracture toughness, and great 
resistance to fatigue [1–3]. For example, Ti-5Al-5Mo-5 V-3Cr (wt%, 
Ti-5553) has found successful applications in aircraft structural com
ponents like airframes and landing gear in Boeing 787 and Airbus 380 

aircraft due to its impressive tensile strength up to 1400 MPa, fracture 
toughness up to 80MPa •
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, and run-out stress at 107 cycles of 

758 MPa, significantly higher than those of Ti-6Al-4 V (wt%, Ti-64) [4]. 
However, conventional manufacturing of large-scale metastable β-Ti 
components remains challenging due to their poor machinability and 
limited forging range [5]. To address these challenges, additive 
manufacturing (AM) techniques, such as direct energy deposition (DED), 
have emerged as effective methods for producing near-net-shape 
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Ti-based components, which can significantly reduce material waste and 
production time associated with conventional machining processes 
[6–8]. Additionally, the design flexibility of AM makes it an attractive 
choice for manufacturing Ti-based components with complex geometry 
[9].

Up to date, the research on AM of Ti alloys has primarily focused on 
widely used α/β titanium alloys such as Ti-64 [10–15]. Limited efforts 
have been dedicated to studying AM of metastable β-Ti alloys. One of the 
significant drawbacks of AM that is characteristic and prevalent in ti
tanium alloys is the formation of coarse and columnar β-Ti grains that 
form as a result of the unique thermal cycling process in both DED and 
laser powder bed fusion (LPBF) techniques. Primary studies involving 
LPBF metastable β-Ti alloys primarily investigate the printability to 
optimize density, decrease porosity and β flecks, and produce crack-free 
specimens [16–19]. However, due to the coarse columnar grains, me
chanical properties are typically anisotropic, which raises concerns 
about how to successfully meet ASTM standards for industrial imple
mentation. Recent work has centered on employing various pre-, in-situ, 
and post-printing methods to achieve equiaxed β grains and α micro
structures with different sizescales, aiming to enhance the mechanical 
performance in LPBF metastable β-Ti alloys [20–22]. Liu et al. added 
different β-stabilizing elements including Fe, Co, Mo to metastable β 
Ti-xFe-yCo-1Mo (wt%) alloy to achieve a fully equiaxed β grain micro
structure and a combination of ~1200 MPa tensile strength and ~12 % 
ductility [20]. Schwab et al. utilized the strategy of substrate heating in 
LPBF of Ti-5553 to achieve the finely distributed α microstructure in the 
β matrix and a combination of ~1000 MPa compressive strength and 
20 % true compressive strain [21]. Carlton et al. reported that 
~1000 MPa tensile strength and ~10 % ductility in LPBF Ti-5553 can be 
achieved after post-heat treatment at 700◦C [22]. However, these 
studies mainly focus on microscale phases, such as β grains and α pre
cipitates. The potential influence of various nanoscale phases that can 
form during the AM process on the microstructure evolution and me
chanical properties of AMed metastable β-Ti alloys remains largely 
unknown.

While initial studies have investigated the printability of Ti-5553 by 
DED with an emphasis on the optimization towards printing of crack- 
free specimens [16,17], there are limited studies regarding the micro
structure and mechanical properties of DEDed Ti-5553 [18,19]. Previ
ous studies also focused on applying aging techniques, notably duplex 
aging and its influence on strength and ductility [18,19,23]. Studies 
revealed that the DEDed Ti-5553 specimens displayed a microstructure 
consisting of supersaturated β grains, resulting in decent ductility 
(approximately 13.3 % uniform elongation) but a relatively low ulti
mate tensile strength (yield strength ~780 MPa) [18,19]. This level of 
strength cannot satisfy the requirements for a variety of aerospace ap
plications. To enhance the strength of DEDed Ti-5553, which consists of 
predominately β grains with body-centered cubic (bcc) structure, sub
sequent post-heat treatment is typically employed to induce the for
mation of α precipitates with hexagonal closed-packed (hcp) structure 
through precipitation hardening [18,19]. Recent studies have indicated 
that a variety of non-conventional phase transformation mechanisms 
can be activated to form different fine-scaled α microstructures with 
different sizes, morphologies, and number densities in metastable β-Ti 
alloys via the accurate control of heat treatment conditions (heating 
rate, aging temperature, and duration) [24–29]. Our previous studies 
integrating experimental and computational simulation have shown 
that for Ti-5553, while step-quenching to 600℃ from above the 
β-transus temperature or up-quenching to 600℃ from room tempera
ture, the refined α microstructure with a number density of approxi
mately 5 ppts/μm2 can be formed by the pseudospinodal decomposition 
mechanism [24,30]. The large number of local compositional fluctua
tions in the interior of the β grains will act as favorable nucleation sites 
for the subsequent precipitation of α phase. The hcp-structured α phase 
is formed by the rapid displacive mode, and the equilibrium composition 
is reached via long-range diffusion [24,30]. Pseudospinodal 

decomposition has been reported in a variety of metastable β- Ti alloys, 
e.g., Ti-5Al-5Mo-5 V-3Cr-1Zr (Ti-55531, wt%) [31], Ti-15 Nb-3Fe [32], 
and Ti-12 Nb-5Al-5Mo-3Cr-0.5Fe (wt%) [33]. Additionally various 
studies have shown that the pre-formed metastable ω phase can assist 
the following α precipitation and refine the α microstructure [25–27, 
29]. For Ti-5553, during slow heating to 600℃ (e.g., at a heating rate of 
5℃/min), nano-scaled hexagonal structured metastable ω precipitates 
can be formed in the interior of the β grains [29]. The large number of ω 
precipitates can change the local compositional field and stress field 
near the preformed ω/β interface and thus serve as the favorable 
nucleation sites of so-called super-refined α precipitates (number density 
~35 ppts/μm2) [29]. Moreover, these findings have been effectively 
applied to tailor the α microstructure of cast Ti-5553 and other meta
stable β-Ti alloys to achieve the desired mechanical properties [34,35].

However, compared to cast Ti alloys, DEDed Ti alloys exhibit unique 
as-printed microstructural features due to the rapid cooling and periodic 
thermal cycles involved in the AM process. For example, recent studies 
on DEDed Ti-64 have shown that as-printed parts contain a high density 
of dislocations caused by the substantial thermal residual stress [36]. 
These dislocations could affect α precipitation during subsequent 
post-heat treatment [37,38]. Consequently, there is a critical need to 
determine the interrelationship between microstructure and mechanical 
properties in the DEDed metastable β-Ti alloys, particularly, whether 
non-conventional phase transformation mechanisms, e.g., pseudospi
nodal decomposition and ω-assisted α precipitation, can be activated in 
the DEDed Ti-5553. To the best of our knowledge, there has been limited 
research addressing this question. Sharma et.al., have studied the aging 
response of DEDed Ti-5553 using a series of sub-transus post-heat 
treatment and successfully achieve a wide range of yield strength (from 
925 MPa to 1371 MPa) and elongation (from 2.0 % to 11.6 %) [19]. 
Nonetheless, given the complexity of the DED process, further investi
gation is needed to understand the underlying phase transformation 
mechanisms for the generation of α microstructures, especially the 
possible formation of nanoscale structures in the DEDed metastable β-Ti 
alloys, their roles on the subsequent α precipitation, and the resulting 
mechanical properties.

In the current work, post-heat treatments of DED-printed Ti-5553 
were investigated, with a focus on the formation of various nanoscale 
phases and α microstructures, and their effects on mechanical properties 
of AM-fabricated specimens. The microstructure of DEDed Ti-5553 
subjected to various post-heat treatments was systematically studied 
using various electron microscopy techniques, including scanning elec
tron microscopy (SEM), three-dimensional (3D) focused ion beam- 
scanning electron microscopy (FIB-SEM) tomography, transmission 
electron microscopy (TEM), scanning transmission electron microscopy 
(STEM), and atom probe tomography (APT). The mechanical properties 
were measured by hardness, nanoindentation, and tensile tests. Our 
research effort focuses on the following topics: (1) exploring the nano
scale structure in the DEDed Ti-5553; (2) quantitatively characterizing 
the microstructure of DEDed Ti-5553 specimens subjected to various 
post-heat treatments and studying the phase transformation mecha
nisms responsible for the formation of various α microstructure; (3) 
determining the interrelationship between the microstructure and me
chanical properties (e.g., yield strength and ductility).

2. Material and methods

2.1. DED and post-heat treatment conditions

The Ti-5553 powder used in the DED printing was acquired from 
AP&C company. The oxygen concentration in the acquired Ti-5553 
powders was measured using the LECO ON736 chemical analyzer. 
Cuboid Ti-5553 samples with dimensions of 20 × 15 × 3 mm3 were 
additively manufactured on commercially pure (CP)-Ti substrates (50 ×
30 × 10 mm3) using an AMBIT DED/HAAS UMC 750 hybrid system. The 
DED processing parameters were configured as follows: laser power of 
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300 W, scanning velocity of 600 mm/min, spot size of 1000 μm, hatch 
spacing of 750 μm, and layer thickness of 200 μm. The scanning strategy 
employed a zigzag pattern without interlayer rotations. A combination 
of these processing parameters was selected since it successfully ach
ieved AM of high-density, crack-free Ti-5553 specimens. The samples 
were manufactured with dimensions of 40 × 15 × 5 mm3. All specimens 
were heat treated below the β transus temperature (Tβ, ~855◦C) in the 
MTI GSL-1500X-50-UL tube furnace, being wrapped with CP-Ti foils to 
minimize oxidization. The as-printed Ti-5553 samples were subjected to 
two distinct post-heat treatment routes (Fig. 1):

(1) Different aging temperatures: DEDed Ti-5553 samples in this 
group were inserted into a furnace preheated, which will be 
further referred to as up-quenching to 600◦C, 700◦C, or 800◦C 
respectively, isothermally held for 2 hours, and rapidly quenched 
in water to room temperature, as depicted in Fig. 1(a).

(2) Different heating rates: DEDed Ti-5553 samples in this group 
(Fig. 1(b)) were post-heat treated at different heating rates, spe
cifically 5 ◦C/min or 0.5 ◦C/min, to 600◦C. Subsequently, they 
were isothermally held at 600◦C for 2 hours before water- 
quenched to room temperature.

Additionally, one Ti-5553 sample for microstructure comparison was 
prepared using cast Ti-5553 alloy obtained from TIMET. The cast Ti- 
5553 sample was β-solutioned at 1000◦C for 30 min followed by water 
quenching, isothermally aged at 700◦C for 2 hours, and finally water- 
quenched to room temperature.

2.2. Materials characterization

DEDed Ti-5553 and post-heat treated Ti-5553 samples were cross- 
sectioned perpendicular to the laser scanning directions using the 
Buehler IsoMet High Speed precision saw. The cross-sectioned surfaces 
were ground and polished following traditional sample preparation 
routes to a 0.05 μm colloidal silica finish. SEM secondary electron (SE) 
imaging and backscattered electron (BSE) imaging were conducted 
using the Thermo Scientific Apreo 2 C SEM at 5 kV. The characterized 
microstructures were further segmented and quantified using MIPAR™ 

image analysis software [39]. Electron backscattered diffraction (EBSD) 
data was collected using the embedded EDAX Velocity detector in the 
Thermo Scientific Apreo 2 C SEM at 20 kV. Site specific thin lamellae for 
TEM analysis were prepared from the center of β grains using the 
Thermo Scientific Scios 2 dual-beam focused ion beam/scanning elec
tron microscope (DB FIB/SEM) equipped with an Omniprobe lift-out 
system. Selected area diffraction pattern (SADP), dark-field (DF) imag
ing, high angle annular dark-field - scanning transmission electron mi
croscopy (HAADF-STEM) imaging, and X-ray energy dispersive 
spectroscopy (EDS) were performed using the FEI Talos F200S scanning 
transmission electron microscope (STEM) equipped with SuperX EDS 
operating at 200 kV. 3D FIB-SEM tomography was carried out using 
Thermo Scientific Scios 2 DB FIB/SEM. Automated FIB serial sectioning 
was conducted using FEI Autoslice 3.14 software, with each slice of 
10 nm in thickness milled at 30 kV, and corresponding BSE image 
recorded at 10 kV. Phase segmentation and 3D reconstruction from 
1100 BSE images were performed using MIPAR™ image analysis soft
ware. For composition analysis on the DEDed Ti5553, atom probe nee
dles were prepared using the FEI Nova 200 NanoLab. These needles were 
analyzed using the CAMECA local electrode atom probe (LEAP) 5000X 
system, using the laser mode at a temperature of 50 K, with a detection 
rate up to 0.7 %, laser pulse energy of 65pJ, and laser pulse frequency of 
333 Hz. Additionally, the oxygen concentration change in Ti-5553 
during the DED process was evaluated using the LECO ON736 chemi
cal analyzer.

2.3. Mechanical testing

Vickers hardness tests were conducted in five different regions on the 
cross-section surfaces of DEDed samples at a load of 0.5 N for 20 s using 
a Wilson Tukon 1202 Vickers hardness tester. Nanoindentation was 
carried out in at least four different regions in these samples using a KLA 
Inc. iMicro nanoindenter at a 50 mN load. Tensile tests were performed 
at room temperature using an Instron 8801 Universal Testing Machine 
system. To better suit our DED printing system and tensile testing fa
cilities, the miniature specimens were printed with the length of 35 mm 
and the gauge dimensions of 2.5 × 1.2 × 10 mm3 with the gauge length 
parallel to the laser scanning direction, as shown in Fig. 1(c). Similar 
miniature specimens have been used in previous studies, as reported in 
literature [40–43]. It has been shown that modifying the dimensions of 
tensile test specimen does not affect the stress-strain response [40–43]. 
Specifically, critical information relevant to plastic deformation– such as 
yield strength, ultimate tensile strength and total elongation at fracture– 
measured from miniature specimens is comparable to that obtained 
from standard samples. This was confirmed by our own experiments 
using the control sample (as-printed, without post-heat treatment) with 
the dimensions of 6.25 × 3 × 25 mm3. The slimness ratio (k) of our 
specimens was k = 5.77, which is similar to values reported in literature 
[44–46]. Tensile force was applied at a strain rate of 10−4/s. Three 
tensile specimens were tested for each condition. The fracture analysis 
on the deformed surfaces was performed using a Thermo Scientific 
Apreo 2 C SEM at 5 kV.

3. Results

3.1. Ti-5553 feedstock powder

The size and morphology of the Ti-5553 powders employed for DED 
processing were initially characterized using SEM SE imaging and 
quantitatively analyzed using the MIPAR™ image analysis software, 
shown in Fig. 2(a-c). It was observed in the SEM SE image and MIPAR 
processed image (Fig. 2(a-b)) that the Ti-5553 powders exhibit a 
spherical morphology with an aspect ratio 1.08 ± 0.08. The average 
diameter of the Ti-5553 powders is approximately 56.8 μm, with more 
than 95 % of the power particles ranging from 40 μm to 100 μm in 
diameter, shown in the powder size distribution histogram in Fig. 2(c). 

Fig. 1. Schematic diagram showing different post-heat treatment of the DEDed 
Ti-5553 and dimensions of tensile test samples from DEDed Ti-5553: (a) DEDed 
Ti-5553 samples up-quenched to 600◦C, 700◦C, and 800◦C respectively, 
isothermally held for 2 hours, and rapidly quenched into water to room tem
perature; (b) DEDed Ti-5553 post-heat treated at different heating rates, spe
cifically 5 ◦C/min and 0.5 ◦C/min, to 600◦C, and isothermally held at 600◦C for 
2 hours before water-quenched to room temperature; (c) Schematic drawing 
showing the dimensions and locations of tensile tested samples in the DEDed 
Ti-5553.
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The diameter of Ti-5553 powders used in this research is 45–106 μm 
(with D5 = 45 μm and D95 = 106 μm). Additionally, the oxygen con
centration in the acquired Ti-5553 powders measured using LECO 
ON736 chemical analyzer is approximately 0.0737 ± 0.0012 wt%. 
Thus, the above experimental characterization has verified that the 
spherical Ti-5553 powders with a particle diameter of approximately 
40–100 μm and oxygen concentration of 0.0737 wt% were used in the 
present study.

3.2. Microstructure in DEDed Ti-5553

The grain structure in the DEDed Ti-5553 was analyzed in the cross- 
section perpendicular to the scanning direction using SEM BSE imaging 
and EBSD technique, as illustrated in Fig. 3(a-c). Coarse elongated grains 
can be observed in the DEDed Ti-5553 without any precipitates or cracks 
in both SEM BSE image in Fig. 3(a) and the inverse pole figure (IPF) 
mapping in Fig. 3(b). The measured average grain size is approximately 
210 μm in diameter, with an average aspect ratio of approximately 3.45, 
indicating the formation of coarse columnar β grains in Ti-5553 during 
DED process. The kernel average misorientation (KAM) mapping, 
averaged over a 3×3 pixel grid, showing the local misorientation dis
tribution of the DEDed Ti-5553 from 0 to 5◦, is presented in Fig. 3(c). In 
several β-grains, a 2–3◦ misorientation is observed in the interior and 
near the grain boundary, revealing residual stress in these β-grains. In 
comparison, in the β-solutionized and quenched casted Ti-5553, bcc 
structured β grains with an almost equiaxed morphology are observed in 
the IPF mapping in supplementary Fig. S1(a). In the corresponding KAM 
mapping (Fig. S1(b)), minimal misorientation in local regions in the 
interior of the β grains is present in the β-solutionized Ti-5553. The 
above comparison indicates significantly higher residual stress in the 
coarse columnar β grains in the DEDed Ti-5553 compared to the equi
axed β grains in the β-solutionized cast Ti-5553 alloy.

In order to investigate the texture in the DEDed Ti-5553 sample, a 
large area EBSD scan (~5 mm × 5 mm) with the beam parallel to the 
build direction was conducted. The IPF mapping in Fig. 4(a) shows only 

β grains in the DEDed Ti-5553, consistent with the result in the IPF 
mapping in Fig. 3(b). The top-view grain texture mapping of the β grains 
in Fig. 4(b-d) reveal that there is no significant texture in any direction in 
the DEDed Ti-5553. Based on the SEM BSE imaging and EBSD analysis, 
no α precipitates were found in the DEDed Ti-5553. Thus, in the DEDed 
Ti-5553, coarse columnar β grains with high residual stress and no 
texture are formed without any α precipitates. It is worth noting that 
several studies have reported the observation of α precipitates at the 
bottom layers of as-built metastable Ti alloys as a result of the cyclic re- 
heating process [17]. The divergence observed between our findings and 
those reported in literature could be attributed to the diminished effect 
of intrinsic heat treatment, which in our case may result from the rela
tively small sample size utilized.

The nanoscale structure in the interior of the coarse columnar β 
grains in the DEDed Ti-5553 was investigated using TEM, as shown in 
Fig. 5. TEM SADPs and corresponding dark field images were obtained 
with the electron beam parallel to the [110]β, [1 3 1]β, and [001]β 

directions. In the [110]β and [1 3 1]β zone axis SADPs, in addition to 
hexagonal structured ω phase reflections located at 1/3 and 2/3 {112}β, 
additional reflections near ½ of {112}β can be observed, demonstrated in 
the line intensity profile (insets in Fig. 5(a-b)) along the red dotted ar
rows. Such additional reflections may belong to either orthorhombic 
structured O′ phase or orthorhombic structured α″ phase. The corre
sponding DF images collected by selecting the reflections in the blue 
color circles in Fig. 5(a-b) are shown in Fig. 5(d-e). Nanoscale particles 
with a diameter less than 5 nm can be observed almost homogeneously 
distributed in the interior of the β grain without the presence of any plate 
morphology martensite. Thus, the additional reflections observed near 
½ of {112}β belong to the orthorhombic structured O′ phase. Addition
ally, SADPs were collected on [001]β to further validate the presence of 
O′ phase. On the [001]β zone axis SADP, weak O′ reflections can be seen 
at ½ of {310}β, consistent with the inset line profile across the red arrow, 
shown in Fig. 5(c). By selecting the O′ reflection in the blue circle, O′ 
phase nanoprecipitates are further confirmed to form in the interior of 

Fig. 2. SEM imaging and MIPAR quantification of Ti-5553 powders used for DED: (a) SEM SE image of Ti-5553 powders; (b) corresponding MIPAR processed image 
of (a) showing equivalent diameter of Ti-5553 powders; (c) histogram of Ti-5553 powder size showing the distribution of powder equivalent diameter.

Fig. 3. EBSD analysis from DEDed Ti-5553: (a) SEM BSE image and (b) EBSD IPF mapping showing columnar β grains; (c) Kernel average misorientation (KAM) 
mapping showing the misorientation present in β grains.
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the β grain. Our experimental results, displayed in Fig. 5(a-f), have 
revealed for the first time that nanoscale ω phase with hexagonal 
structure and O′ phase with orthorhombic structure are formed in the 
interior of coarse columnar β grains in DEDed Ti-5553. It is worthy to 
point out that the observed nanoscale ω+ O′ phases in the DEDed Ti- 
5553 are similar to the nanostructures observed in the β grains in the 
β-solutionized cast Ti-5553 alloy [47] and other metastable β-Ti alloys 
[48–50], in which experimental results have shown that these nanoscale 
structure may influence the subsequent α precipitation and refine the α 

microstructure [25,26,29,50].
The oxygen concentration in the DEDed Ti-5553 has been evaluated 

using LECO ON736 chemical analyzer, determining it to be approxi
mately 0.123 ± 0.005 wt%. Compared to the oxygen content measured 
in the Ti-5553 powders, there is an approximately 67 % increase in 
oxygen concentration, from 0.0737 wt% in the powders to 0.123 wt% in 
the DEDed Ti-5553 sample. This increase in oxygen concentration in the 
as-built sample can be attributed to potential oxygen pickup during the 
DED process. Similar oxygen pickup in titanium alloys such as Ti-6Al- 

Fig. 4. Large area EBSD analysis from DEDed Ti-5553: (a) IPF mapping showing β grains in a 5 mm × 5 mm area; (b-d) (001), (110) and (111) plane grain texture 
mappings showing no texture in β grains.

Fig. 5. TEM diffraction pattern and dark field image recorded from DEDed Ti-5553: (a) [110]β zone axis SADP showing the coexistence of ω, and O′ reflections, 
marked using yellow color and blue color circles respectively, and line profile along the red color dotted line (inset) showing the maxima at 1/3, 1/2, and 2/3 of 
{112}β; (b) [1 3 1]β zone axis SADP with markers showing using ω reflections in yellow color and O′ reflections in blue color circles respectively, and with inset line 
profile along the red color dotted line; (c) [001]β zone axis SADP showing the O′ reflections at ½ of {310}β marked in blue and the line profile (noted by a red arrow); 
(d) corresponding dark field image collected by selecting reflections marked using the blue color circle in (a) showing the nanoscale ω and O′ particles; (e) corre
sponding dark field image collected by selecting reflections marked using the blue color circle in (b) showing the nanoscale ω and O′ particles; (f) corresponding dark 
field image collected by selecting O′ reflection marked using the blue color circle in (c) showing O′ particles.
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4 V and Ti-6Al-2Sn-4Zr-2Mo-Si during the DED process has been re
ported in literature [51,52].

The composition of the DEDed Ti-5553 was further analyzed utiliz
ing 3D APT. To eliminate the surface contamination effects, a 25 × 25 ×
25 nm3 cube was selected (Fig. 7(b)) within the core of the reconstructed 
needle for bulk composition and cluster analysis. The bulk composition 
of the sample was determined to be Ti-4.7Al–5.1 V-5.3Mo-2.9Cr (wt%) 
or Ti-8.2Al-4.7 V-2.6Mo-2.6Cr (at%) with an oxygen concentration of 
approximately 0.2 wt% (0.6 at%), as shown in Table 1. Although there 
is a difference in oxygen concentration measured from LECO chemical 
analyzer and 3D APT, which could be attributed to possible oxygen 
absorption during the APT needle preparation, the oxygen concentration 
measured using 3D APT further validates the increase in oxygen con
centration in the DEDed Ti-5553 and confirms the oxygen pickup during 
the DED process. The APT data was then analyzed by visually inspecting 
the raw ion maps and employing proxigrams to detect any elemental 
segregation or the presence of clustered/ordered domains, shown in 
Fig. 6. Fig. 6(a) shows the 3D raw ion map of Ti, Al, V, Mo, and Cr ions 
throughout the sample, displaying 2.15 % of total Ti ions, 20 % of total 
Al ions, 35 % of total V ions, 61 % of total Cr ions, and 100 % of total Mo 
ions. The raw ion map does not reveal any obvious solute segregation. 
However, a proximity histogram (proxigram) extracted from the APT 
data was plotted across the 79.4 at% Ti iso-concentration surface, as 
shown in Fig. 6(b-c). The plot shows that there exist some nanoscale 
domains in DEDed Ti-5553, where the Ti concentration increases from 
~76 at% to ~82 at%. At the same time, the solute atoms are found to be 
depleted in these nanoscale domains. The content of Al, V, Mo and Cr 
depletes from 8.4 at%, 4.9 at%, 2.7 at% and 3.3 at% in the β phase 
matrix to 7.5 at%, 4.5 at%, 1.8 at% and 2.5 at%, respectively within the 
nanoscale domains. The proxigram plot also reveals a slight segregation 
of the rejected Al and Mo atoms from the nanoscale domains, at their 
interface with the β matrix. Additionally, a substantial oxygen enrich
ment in the β phase region is revealed by the proxigram, with oxygen 
concentration increasing from 0.5 at% in the Ti-rich nanoscale domains 
to approximately ~2.5 at% in the β phase region.

Subsequently, frequency and radial distribution analyses were con
ducted on selected elements within a volume of 25 × 25 × 25 nm3 

exported from the original APT reconstruction, shown in Fig. 7. In fre
quency distribution analysis, the exported volume is divided into voxels, 
each containing N ions (N = 100 in this case). The mole fraction of each 
element in a voxel is depicted as a frequency distribution histogram. The 
clustering of elements can be identified by comparing the measured 
distribution of the element with the theoretical binomial distribution. 
Fig. 7(a) shows the frequency distribution plot of Ti atoms as a function 
of its mole fraction. Element clustering can be identified by comparing 
the observed distribution of the element with the expected binomial 
distribution. The plot compares the observed Ti atom distribution to the 
random binomial distribution in the sample and shows that both curves 
peaked at an approximate Ti mole fraction of 0.81. The noticeable de
viation of the observed curve from the binomial curve indicates the 
presence of clustered/ordered domains. Radial distribution analysis, on 
the other hand, calculates the concentration of elements as a function of 

radial distance from a specified center element. When the frequency or 
radial distribution suggests the possibility of clustering/ordering, cluster 
analysis is performed to reveal qualitative and quantitative details of the 
clusters using the maximum separation method. This method involves 
selecting a maximum separation distance between clustered/ordered 
element(s) and a minimum number of ions in the cluster based on the 
nearest neighbor distribution, cluster size, and cluster count distribu
tions. A 25 × 25 × 25 nm3 cubic volume (marked as a red square in 
Fig. 7(b)) was exported from the core region of the original 3D recon
struction and analyzed for any possible clusters present and further 
analyzed using cluster analysis. Fig. 7(c) shows the Ti-rich clusters 
formed uniformly throughout the sample with an average diameter of 
approximately 1.3 nm. Moreover, the average composition of the cluster 
and matrix is given in Table 1. The clusters were formed by the con
current depletion of solute atoms and enrichment of Ti atoms, which is 
in agreement with the proxigram results in Fig. 6(b-c). The concentra
tion of Ti increased to 88.9 at% in the Ti-rich pockets compared to the 
matrix composition of 78.9 at%. Additionally, the concentration of Al, 
V, Mo and Cr atoms were depleted in the Ti-rich pockets to 4.6 at%, 
3.2 at%, 1.3 at%, and 1.4 at% respectively. In the authors’ previous 
studies of isothermal ω phase particles in cast Ti-5553 after aging using 
APT, it has been found that all solutes including the α phase stabilizer Al, 
and β phase stabilizers Mo, V, and Cr, are all rejected from the nanoscale 
isothermal ω precipitates into the adjacent β phase [29,53]. Thus, the 
observed nanoscale Ti-rich and solute-lean clusters are likely to be early 
stages of formation of isothermal ω precipitates, formed in Ti-5553 
during DED process. Coupling the results from the SEM, TEM, and 3D 
APT investigations, clearly establishes the presence of nanoscale 
isothermal ω precipitates and O′ precipitates in the β phase in DEDed 
Ti-5553.

3.3. Microstructure in post-heat treated Ti-5553

To assess the influence of nanoscale isothermal ω phase and O′ phase 
particles formed during the DED process on α precipitation during post- 
heat treatments of DEDed Ti-5553, two groups of post-heat treatment 
were performed, and the microstructure was characterized using SEM, 
TEM, and STEM.

3.3.1. Microstructure in DEDed Ti-5553 after isothermal aging at different 
temperatures

The first group of post-heat treatment focused on the influence of 
different aging temperatures on the final α microstructure in DEDed Ti- 
5553. The microstructures of DEDed Ti-5553 after being isothermally 

Table 1 
Composition of bulk, β phase, and cluster measured using APT in the DEDed Ti- 
5553.

Element Composition (at%)

Bulk β phase Cluster

Ti 80.0 78.9 88.9
Al 8.0 9.0 4.6
V 4.7 5.0 3.2
Mo 2.4 2.9 1.3
Cr 2.7 2.9 1.4
O 0.6 0.7 0.2
N 0.1 0.1 0.0
H 0.5 0.6 0.3

Fig. 6. APT reconstruction showing the distribution of Ti, Al, V, Mo and Cr 
atoms in DEDed Ti-5553: (a) Raw ion map showing the distribution of Ti, Al, V, 
Mo, and Cr ions; (b) Proxigram across the 79.4 at% Ti iso-concentration surface 
showing the presence of Ti-rich and solute-lean region.
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aged at 600◦C, 700◦C, and 800◦C were characterized using SEM BSE 
imaging and quantitatively analyzed using MIPAR™ image analysis 
software (Fig. 8(a-i)). In the DEDed Ti-5553 isothermally aged at 600◦C, 
plate morphology α precipitates are observed almost uniformly distrib
uted in the interior of the β grains in Fig. 8(a-b). These α plates form a 
triangular shape cluster for three variants or chevron shape cluster for 
two variants with the length along the longest direction, ~ 1 μm. Fig. 8
(c) is the image processed using MIPAR™ in an attempt to quantify the 
fraction, sizescale, and number density of α precipitates. It is found that 
the number density of α plates is approximately 10.7±1.1 ppts/μm2, 
consistent with the so-called refined α microstructure in cast Ti-5553 
aged at the same temperature [24]. In the DEDed Ti-5553 isother
mally aged at 700◦C, plate morphology α precipitates of similar sizescale 
are observed to form with reduced area fraction and ~ 1 μm in length, in 

Fig. 8(d-e). Similar triangular or chevron shape clusters of α precipitates 
were observed. The number density of α plates is approximately 6.2±0.6 
ppts/μm2 in Fig. 8(f). Notably, compared to cast Ti-5553 aged at 700◦C 
[54], DEDed Ti-5553 displays a much finer α microstructure with a 
higher number density and a smaller sizescale. Further analysis using 
EBSD techniques shown in supplementary Fig. S2 reveals that these α 
precipitates follow the Burgers orientation relationship with parent β 
phase but don’t exhibit any specific texture. In the DEDed Ti-5553 
isothermally aged at 800◦C, the morphology of α precipitates shows 
dramatic change. The lengths of the α precipitates vary from several 
micrometers to tens of micrometers, and the interface between α pre
cipitate and β matrix is not smooth but exhibits irregular morphology. 
Two or three α variants are still observed to intersect with each other to 
form a chevron shape or a triangularly shaped cluster, in Fig. 8(g-h). The 

Fig. 7. (a) Frequency distribution of Ti ions from the APT results revealing the deviation from its binominal distribution; (b) Raw ion map of Ti and the 25 ×25 x25 
nm3 ROI (red square) selected for cluster analysis; and (c) Cluster analysis results showing the Ti-rich pockets with an average cluster size of 1.3 nm.

Fig. 8. SEM images and MIPAR processed images from DEDed Ti-5553 after different post-heat treatments: (a) low-magnification SEM BSE image, (b) high- 
magnification SEM BSE image, and (c) MIPAR processed image of (b) from DEDed Ti-5553 showing refined α microstructure after up-quenching to 600◦C, 
isothermally held for 2 hours, and rapidly water quenched to room temperature; (d) low-magnification SEM BSE image, (e) high-magnification SEM BSE image, and 
(f) MIPAR processed image of (e) from DEDed Ti-5553 showing fine-scaled α microstructure after up-quenching to 700◦C, isothermally held for 2 hours, and rapidly 
water quenched to room temperature; (g) low-magnification SEM BSE image, (h) high-magnification SEM BSE image, and (i) MIPAR processed image of (h) from 
DEDed Ti-5553 showing coarse α microstructure after up-quenching to 800◦C, isothermally held for 2 hours, and rapidly water quenched to room temperature.
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number density of α precipitates is approximately 0.02±0.003 
ppts/μm2, in Fig. 8(i). The morphology, interface structure, and the 
number density of α precipitates in the DEDed Ti-5553 aged at 800◦C are 
consistent with the so-called coarse α microstructure in cast Ti-5553 
[55]. Thus, our experimental characterization demonstrates that 
adjusting aging temperature can effectively alter the α microstructure in 
the DEDed Ti-5553, forming refined α microstructure at 600◦C and 
coarse α microstructure at 800◦C.

In order to study the fine-scale α microstructure formed during 
isothermally aging at 700◦C in the DEDed Ti-5553, 3D FIB-SEM to
mography was applied to reveal the true 3D morphology of α pre
cipitates. Fig. 9(a-d) show the reconstructed 3D microstructure in the 
DEDed Ti-5553 and cast Ti-5553 aged at 700◦C for 2 hours with di
mensions of 9.6 × 7.5 × 11 μm3, where individual α plates are marked 
using different colors in Figs. 9(a) and 9(c). In the DEDed Ti-5553, the α 
precipitates are almost uniformly distributed in Fig. 9(a). Two α variants 
form chevron shape cluster and three α variants form a triangular shape 
cluster, shown in Fig. 9(b). The average equivalent diameter and volume 
of those finer-scale α plates are 1.07 μm and 0.86 μm3, while the volume 
number density is 0.37 feature/μm3. On the other hand, in the cast Ti- 
5553, non-uniform α laths longer than 5 μm in length shown in Fig. 9
(c) interconnect and branch to each other growing in specific directions 
presented in Fig. 9(d). Quantifications show that the average equivalent 
diameter and volume in cast Ti-5553 are 1.84 μm and 5.43 μm3, with a 
reduced volume number density of 0.07 feature/μm3. To compare, the 
average volume of α plates from DEDed sample is less than 20 % of the 
those in cast Ti-5553 while the number density increases by five times, 
indicating a significant refinement of α microstructure in the DEDed Ti- 
5553. Thus, the characterization from 2D SEM BSE imaging and 3D FIB- 
SEM tomography show that the α microstructure formed at 700◦C in the 
DEDed Ti-5553 is significantly different from that in cast Ti-5553, with a 
much higher number density and dramatically smaller sizescale.

3.3.2. The microstructure in the DEDed Ti-5553 after isothermal aging at 
different heating rates

The second group of post-heat treatment focused on the influence of 
different heating rates on the final α microstructure in the DEDed Ti- 
5553. The microstructure in DEDed Ti-5553 while heating to 600◦C at 

the rates of 5 ◦C/min and 0.5 ◦C/min was investigated using SEM BSE 
imaging and shown in Fig. 10(a-f). In the DEDed Ti-5553 heated at 5 ◦C/ 
min, much finer α precipitates are observed and shown in Fig. 10(a-b). 
Compared with the α microstructure in the up-quenched sample (Fig. 8
(a)), the lengths of the α precipitates are approximately 300–500 nm 
along the long axis direction. To further validate the influence of the 
heating rate on the α microstructure formed, another DEDed Ti-5553 
sample was heated to the 600◦C at the rate of 0.5 ◦C/min. Fig. 10(d-e) 
reveal that the sizescale of α precipitates is even finer, with the length of 
the α plates ~200 nm along the long axis direction. It is also worthy to 
point out, with the decrease of α plate’s size, the micro-texture of the α 
plates is even more difficult to observe. Compared to the refined α 
microstructure formed in the DEDed Ti-5553 in Fig. 8(a-b), the α 
microstructure formed in the DEDed Ti-5553 during slow heating shows 
much higher number density, 30.2±0.9 ppts/μm2 and 47.8±0.8 ppts/ 
μm2, respectively when the heating rate of 5 ◦C/min and 0.5 ◦C/min 
were adopted, similar to the so-called super-refined α microstructure in 
the cast Ti-5553 [29].

Due to α precipitates being extremely small in sizescale, the structure 
and the composition of α precipitates in super-refined α microstructure 
in the DEDed Ti-5553 while heating to 600◦C at the rate of 0.5 ◦C/min 
were further analyzed in detail using TEM and STEM, shown in 
Figs. 11–12. In the [111]β zone axis SADP (Fig. 11(a)), clear α reflections 
are observed at ½ {110}β reflections marked in yellow circles. The 
corresponding DF image selecting one α diffraction in Fig. 11(b) shows 
super-refined α plates with 300–500 nm in length uniformly distributed 
in the β matrix. STEM EDS mappings in Fig. 12(a-f) indicate that the 
solute diffusion occurs between α precipitates and the parent β matrix. Ti 
and Al are observed enriched in the super-refined α plates and on the 
other hand, Mo, V and Cr are observed to be rejected in the parent β 
matrix. Thus, our experimental characterization results combining the 
SEM, TEM and S/TEM in Figs. 10–12 indicate that heating rates in the 
post-heat treatment of DEDed Ti-5553 can significantly alter the α pre
cipitate microstructure. Specifically, a lower heating rate adopted re
sults in a finer α microstructure and a higher number density of α 
precipitates in the DEDed Ti-5553.

Fig. 9. 3D FIB-SEM tomography reconstruction showing different α microstructures from DEDed Ti-5553 and cast Ti-5553 alloys: (a) 3D reconstruction showing fine- 
scaled α microstructure in the volume of 9.6 × 7.5 × 11 μm3 from DEDed Ti-5553; (b) 3D reconstruction showing the chevron shape cluster of two α variants and 
triangle shape cluster of three α variants from DEDed Ti-5553; (c) 3D reconstruction showing coarse α microstructure in the volume of 9.6 × 7.5 × 11 μm3 from cast 
Ti-5553; (d) 3D reconstruction showing the intersection of two α variants from cast Ti-5553.
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3.4. Mechanical properties of DEDed Ti-5553 with and without post-heat 
treatment

The mechanical properties of post-heat treated and DEDed Ti-5553 
were evaluated using Vickers hardness tests and room-temperature 
tensile tests. The initial hardness of the DEDed Ti-5553 is approxi
mately 296 ± 5.64 HV. After the post-heat treatment, the hardness 
increased to 406 ± 4.6 HV, 368 ± 5.6 HV, and 332 ± 6.6 HV for 
isothermal aging at 600◦C, 700◦C, and 800◦C, respectively. Addition
ally, the hardness increased to as high as 443 ± 9.7 HV and 458 ± 1.6 
HV for samples subjected to a heating rate of 5 ◦C/min and 0.5 ◦C/min, 
respectively. The hardness test results are shown in Fig. 13 and sum
marized in Table 2.

Tensile tests were performed on DEDed Ti-5553 with and without 
post-heat treatments. The measured stress-strain curves are presented in 
Fig. 14(a-b) and the measured yield strength, ultimate strength, and 
total elongation at fracture are summarized in Table 2. The DEDed Ti- 
5553 exhibits a total elongation at fracture of 19.1±1.0 % with a yield 

strength of 809.0±75.0 MPa and ultimate strength of 858.3 ±

49.9 MPa. Additionally, the Young’s modulus of DEDed Ti-5553 
measured using nanoindentation is 79.1 ± 2.0 GPa. The above 
measured values in our tensile test using miniature specimens are 
comparable to the values reported from the laser-based additively 
manufactured Ti-5553 [18,56,57]. Isothermal aging at 600◦C, 700◦C, 
and 800◦C results in the increased yield strength and ultimate strength 
of 1425.5 ± 54.0 MPa and 1477.5 ± 49.9 MPa, 1079.4 ± 50.5 MPa and 
1120.6 ± 63.9 MPa, and 857.2 ± 55.4 MPa and 913.6 ± 44.1 MPa, 
respectively, accompanied by a decrease in total elongation to approx
imately 3.7 ± 0.1 %, 6.6 ± 0.5 %, and 10.4 ± 1.8 %, in Fig. 14(a). For 
the sample heated at the rate of 5 ◦C/min, the yield strength and ulti
mate strength further increase to 1460.6±60.0 MPa and 1534.6 
±46.1 MPa with reduced total elongation to only 3.6 ± 5.6 %, in Fig. 14
(b). Remarkably, the sample heated at the rate of 0.5 ◦C/min exhibited 
extreme brittleness, failing before reaching the yield limit. These tensile 
test results clearly emphasize that post-heat treatment can significantly 
modify the mechanical performance of DEDed Ti-5553, with both aging 

Fig. 10. SEM images and MIPAR processed images from DEDed Ti-5553 after different post-heat treatments: (a) low-magnification SEM BSE image, (b) high- 
magnification SEM BSE image, and (c) MIPAR processed image of (b) from DEDed Ti-5553 showing refined α microstructure after slow heated at 5 ◦C/min to 
600◦C, isothermally held for 2 hours, and rapidly water quenched to room temperature; (d) low-magnification SEM BSE image, (e) high-magnification SEM BSE 
image, and (f) MIPAR processed image of (e) from DEDed Ti-5553 showing fine-scaled α microstructure after slow heated at 0.5 ◦C/min to 600◦C, isothermally held 
for 2 hours, and water quenched to room temperature.

Fig. 11. TEM SADP and corresponding dark-field imaging showing super-refined α microstructure in the post-heat treated Ti-5553: (a) [111]β zone axis SADP with α 
reflections marked in yellow circles; (b) corresponding dark-field image by selecting one α reflection in (a).
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temperature and heating rates altering the yield strength, ultimate 
strength, and total elongation.

The morphology of the fracture surfaces of the DEDed Ti-5553 after 
tensile tests were characterized using SEM SE imaging, presented in 
Fig. 15(a-e). DEDed Ti-5553, along with samples aged at 800◦C and 
700◦C, display a mixture of dimples (marked in orange color) and shear 
lips (marked in yellow color), indictive of ductile fracture in Fig. 15 (a-c, 
f-h). Conversely, river-patterned facets (marked in green color) are 
characterized in the up-quenched or slowly heated to 600◦C Ti-5553 in 
Fig. 15(d-e, i-j). The size of dimples decreases from 5 to 30 μm in the 
DEDed Ti-5553, to 3–15 μm in the 800◦C aged Ti-5553, and 1–2 μm in 
the 700◦C aged Ti-5553, consistent with the size of α precipitates in 
these samples. Finer-scaled dimples are observed from the sample up- 
quenched to 600◦C, while an insufficient number of dimples are 

observed in the sample slowly heated to 600◦C. These observations 
suggest that ductile fracture occurs in the DED Ti-5553 and high- 
temperature aged Ti-5553 (700◦C and 800◦C); while in contrast, 
cleavage mode dominates the fracture in the samples aged at 600◦C 
regardless of heating rate, consistent with the lack of ductility observed 
in the tensile testing results. Thus, fracture analysis evidently shows that 
different fracture modes occur in the post-heat treated Ti-5553, ac
counting for different combinations of strength and ductility in these 
samples.

4. Discussion

In addition to experimental results of microstructural features and 
mechanical properties, it is of specific importance to discuss the 
fundamental mechanisms responsible for the formation of various mi
crostructures during DED and post-heat treatment of Ti-5553, aiming at 
gaining an in-depth understanding of the process-microstructure rela
tionship and providing insights towards elucidating the effect of 
microstructural features on the tuned strength and ductility of 3D 
additively manufactured metastable β-Ti alloy.

4.1. Formation of isothermal ω phase and O′ phase in the DEDed Ti-5553

Our experimental characterization combining SEM and TEM analysis 
has revealed for the first time the presence of nanoscale isothermal ω 
phase and O′ phase in the interior of β grains with the absence of any α 
precipitates in the DEDed Ti-5553. Both isothermal ω phase and O′ phase 
have been observed in a variety of cast metastable β-Ti alloys during 

Fig. 12. HAADF-STEM imaging and XEDS mapping showing super-refined α microstructure in the post-heat treated Ti-5553: (a) HAADF-STEM image; XEDS 
mapping showing the distribution of elements (b) Ti; (c) Al; (d) Cr; (e) Mo; and (f) V.

Fig. 13. Vickers hardness of Ti-5553 after different post-heat treatments.

Table 2 
Microstructure and mechanical properties of DEDed Ti-5553 with and without post-heat treatments.

Sample Density of α (ppts/mm2) Hardness 
(HV)

Yield strength (MPa) Ultimate strength (MPa) Ductility 
(%)

DEDed Ti5553 N/A 296±5.6 809.0±75.0 858.3±75.0 19.1±1.0
600◦C isothermal aging 10.7±1.1 406±4.6 1425.5±54.0 1477.5±49.9 3.7±0.1
700◦C isothermal aging 6.2±0.6 368±5.6 1079.4±50.5 1120.6±63.9 6.6±0.5
800◦C isothermal aging 0.02±0.003 332±6.6 857.2±55.4 913.6±44.1 10.4±1.8
0.5 ◦C/min heating rate 47.8±0.8 458±1.6 N/A N/A N/A
5 ◦C/min heating rate 30.2±0.9 443±9.7 1460.6±60.0 1534.6±46.1 3.6±5.6
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low-temperature aging and rapid cooling from above the Tβ temperature 
to room temperature through different transformation mechanisms, 
shown in Fig. 16(a-b) [49,58,59]. The duplex diffusional and displacive 
β to isothermal ω phase transformation involves the shuffling of atoms 
on every two of three adjacent {111}β planes towards each other, 
marked by red color arrows in Fig. 16(a), leaving the third plane 

unchanged, and solute diffusion between isothermal ω phase and the 
parent β phase matrix. Depending on the alloys’ solute content, the 
shuffled atoms may or may not reach the intermediate plane to trans
form the parent bcc structure to hexagonal structure [60,61]. On the 
other hand, if the solute content surpasses a critical composition in 
metastable β-Ti alloys, the diffusionless transformation from β to O′ 

Fig. 14. Tensile stress-strain profiles of DEDed Ti-5553 after different post-heat treatment: (a) stress-strain profiles of DEDed Ti-5553 after being isothermally aged at 
600◦C, 700◦C and 800◦C; (b) stress-strain profiles of DEDed Ti-5553 after being heated up to 600◦C at different heating rates.

Fig. 15. SEM SE imaging at low and high magnifications showing the fractured surface tomography of DEDed Ti-5553 after different post-heat treatment: (a) and (f) 
DEDed Ti-5553; (b) and (g) DEDed Ti-5553 after isothermally aged at 800◦C; (c) and (h) DEDed Ti-5553 after isothermally aged at 700◦C showing dimples and shear 
lips marked in orange and yellow color respectively; (d) and (i) DEDed Ti-5553 after isothermally aged at 600◦C; (e) and (j) DEDed Ti-5553 after being slowly heated 
(at a rate of 0.5 ◦C/min) to 600◦C showing river-like facets marked in green color.

Fig. 16. Schematic drawings showing the atom shuffle in different shuffle transformations: (a) atoms on every two of three adjacent {111}β planes shuffling towards 
each other in β to ω transformation; (b) atoms on every other {110}β planes shuffle along <110>β direction in β to O′ transformation.
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phase can occur via the shuffling of atoms on every other {110}β planes 
along the <1–10>β direction, marked by green color arrows in Fig. 16
(b), changing the parent bcc structure to the orthorhombic structure [48, 
62]. Notably, compared to the martensitic β to orthorhombic α″ phase 
transformation, the formation of orthorhombic O′ phase lacks a shear 
component, resulting in little or almost no strain involvement [63,64].

During the DED process of Ti-5553, the rapid cooling rate of typically 
103 - 105℃/s effectively suppresses diffusional phase transformation, e. 
g., α phase precipitation from β phase [65]. However, such a rapid 
cooling process allows the formation of diffusionless ω and O′ phases. It 
is crucial to highlight that the periodic reheating on previously depos
ited layers during the DED process may influence the ω phase formed in 
DEDed Ti-5553 by transforming the so-called athermal ω phase to 
isothermal ω phase. In cast Ti-5553, during low-temperature aging, e.g., 
isothermally aged at 350◦C or continuously heated up to 350◦C, solute 
diffusion could occur between the ω phase and parent β phase and 
transform the athermal ω phase formed during rapid quenching to the 
isothermal ω phase formed during aging. In DEDed Ti-5553, the 
reheating cycles may facilitate similar diffusion occurring between the 
athermal ω phase formed during rapid cooling and thus form the 
isothermal ω phase. The isothermal ω phase forms from the athermal ω 
through the rejection of all the solute atoms into the adjacent beta 
matrix, which has been validated by the observed Ti-rich and solute lean 
pockets in the 3D APT reconstruction shown in Figs. 6–7.

Additionally, another novel metastable phase, O″ phase with ordered 
orthorhombic structure [66], has not yet been observed in the DEDed 
Ti-5553. The absence of ordering may be attributed to the limited aging 
time and constrained solute diffusion during the DED process. In 
contrast to the DEDed α/β Ti alloys, e.g. Ti-64 [67], there is no α′ or α″ 
martensite formed in the DEDed metastable β Ti-5553. Thus, in the 
DEDed Ti-5553, nanoscale isothermal ω phase and O′ phase are formed 
in the β phase matrix due to the high cooling rate and periodic heating 
involved, and our TEM results at three different zone axes validate the 
presence of both nanoscale phases. These nanostructures have the po
tential to significantly influence the microstructure evolution during 
subsequent post-heat treatment of the DEDed Ti-5553.

4.2. Formation of different α microstructures during post-heat treatments

4.2.1. Refined α microstructure
In DEDed Ti-5553, upon rapidly up-quenching and subsequent 

isothermally holding at 600◦C for 2 hours, α microstructure emerges 
with a number density of 10.7±1.1 ppts/μm2. The characteristics of this 
α microstructure in the DEDed Ti-5553 including number density, 
sizescale, and morphology are comparable to the so-called refined α 
microstructure formed in cast metastable β-Ti alloys [24,30]. This sim
ilarity suggests that the refined α microstructure in the DEDed Ti-5553 
may be formed through a pseudospinodal decomposition mechanism. 
In metastable β-Ti alloys, when the parent β phase has the average 
composition close to the intersection point of Gibbs free energy vs 

composition curves of the parent β and product α phase at a given 
temperature, a small amplitude compositional fluctuation in the parent 
β phase will drive its composition into the opposite side of the inter
section point, resulting in a driving force for the parent β phase to 
congruently transform into the product α phase. In such a situation, the 
system can reduce its Gibbs free energy via a rapid congruent trans
formation from parent β to the product α phase occurring within the 
small pockets created by the compositional fluctuations within the 
parent β phase. Subsequent compositional partitioning can occur be
tween the parent β and the product α phase via long-range diffusion 
[24]. In order to verify the pseudospinodal decomposition mechanism, 
the Gibbs free energy curves for the α and β phases were plotted using 
Pandat software and are shown in Fig. 17. Using the Mo equivalency 
method, the calculated Mo equivalency for Ti-5553 is approximately ~ 
9 wt% [24]. As shown in Fig. 17 (a-b), the intersection point is 
approximately 8.5 wt% at 600◦C and 6.0 wt% at 700◦C. Therefore at 
600◦C, the average composition of β phase in DEDed Ti-5553 is within 
the composition range where pseudospinodal decomposition can occur. 
The large amount of thermal compositional fluctuation in local areas in 
the interior of the β grains leads to a high number of nucleation sites for 
intragranular α precipitation. As a result, refined α microstructure with a 
large number density and small sizescale is formed inside the β grains. 
Importantly, the formation of the refined α microstructure during the 
post-heat treatment is unlikely to be related to the nanostructures, e.g., ω 
and O′ particles in the DEDed Ti-5553. This is because during the rapid 
up-quenching to 600◦C in DEDed Ti-5553, ω and O′ phases will dissolve 
into parent β phase below 600◦C. Thus, during the post-heat treatment 
of the DEDed Ti-5553, refined α microstructure is formed from the 
parent β phase directly likely via the pseudospinodal decomposition 
mechanism while up-quenching to 600◦C and isothermally holding for 
2 hours.

4.2.2. Fine scale α microstructure
In the DEDed Ti-5553, under the condition of rapidly up-quenching 

and isothermally holding at 700◦C for 2 hours, a distinct fine-scale α 
microstructure with the number density of 6.2±0.6 ppts/μm2 is formed. 
Compared to the α microstructure formed during isothermal heat 
treatment at 700◦C in cast Ti-5553, there is a clear difference in the 
morphology and sizescale of α microstructure formed in the DEDed Ti- 
5553. Comparing the 3D reconstructions from the FIB serial-sections 
shown in Fig. 9 for both the cast and DEDed Ti-5553 reveals that 
there are substantially more α nucleation sites in case of the latter. 
Considering the complexity of the thermo-kinetics involved in the DED 
process, it can be hypothesized that the fine-scale α microstructure may 
form due to the combination of multiple factors. These include both the 
indirect influence of nanoscale isothermal ω phase particles formed 
during DED process and the excess oxygen introduced during DED 
process. Firstly, during the rapid up-quenching to 700◦C, the nanoscale 
isothermal ω precipitates may transform back to parent β phase as 700◦C 
is substantially higher than the ω solvus temperature (~375◦C) in Ti- 

Fig. 17. Gibbs free energy curves for α and β phases in modeled Ti-Mo binary alloy at (a) 600◦C and (b) 700◦C.
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5553. Given the relative short time available for this transformation, 
while the structural displacive (diffusionless) transition from the hex
agonal structure to the body-centered cubic structure may reach 
completion, the associated diffusional compositional changes may not. 
This incomplete transformation could result in the formation of nano
scale solute-lean pockets within the β phase matrix. These solute-lean 
pockets could serve as favorable nucleation sites for subsequent fine 
scale α precipitation. A similar indirect influence of isothermal ω phase 
on α precipitation has been observed in cast Ti-5553 alloy during up- 
quench heat treatment [28]. Secondly, there is inevitably absorption 
of oxygen in the DEDed Ti-5553, arising from the oxygen contamination 
during solidification even under an inert gas environment or the oxygen 
from feedstock powder [51,52]. The results from the LECO chemical 
analysis in the present case, and the 3D APT results (Figs. 6–7 and 
Table 1) reveal the pickup of oxygen in the DEDed Ti-5553 during the 
DED process, compared to the powder feedstock. Oxygen, a known 
characteristic α phase stabilizer, could enhance the driving force for α 
nucleation [68,69]. Additionally, our recent study using atom probe 
tomography has shown than the segregation of oxygen at the grain 
boundary in the cast Ti-5553 plays a critical role responsible for the 
grain boundary α formation [70]. It is reasonable to consider that oxy
gen absorbed during DED process potentially contributes to the larger 
number density of fine-scaled α in the DEDed Ti-5553 at 700◦C. To 
unambiguously identify the role of oxygen and nanoscale ω precipitates 
on the fine scale α microstructure, the early stages of α precipitation at 
700◦C are being investigated using TEM and 3D APT. The results will be 
reported in our future work.

4.2.3. Super-refined α microstructure
After DEDed Ti-5553 is slowly heated to 600◦C at 5 ◦C/min, 0.5 ◦C/ 

min, and isothermally held for 2 hours, the so-called super-refined α 
microstructure with the number densities of 30.2±0.9 and 47.8±0.8 
ppts/μm2 can form. It is hypothesized that during the slow heating, 
nanostructures, e.g., nanoscale isothermal ω phase and O′ phase particles 
formed in the DEDed Ti-5553, may assist in the formation of super- 
refined α precipitates. The ω phase assisted α precipitation has been 
extensively observed in several different cast metastable β-Ti alloys. Li 
et al. observed that in the Ti-6Cr-5Mo-5 V-4Al (wt%) alloy, oxygen tends 
to accumulate at the pre-formed ω/β interface, creating a region 
enriched in oxygen that acts as favorable nucleation sites for subsequent 
α phase precipitation [26,71]. This enrichment of oxygen facilitates the 
formation of a large number of very fine-scaled α precipitates through a 
mixed displacive-diffusional transformation mechanism. Nag et al. re
ported the solute segregation near the pre-formed ω/β interface in cast 
Ti-5553 [72]. Unlike oxygen, Al characterized through atom probe to
mography segregates at a certain distance from the pre-formed ω/β 
interface. Al, as an effective α phase stabilizer, can serve as the nucle
ation sites of α phase formation. Additionally, our recent studies in cast 
Ti-5553 alloy have revealed that the concentration and stress field near 
the pre-formed ω/β interface could be modified by the pre-formed ω 
phase [29]. Both factors can contribute to the resulting formation of 
super-refined α phase precipitates. Similarly, during the slow heating 
process in post-heat treatment, DEDed Ti-5553 is maintained at low 
temperature for sufficient long time to allow athermal ω phase to 
transform to isothermal ω phase below the ω solvus temperature 
(~400◦C). These isothermal ω phase particles can alter the solute dis
tribution, e.g., the distribution of oxygen and Al, near the ω/β interface 
and also change the stress field due to the lattice mismatch between the 
ω phase and β matrix. Thus, the ω phase may create potent nucleation 
sites for the super-refined α microstructure in DEDed Ti-5553.

It is also worthy to point out that recent studies have suggested the 
possible influence of O′ phase on α nucleation in the Ti-23 Nb-2 O (at%) 
[50] and Ti-5Al-3Mo-3 V-2Cr-2Zr-1 Nb-1Fe (wt%) alloys [73–75]. Li 
et al. characterized the segregation of oxygen near the O′/β interface and 
claimed such an oxygen enriched zone could act as favorable nucleation 
sites for α precipitation in metastable β Ti-23 Nb-2 O (at%) alloy [50]. 

Song et al. suggested that the uniform and dense distribution of 
fine-scaled α precipitates formed in aged metastable β Ti-5Al-3
Mo-3 V-2Cr-2Zr-1 Nb-1Fe is due to the large number of O′ precursors 
assisted α nucleation [73]. These findings indicate that during the slow 
heating in the post-heat treatment of DEDed Ti-5553, the nanoscale O′ 
phase particles could potentially play a role in the formation of the 
super-refined α precipitates. In summary, in our current study, nano
scale ω and O′ phase formed during the rapid cooling in the DED process, 
significantly impacting the local structure and/or composition; there
fore, creating more nucleation sites for subsequent super-refined α phase 
precipitation in the interior of the β grains.

4.3. Influence of α microstructure on mechanical properties

Post-heat treatments result in varied hardness, yield strength, ulti
mate strength, and ductility of DEDed Ti-5553, which attributed to the 
formation of α microstructures with different sizescales, as shown in 
Table 2. The yield strength of metastable β-Ti alloys with a fixed 
composition is mainly dependent on the number density and distribu
tion of α precipitates, arising from the ability of α precipitates in hin
dering the dislocation movement [34,35]. The critical resolved shear 
stress (σ) for a dislocation overcoming α precipitates is inversely pro
portional to the inter-particle spacing (l), and is expressed as: σ∝K

l , where 
K is the Taylor factor, and l as inter-particle spacing between α pre
cipitates. In this study, the coarse, refined, and super-refined α micro
structures, although almost uniformly distributed in the interior of β 
grains, exhibit distinct number densities, 0.02±0.003 ppts/μm2 for 
coarse α microstructure, 10.7±1.1 ppts/μm2 for refined α microstructure 
and over 30.2±0.9 ppts/μm2 for super-refined α microstructure. Thus, 
the relative higher number density of refined and super-refined α mi
crostructures can contribute to the higher yield strength compared to the 
coarse α microstructure in the DEDed Ti-5553.

The α precipitates also influence the deformation mechanisms of the 
metastable β-Ti alloys. For comparison, in case of the Ti-12Mo (wt%) 
alloy, the dominant effects of twinning induced plasticity (TWIP) and 
transformation induced plasticity (TRIP) lead to high strain hardening 
and substantial uniform tensile ductility despite the presence of athe
rmal ω precipitates within the β grains. After a short-time aging at low 
temperature (~150–200◦C), early stages of isothermal ω formation 
significantly increases the strength without a substantial loss of 
ductility; while on the other hand, after long-time aging at low tem
perature, well-developed isothermal ω precipitates, and the more β 
stabilized matrix suppresses deformation twinning (e.g., {332}<113>

type), as well as stress-induced martensitic transformation, thus signif
icantly decreasing the ductility [76,77]. In β-solutionized Ti-5553, novel 
{10 9 3}<3 3 1> deformation twins and martensitic α″ phase have been 
recently identified [78]. In our study, in DEDed Ti-5553, nanoscale ω 
and O′ phases are formed without the presence of any α precipitates. The 
stress-strain plot for the DEDed Ti-5553, shown in Fig. 14, exhibits 
relatively high ductility (~19.1 ± 1.0 % elongation), but no 
strain-hardening. Therefore, it can be hypothesized that the deformation 
in case of as-processed Ti-5553 is dominated by dislocation-mediated 
plasticity. The nanoscale ω and O′ phase precipitates do not impede 
dislocations to any significant degree, leading to the relatively high 
ductility of DEDed Ti-5553 (~19.1 ± 1.0 % elongation). Even though 
solute partitioning has been observed in the nanoscale ω precipitates 
based on 3D APT results, it represents the early stages of isothermal ω 
formation. These ω precipitates do not lead to embrittlement and 
consequently the DEDed Ti-5553 alloy maintains good ductility. How
ever, after different α microstructures are formed in the DEDed Ti-5553 
after post-heat treatment, the mean free path for dislocation slip is 
severely restricted. Additionally, the large number of α/β interfaces will 
influence the dislocation slip transmission. Dislocations in β matrix are 
obstructed and pile up at the α/β interfaces, and these semi-coherent 
interfaces need to transfer the slip by dislocation or twinning inside 
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the α precipitates. For the relatively coarse α precipitates, internal 
twinning and dislocation slip could be activated, and thus contribute to 
the relative higher strength and ductility (yield strength 857.2 ±

55.4 MPa and elongation 10.4 ± 1.8 %), while for the refined α pre
cipitates, the larger number of α/β interfaces could significantly increase 
the strength but substantially decreases the ductility (yield strength 
1460.6 ± 60.0 MPa and 3.6 ± 5.6 % elongation).

5. Conclusion

This study investigates the microstructure evolution of DEDed 
metastable β Ti-5553 alloy as affected by post-heat treatments and its 
effect on material’s strength and ductility. Notably, in DEDed Ti-5553, 
nanoscale isothermal ω phase and O′ phase are formed in the coarse 
columnar β grains without the formation of any α phase precipitates. The 
post-heat treatments have been demonstrated to effectively induce 
different fine-scaled α microstructures in DEDed Ti-5553 via different 
phase transformation mechanisms, affecting the mechanical perfor
mance of DEDed Ti-5553, including the hardness, tensile strength, and 
ductility. Specifically, the key findings are summarized as follows:

In DEDed Ti-5553, nanoscale isothermal ω phase with hexagonal 
structure and nanoscale O′ phase with orthorhombic structure are 
formed in the coarse columnar β grains without the formation of any 
diffusional hcp-structured α phase precipitates, resulting in the 
hardness of 296±5.6 HV, yield strength of 809±75.0 MPa, ultimate 
strength of 858.3±75.0 MPA, total elongation of ~19.1±1 %, and 
Young’s modulus of 79.1 ± 2.0 GPa.
Up-quenching and isothermally aging at 600◦C for 2 hours produces 
a refined α microstructure with the number density of 10.7±1.1 
ppts/μm2 in DEDed Ti-5553 via pseudospinodal decomposition. The 
refined α microstructure enhanced the hardness to 406±4.6 HV, 
yield strength to 1425.5±54.0 MPa, and ultimate strength to 1477.5 
±49.0 MPa, but the total elongation decreased to approximately 3.7 
±0.1 %.
Up-quenching and isothermally aging at 700◦C for 2 hours generates 
a fine-scaled α microstructure with the number density of 6.2±0.6 
ppts/μm2 in DEDed Ti-5553, possibly influenced by the combination 
of multiple factors, including both the indirect influence of nanoscale 
isothermal ω phase particles formed during DED process and the 
excess oxygen introduced during DED process. The fine-scaled α 
microstructure raised the hardness to 368±5.6 HV, yield strength to 
1079.4±50.5 MPa, and ultimate strength to 1120.6±63.9 MPa, but 
reduced the total elongation to 6.6±0.5 %.
Up-quenching and isothermally aging at 800◦C for 2 hours yields a 
coarse α microstructure with the number density of 6.2±0.6 ppts/ 
μm2 in DEDed Ti-5553, via the classical nucleation and growth 
mechanism. The coarse α microstructure improved the hardness to 
332±6.6 HV, yield strength to 857.2±55.4 MPa, and ultimate 
strength to 913.6±44.1 MPa, and maintained 10.4±1.8 % total 
elongation.
Slow heating up at 5 ◦C/min followed by isothermally aging at 600◦C 
for 2 hours leads to a super-refined α microstructure with the number 
density of 30.2±0.9 ppts/μm2 in DEDed Ti-5553, via the ω phase and 
O′ phase assisted α nucleation mechanism. The super-refined α 
microstructure increased the hardness to 443±9.7 HV, yield strength 
to 1460.6±60.0 MPa, and ultimate strength to 1534.6±46.1 MPa 
but sacrifices the total elongation to only 3.6±5.6 %.

In conclusion, our study conclusively demonstrates the tunability of 
DEDed Ti-5553’s strength and ductility by the manipulation of α mi
crostructures through different post-heat treatments. This research 
provides valuable insights into enhancing the mechanical properties of 
AM-fabricated metastable β-Ti alloys, paving the way for further ad
vancements in material design and processing.
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