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Powder Bed Fusion-Laser Beam (PBF-LB) enables the fabrication of complex geometries but usually produces
undesirable o martensitic microstructures in a+p Ti alloys. To address this issue through alloy design, we
investigated the effect of Mn on the facilitation of in-situ martensite decomposition. As-built Ti-2Mn developed
a+p microstructures at lower volumetric energy densities (VEDs) than as-built Ti-6A1-4V, despite their compa-
rable f stability at martensite decomposition temperatures. Moreover, in Ti-2Mn, the a phase showed partial Mn
depletion at a VED of 152J/mm® and nearly reached equilibrium in Mn content at a VED of 357 J/mm°.
Meanwhile, Ti-6Al-4V retained an intermediate V content in the « phase between the equilibrium and o
martensite states, even at 357 J/mm®. Due to the facilitated martensite decomposition, the uniform elongation of
Ti-2Mn improved from 6.3 % to 7.8 %, while its ultimate tensile strength decreased only slightly (928-857 MPa).
Although its strength was lower than that of Ti-6Al-4 V, Ti-2Mn still achieved approximately 2.5-times higher
strength than as-built commercially pure Ti while maintaining sufficient ductility without post-heat treatment.
These results demonstrate that Mn addition provides a practical alloy-design strategy for enabling in-situ for-
mation of a+p microstructures in PBF-LB Ti alloys, offering a complementary pathway to conventional proc-
ess-parameter-based microstructure control.

1. Introduction

Metal additive manufacturing (MAM) has been widely used in
various applications, including biomedical devices, aerospace compo-
nents and automotive parts [1,2]. This widespread adoption is attrib-
uted to the high degree of freedom of MAM, which enables the
fabrication of advanced components with complex geometries such as
tailor-made and generative-artificial-intelligence aided designs [3,4].
Among the various MAM techniques, powder bed fusion-laser beam
(PBF-LB) has received particular attention in industrial applications and
academic research due to its excellent dimensional precision and flexi-
bility in producing intricate structures [5,6]. These advantages arise
from the layer-wise selective melting and solidification of a powder bed

under controlled laser irradiation. However, the extremely high cooling
rates involved (10°-107 °C/s [7]) often lead to the formation of fully
martensitic o microstructures in Ti alloys [8].

Titanium alloys are generally classified into o, a+p, and p types based
on their phase constitution. The a+p alloys consist of an a phase with a
hexagonal close-packed (hcp) structure and a p phase with a body-
centered cubic (bec) structure. Their dual-phase microstructures form
through a diffusion-controlled allotropic transformation and are
retained by adequate amounts of -stabilizing elements, such as V in Ti-
6Al-4V. Under conventional processing, o+ microstructures are typi-
cally obtained unless suppressed by rapid cooling techniques such as
water quenching (>410°C/s) [9]. In contrast, PBF-LB imposes much
higher cooling rates (10°-107 °C/s [7]), which typically lead to the
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formation of metastable o martensite.

The o martensite is a non-equilibrium « phase produced through a
diffusionless martensitic transformation. This transformation generates
a distinctive lath-type microstructure and leaves § stabilizing elements
supersaturated within the o matrix, as no solute partitioning occurs
during the rapid transformation. To restore such martensite to the
desired o-+p microstructures, as-built components usually undergo post-
heat treatment [10-12], which enable the supersaturated § stabilizers to
diffuse into o lattice defects and nucleate the p phase [13].

Alternatively, by utilizing an intrinsic heat treatment (IHT) effect,
the equilibrium a+p microstructures can be obtained in as-built condi-
tions [14]. The IHT phenomenon occurs due to the heat accumulation in
the components during building. Thus, although martensite is inevitably
formed, it may be subsequently decomposed into the o+ phases over
the course of a PBF-LB process, i.e., in-situ martensite decomposition.
To reliably control this IHT-driven microstructure manipulation, various
strategies have been attempted in Ti-6Al-4V, such as support structure
optimization [15], a component layout design [16] and process
parameter optimization [14,15,17-22]. In particular, Ter Haar and
Becker demonstrated that reduced scan speeds and hatch distances
promoted in-situ martensite decomposition [20]. Furthermore, the
application of high laser power effectively resulted in the in-situ for-
mation of various a+p microstructures [23]. However, many process
parameters (such as laser power, focal offset, or baseplate temperature)
are constrained by machine specifications, motivating the exploration of
complementary strategies.

Alloy design has been achieving various microstructure manipula-
tion in as-built conditions, such as grain refinement, columnar to equi-
axed transition (CET), and phase transition [24,25]. This strategy has
the advantage of being less constrained by process parameter adjust-
ability, because it relies on customized feedstock chemistry. However,
there are only a few reports addressing in-situ martensite decomposition
through alloy design [26]. In the literature, a part of V in Ti-6Al-4V were
replaced by Fe via in-situ alloying approach, facilitating the formation of
a+p microstructures during PBF-LB [26]. Although the exact mecha-
nism remains unclear, the diffusivity of Fe is believed to play a vital role
in the martensite decomposition. Because Fe exhibits abnormally fast
diffusion in the a phase [27], it may accelerate p phase nucleation more
effectively than V, thereby facilitating a+p microstructure formation.
However, the effect of other fast diffusive solutes on in-situ martensite
decomposition remains unexplored.

To identify promising solutes for this purpose, our previous study
systematically examined the kinetics of martensite decomposition
among several a+f Ti alloys each containing Mn, Fe, Cr, and V under
equivalent f stability set through CALPHAD-aided composition design
[28]. This comparison indicated that Mn, owing to its relatively fast
diffusivity, promotes earlier martensite decomposition than V. However,
because that study relied on powder metallurgy and post-heat treatment
to isolate chemical effects, the effectiveness of Mn under actual PBF-LB
conditions has not yet been fully established.

In this study, we investigated the crystallographic characteristics and
mechanical properties of a binary Ti-Mn alloy fabricated by PBF-LB and
compared them with those of a Ti-6Al-4V alloy with a focus on in-situ
martensite decomposition. The Mn content of the alloy was first set
based on equivalency of equilibrium p phase fraction of Ti-Mn to Ti-6Al-
4V. Both alloys were then fabricated by PBF-LB with various scan speeds
and hatch distances to induce the different degrees of IHT. Their mi-
crostructures, phase constitutions, nanoscale solute distributions, and
mechanical properties were subsequently characterized to assess the
role of Mn in facilitating in-situ martensite decomposition during
PBF-LB.
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2. Methodology
2.1. CALPHAD

By using a CALPHAD approach (CALculation of PHAse Diagrams),
the Mn content for the alloy was set to be 2 wt%. The calculation was
conducted in the Pandat software, employing two databases: the
Computational Phase Diagram Database (CPDD, National Institute for
Materials Science) for a Ti-Mn system [29,30] and the PanTitanium
thermodynamic database (CompuTherm LLC) for a Ti-6A1-4V alloy [31].
As shown in Fig. 1, the systems of Ti-2Mn and Ti-6Al-4V exhibited
similar B phase fraction curves particularly at 550-682°C, which is a
critical range in the present study. Although martensite decomposition
in Ti-6Al-4 V has been reported to occur between 423 and 682°C [32],
Ti-2Mn undergoes a eutectoid reaction forming a mixture of o-Ti and
a(Ti, Mn) below 550°C [33]. This study therefore focused on the range of
550-682°C (highlighted in Fig. 1) to examine decomposition especially
into the a+f phases. Within this range, the difference in  phase fraction
between the two alloys is small (0.01-0.05), indicating comparable p
stability, as shown in the magnified panel in Fig. 1.

The Gibbs free energy was also calculated to compare the chemical
driving force for martensite decomposition, AGcem, between Ti-2Mn
and Ti-6Al-4V:

AGchem = Gu+[3 - Gu' (1)

Here, G,.y and G, denote the Gibbs free energy under equilibrium
o+ and non-equilibrium o conditions, respectively. G,.;, was obtained
using the lever rule by weighting the Gibbs energies of each sol-
ute-partitioned phase by their respective equilibrium phase fractions.
Gy was calculated by assuming that all solute elements remain in a
single o phase without partitioning, consistent with o being a super-
saturated « phase formed through diffusionless martensitic
transformation.

The time-dependent evolution of p phase volume fraction was further
calculated to compare the § evolution behaviours between Ti-2Mn and
Ti-6A1-4V using the PanEvolution module coupled with the Pandat
software [34]. The simulation employed a KWN (Kampmann-Wagner
Numerical) model, incorporating the a and f phases as matrix and
precipitate, respectively. Since these phases satisfy the Burgers orien-
tation relationship, the interface is coherent during the early stages of
precipitation [35,36]. Accordingly, the interfacial energy was set to
0.04 J/mm?, assuming the coherent interface based on a previous report
[37]. Besides, grain boundaries were assigned as nucleation sites,
reflecting the characteristics of the samples in this study.
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Fig. 1. Equilibrium phase fraction curves of Ti-2Mn and Ti-6Al-4V estimated
by CALPHAD.
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2.2. Materials

To prepare the feedstock for a Ti-2Mn alloy, commercially pure (CP)
Ti and Mn powders were employed. The Ti powder supplied by Osaka
Titanium Technologies Co., Ltd. showed a spherical morphology with
characteristic diameters of D1o= 23.8, Dsg = 33.7, Dgo= 49.1 pm and a
purity of 99.89 % (Fig. 2(a-1 and b-1)). The Mn powder supplied by
Kojundo Chemical Laboratory Co., Ltd. showed an irregular morphology
with a particle size of D1p= 3.0, Dso = 5.4, Dgp= 8.6 pm and a purity of
99.9 % (Fig. 2(a-2 and b-2)). These powders were filled in a poly-
propylene container with Ar gas and subsequently mixed using a rocking
mill (RM-05, Seiwa Giken). The mixing was performed with zirconia
balls (10 mm in diameter and 10:1 in a powder to ball weight ratio) for
1 h. As shown in Fig. 2(b-3), the mixed Ti-2Mn feedstock showed a
homogeneous dispersion of Mn particles around Ti particles. For Ti-6Al-
4V, a pre-alloyed powder supplied by Osaka Titanium Technologies Co.,
Ltd. was used, featuring a spherical morphology similar to the CP-Ti
powder. Its characteristic diameters were Dig= 12.6, D5y = 25.4,
Dgp= 44.6 pm. The size distribution of all powders was obtained by laser
diffraction analysis (LA-950, HORIBA).

The feedstocks of Ti-2Mn and Ti-6Al-4V were first built into
10 x 10 x 10 mm?® blocks with contour-type support structures on a Ti
baseplate using a PBF-LB machine (TruPrint1000, TRUMPF) with a
laser beam diameter of 30 pm. The build chamber was purged with high
purity Ar gas to maintain an oxygen concentration around 100 ppm.
Schematics of the scanning strategy and build plate configuration are
shown in Fig. 3(a). All blocks were built using the same chessboard
scanning pattern, laser power (P = 200 W), and layer thickness (t = 20
pm). Meanwhile, different scan speeds (v = 400-660 mm/s) and hatch
spacings (h = 70-100 pm) were applied to vary the volumetric energy
densities (VEDs), Ey, defined as follows:

Ey = — (2)

The applied Ey was in the range of 152-357 J/mm?® as indicated in
Fig. 3(b).

This range was validated by the sufficiently low porosity, which
remained below 0.20 % and 0.21 % for Ti-2Mn and Ti-6Al-4V, respec-
tively (Fig. S1 (a) in the supplementary material). In addition, most
pores were spherical (Fig. S1(b)), suggesting negligible influence on
mechanical properties based on previously reported relationships for Ti-
6Al-4 V [38].

Moreover, within this VED range, the difference in feedstock type, i.
e., pre-mixed vs. pre-alloyed powder, was regarded as insignificant
based on SEM-EDS analysis (supplementary material). This note shows
that Ti-2Mn fabricated from mechanically mixed powders exhibited
only minor Mn segregation at 152 J/mm?® , with a statistical distribution
comparable to that of V in pre-alloyed Ti-6Al-4 V. Although a small Mn
loss (~0.3 wt%) occurred at higher VED, the overall Mn content
remained close to the nominal 2 wt%, indicating that elemental homo-
geneity and post-build composition were sufficiently maintained for
subsequent microstructural comparison.

After processing, specimens for characterization were extracted
3 mm from the top surface of build blocks using wire electric discharge
machining (WEDM). This sectioning strategy was adopted to eliminate
the influence of microstructural heterogeneity along the z-axis (vertical
direction) when comparing between Ti-2Mn and Ti-6Al-4V, particularly
for microstructure observation and X-ray diffraction (XRD) analysis [17,
18,26].

Second, based on the characteristics of these block-shaped samples,
the VEDs of 152 and 357 J/mm® were selected for further analysis of
microstructures and elemental partitioning in the nanoscale and to
characterize mechanical properties. Bars with dimensions of 10 x 50
x 10 mm?® were subsequently built from the Ti-2Mn and Ti-6Al-4V
feedstocks (Fig. 4). This process was conducted with the same inter-
layer time (51 s) as the fabrication of block-shaped samples, ensuring an
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identical thermal window for microstructure evolution during IHT. After
fabrication, each bar was removed from the baseplate and processed into
six tensile specimens at 0.5 mm intervals by WEDM. Each specimen
featured a rectangular gauge cross-section of 1 x 2 mm, and a reduced
section length of 10 mm.

2.3. Characterization

The xy plane (horizontal plane) of sectioned specimens was me-
chanically polished with SiC abrasive papers and then finished by a
vibratory polishing with a colloidal silica suspension to obtain a mirror
surface. The polished surface was observed by a light optical microscope
(OM, DSX, Olympus) to evaluate porosity. Bright field images with a
resolution of 2.2 pm/pixel were obtained and analysed by software,
ImageJ [39]. By applying auto thresholding using the intermodes
method [40], the bright field images were binarized, followed by the
quantification of the area fraction of pores. To investigate microstruc-
tures, a scanning electron microscope (SEM, JSM-7100F, JEOL) oper-
ating at 15kV was used in backscattered electron (BSE) mode. To
compare the microstructures in Ti-2Mn and Ti-6Al-4V prepared across
the various processing parameters, at least 15 BSE images were
randomly obtained from each sample. Based on microstructural features
(seein Section 3.1), the obtained BSE images were categorized into three
groups: martensitic, near-martensitic, and decomposed. For each sam-
ple, the number of images in each group was counted and divided by the
total number of images, which is referred to as the classification rate.

XRD analysis was performed with Cu-Ka radiation (4 = 0.154 nm) at
room temperature using a Bragg-Brentano configuration (LabX XRD-
6100, Shimadzu). Tube voltage and current were set to 40.0 kV and
30.0 mA, respectively. Both divergence and scattering slits were set to
1.0 deg. The receiving slit was 0.15 mm. The scanning speed, step size,
and sampling range were set to 0.5 deg/min, 0.02 deg, and 20-90 deg,
respectively. The obtained raw XRD profiles were indexed and analysed
in Profex software, with reference data from the Crystallography Open
Database (COD) [41,42]. Whole pattern fitting was performed using the
Le Bail method to obtain the lattice parameters. It should be noted that
the XRD profiles shown in this article were smoothed by the
Savitzky-Golay filter [43] to reduce the noise and support the visibility
of signals with low intensity. The smoothing was performed using the
‘savgol filter’ function from the ‘scipy.signal’ module in Python with a
window length of 15 and polynomial order of 2. To support interpre-
tation of the lattice parameter evolution, the O and N contents were
measured by inert gas fusion analysis (EMGA-830, HORIBA).

The microstructures of the bar samples were further investigated
using a transmission electron microscope (TEM, JEM-2100F, JEOL)
operating at 200 kV. The distribution of phases and alloying elements
were analysed by the selected area electron diffraction (SAED) patterns
and energy-dispersive X-ray spectroscopy (EDS). The TEM foils were
prepared using a focused ion beam (MultiBeam FIB system, JIB-4500)
incorporated in an SEM operated at 30 kV. Moreover, atom probe to-
mography (APT) was employed for quantitative evaluation of elemental
partitioning. Needle-shaped APT specimens were extracted by a SEM-
FIB (Auriga 60, Zeiss) with a BSE detector. Prepared specimens were
analysed with a Cameca local electrode atom probe (LEAP, 4000X HR)
at a base temperature of 50 K. The laser mode was used at a laser energy
of 50 pJ, a pulse rate of 200 kHz, and a detection rate of 0.3 %. Using the
APT Suite software 6.3 (CAMECA/AMETEK), obtained APT mass spectra
were indexed and identified with elements of Mn, Al, V, Fe, O, N, and C,
which were selected based on the certificates of chemical composition of
each raw powder provided by suppliers.! Note that the indexing and

! Mn was considered specifically for Ti-2Mn, whereas Al and V were assessed
for Ti-6Al-4V. In contrast, O, N, Fe, and C were analyzed across all samples
because these elements are intrinsic impurities commonly present in both CP-Ti
and Ti-6Al-4V feedstocks.
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Fig. 2. Characteristics of feedstock for a Ti-2Mn alloy: (a) particle size distribution and (b) powder morphology. Note that (b-3) displays a secondary electron image
of the mixture of Ti and Mn powder overlayed with an EDS count map of Mn (red color).
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Fig. 3. (a) Build plate configuration, parameters, and scan strategy. (b) the corresponding volumetric energy density in the layout in (a).

identification were conducted on the basis of the natural isotope abun-
dances of all ions containing these elements. Thereafter, the data were
three-dimensionally reconstructed and quantitatively analysed. In this
APT analysis, post heat treated Ti-2Mn and Ti-6Al-4V were also analysed
for reference. The heat treatment parameters were set to 800°C and 6 h
in holding temperature and time, respectively, based on the report by
Caoetal. [11].

To evaluate mechanical properties, uniaxial tensile testing was per-
formed at room temperature using a universal testing machine (Auto-
graph AG-X, Shimadzu) with an initial crosshead speed of 5.0 x 10~°
mmy/s. Strain was measured using a non-contact digital video exten-
someter (TRViewX, Shimadzu). The fractured specimens were first
analysed using OM to measure the reduction of area and were subse-
quently observed by SEM to investigate fracture surfaces.

3. Results and discussion
3.1. XRD analysis

The phase constitution and lattice parameters were analysed using
XRD. Fig. 5 shows XRD profiles of Ti-2Mn and Ti-6A1-4V built with 152,
195, 260, and 357 J/mm?®. All patterns exhibited diffraction peaks of the
o and p phases without any detectable peaks of intermetallic compounds
such as a(Ti, Mn) and TizAl. The p peaks exhibited low integrated in-
tensity at low VEDs. For example, in Ti-2Mn, the proportion of the in-
tegrated intensity of § peaks was only 3.6 % of the total integral of all
peaks at a VED of 152 J/mm°, while it was 13.2 % at a VED of 357 J/
mm?®. Although these values do not directly reflect the volume fraction
of the f phase, the low integrated intensity semi-quantitatively indicates
the presence of small amounts of p grains in Ti-2Mn and Ti-6Al-4V even
at a VED of 152 J/mm>.

Martensite decomposition is known to be accompanied by the
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Fig. 4. Schematics of the building layout of a bar sample for tensile testing.

evolution of « lattice parameters [15,20,44]. Fig. 6 shows that the lattice
parameter of the c-axis increased with VED, while the lattice parameter
of the a-axis was almost insensitive to VED. This anisotropic expansion is
commonly represented by an increase in the c/a ratio, reflecting the
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decomposition, the o phase undergoes depletion of supersaturated p
stabilizing elements. When the p stabilizers have smaller atomic size
than Ti (e.g., Mn and V), this solute depletion causes the o lattice
expansion. Moreover, the Mn and V solutes introduce a larger o lattice
distortion along the c-axis than the a-axis [45]. Consequently, the c/a
ratio increases as martensite decomposition progresses.

As pointed out in the literature [20], the influences of O and N should
be also considered in discussing the evolution of o lattice parameters.
These elements can be easily picked up during the PBF-LB process due to
their high reactivity with Ti. This contamination may occur even though
the processing chamber is purged with an Ar atmosphere with a low O
content (around 100 ppm) [20,46]. Since O and N primarily occupy
interstitial octahedral sites in the HCP a phase, their solid solution also
produces an anisotropic lattice expansion to the c-axis [47]. Thus, in this
study, the influences of O and N were estimated using the previously
reported relationship between O/N contents in CP-Ti and the lattice
parameter of the c-axis [48,49].

The O and N contents measured by inert gas fusion and their esti-
mated influences on the lattice parameter of the c-axis are summarized
in Fig. 7. The O content was almost insensitive to VED in Ti-2Mn but
slightly increased in Ti-6Al-4V. In both alloys, the N content increased
with VED. Despite these increases, their influences on the lattice
parameter appeared to be limited on the basis of their slopes of linear
regression drawn in Fig. 7. Namely, whereas the slopes of the estimated

progression of martensite decomposition [15,20,44]. During
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Fig. 5. XRD profiles of (a) Ti-2Mn and (b) Ti-6Al-4V built with various VEDs: 152 J/mm?, 195 J/mm?®, 260 J/mm?, and 357 J/mm°.
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lattice parameters with respect to the VED were 1.6-4.7 x 1077, the
slopes of the observed lattice parameters were 2.6 x 10™° and
3.4 x 107® for Ti-2Mn and Ti-6Al-4V, respectively. Thus, O and N
contamination contributed only about 10 % of the observed lattice
expansion in both alloys.

Moreover, it is worth noting that the observed and estimated lattice
parameters of Ti-2Mn were in good agreement at the VED of 357 J/mm?,
while those of other Ti-2Mn were overestimated. This behaviour in-
dicates that the o phase in Ti-2Mn built at 152, 195, and 260 J/
mm? remains in a martensitic (supersaturated) state, while the o phase
at 357 J/mm? is no longer martensitic but instead approaches an equi-
librium o composition due to substantial Mn depletion. Note that the
large overestimation observed for Ti-6Al-4 V was attributed to the in-
fluence of Al on the lattice parameter, which was not considered in the
estimation based on CP-Ti. In fact, Al solutes decrease the lattice
parameter owing to their smaller atomic size relative to Ti [S0]. Thus,
the observed lattice parameter cannot be directly compared with the
estimated values in Ti-6Al-4 V, and no inference is made regarding the
a-phase state in this alloy. Nevertheless, this limitation does not
compromise the validity of the preceding slope-based analysis.

3.2. SEM observations

To understand microstructural evolution with an increase in VED,
Fig. 8 shows BSE images of Ti-2Mn and Ti-6Al-4V built under four
different conditions of VED: 152, 195, 260 and 357 J/mm°®. At the
lowest VED of 152 J/mm?®, both alloys exhibited typical martensitic
microstructures, identified by martensitic lath boundaries and twins
(Fig. 8(a-1, b-1)). At 195 J/mm®, Ti-2Mn partially showed distinct f
grains between « grains in addition to the martensitic features (Fig. 8(a-
2)), which is classified here as a near-martensitic microstructure. This
microstructure represents a transitional state from fully martensitic o to
decomposed o+f. In contrast to Ti-2Mn, Ti-6Al-4V built with 195 J/
mm?® retained a similar martensitic microstructure to that observed with
152 J/mm? (Fig. 8(b-2)). A near-martensitic microstructure for Ti-6Al-
4V was observed at 260 J/mm> (Fig. 8(b-3)). Finally, both alloys
showed decomposed microstructures at 357 J/mm?>, where the « grains
were almost fully surrounded by the f§ phase (Fig. 8(a-4, b-4)). This
microstructural evolution was attributed to the elevated IHT tempera-
ture, which increase with VED as reported by Cobbinah et al. [51].

Since this evolution occurred only gradually with increasing VED
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a-1 T|-2Mn 152 J/mm’ b-1) Ti-6Al-4V, 152 J/mm?®

alathbo‘ utme'Bgram — 1 MM

Fig. 8. BSE images of microstructures on the xy plane of (a) Ti-2Mn and (b) Ti-
6Al-4V built with various VEDs: (1) 152 J/mm? (v = 660, h = 100), (2) 195 J/
mm? (v = 570, h = 90), (3) 260 J/mm? (v = 480, h = 80), (4) 357 J/mm?> (v =
400, h = 80).

(Fig. 8), residual martensitic o was still found even at the VED that
predominantly exhibited the decomposed microstructures. To clarify the
relationship between VEDs and microstructures, the number of BSE
micrographs corresponding to each classification was counted and
expressed as a percentage of all micrographs in each sample. As shown
in Fig. 9(a), Ti-2Mn exhibited a transition in the predominant category
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Fig. 9. Microstructure classification rates of (a) Ti-2Mn and (b) Ti-6Al-4V.

of microstructures, shifting from martensitic to decomposed ones as the
hatch distance and scan speed decreased (i.e., with increasing VED).
Meanwhile, even though Ti-6Al1-4V exhibited the decomposed micro-
structures at the high VED (Fig. 8), the classification rate of decomposed
microstructures remained remarkably low (Fig. 9(b)). Consequently,
martensitic microstructures predominated in Ti-6A1-4V across almost all
processing conditions. This difference in microstructural evolution be-
tween the two alloys indicates that in-situ martensite decomposition
occurred more effectively in Ti-2Mn than in Ti-6Al-4 V.

3.3. TEM and APT analysis

To identify the p phase in microstructures, TEM analysis was con-
ducted (Fig. 10). In SAED analysis of the interface between a grains,
multiple sets of diffraction spots were observed in both Ti-2Mn and Ti-
6Al-4V. These patterns were indexed to a mixture of the o and f
diffraction spots. Dark field images taken using the p diffraction spots of
211 (Ti-2Mn) and 002 (Ti-6Al-4V) revealed distinct fine p grains located
between o grains. This result, especially for Ti-6Al-4V, is in agreement

(a) Ti- 2Mn 357 J/mm?

(b) Ti-6AI-4V, 357 J/mm?
(b-1) BF

with previous studies which revealed V enrichment in intergranular f
grains by TEM and APT analyses [13,35]. For Ti-2Mn, the Mn distri-
bution was investigated by EDS analysis. Fig. 11 (a, b) shows the fine
intergranular p grains were enriched with Mn. Furthermore, the
semi-quantitative analysis along an A-A’line demonstrated that the local
Mn content reached up to 10 at% at most in the p phase, whereas it was
around 0.5 at% in the o phase.

The elemental distributions in Ti-2Mn and Ti-6Al-4V were quantified
by APT. Fig. 12 (a) shows the 3D reconstruction of the analysed tip of Ti-
2Mn built with 357 J/mm?, confirming the presence of Mn-rich regions.
These regions were also enriched in Fe and slightly depleted in O and N
(indicated by triangles in Fig. 12 (a)). Based on the TEM analysis
(Figs. 10 and 11), these Mn-rich regions correspond to the intergranular
B phase. For a quantitative analysis, the iso-concentration surfaces of
3 at% Mn were drawn, and the corresponding proximity histogram
(proxigram) was obtained (Fig. 12 (b and c)). The proxigram indicated
that the mean Mn contents were 0.68 and 11.4 at% in the o and p phases,
respectively, consistent with the semi-quantitative result from STEM-
EDS (Fig. 11). It should be noted that the mean contents were

Fig. 10. TEM analysis on (a) Ti-2Mn and (b) Ti-6Al-4V built with the VED of 357 J /mm?, including (1) bright-field (BF) images, (2) SAED patterns of circled region
in (1), and (3) dark-field images of the same area corresponding to the circled diffraction spot in (2).
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Fig. 11. STEM-EDS analysis on Ti-2Mn built with the VED of 357 J/mm?,

including (a) a high-angle annular dark-field (HAADF) image, (b) EDS count

maps of (1) Ti and (2) Mn, and (c) semi-quantitative analysis of local Mn

content along an A-A’ line in (a).

calculated from plateau regions in each phase (highlighted in Fig. 12
(o).

By applying the same quantification framework, the solute parti-
tioning in other samples was also examined (Fig. 13). In all Ti-2Mn
samples, the a phase contained significantly lower Mn contents than
the nominal overall Mn content (¢ puik, Mn =1.75 at%). The highest Mn
content was measured at the VED of 152 J/mm? (1.0 at%), followed by
the VED of 357 J/mm® (0.68 at%). Notably, although the further
depletion was attempted by the post heat treatment (800°C, 6 h), the Mn
content was only reduced to 0.48 at% because it approached the equi-
librium solubility in the a phase (c sol, Mn = 0.4 at%) [33]. Therefore, the
Mn content in the o phase was nearly at equilibrium at 357 J/mm?®,

(a-1) Mn (a-2) Fe (b) (c)

¢ ,Bphase -~

Mn Content [at.%]

200 nm
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whereas at 152 J/mm? it represented an intermediate value between the
equilibrium and martensitic non-equilibrium states. This difference in
Mn content is consistent with the preceding discussion regarding the
overestimation and accurate estimation of the o lattice parameter at 152
and 357 J/mm?, respectively (Fig. 9).

In contrast to Ti-2Mn, Ti-6Al-4V did not exhibit remarkable V
depletion from the o phase (Fig. 13 (b-1)). Ata VED of 152 J/mm? , the a
phase contained a high V content (3.9 at%), similar to the nominal
overall concentration (¢ pulk, v =3.6 at%). This similarity indicates that
the martensite decomposed into the o phase only to a negligible extent,
despite the presence of the p phase in XRD (Fig. 7). At a VED of 357 J/
mm? , the V content in the a phase was reduced (3.2 at%). However, this
content was still significantly higher than that in the heat-treated sample
(2.7 at%), which was close to the equilibrium solubility of V (¢ s, v
=2.6 at%) [52]. Thus, even the highest VED of 357 J/mm? did not bring
the V content in the o phase to equilibrium. Correspondingly, the V
content in the B phase exhibited a large variation for Ti-6Al-4V
(12.8-28.6 at%) (Fig. 13 (b-2)), while the Mn content in the f phase
showed limited variance for Ti-2Mn (11.5-14.9 at%) (Fig. 13 (a-2)).
Therefore, this quantitative analysis of Mn and V partitioning clearly
demonstrates the advantage of Ti-2Mn over Ti-6Al-4 V in promoting
in-situ martensite decomposition, owing to its more favorable solute
redistribution behavior.

3.4. Thermodynamic simulation

The previous sections revealed that Ti-2Mn exhibited the in-situ
martensite decomposition more effectively than Ti-6Al-4V, evidenced
by the microstructural evolution and solute partitioning. This facilitated
decomposition can be attributed to two possible mechanisms: acceler-
ated decomposition kinetics and enhanced thermodynamic stability of
the f phase.

To evaluate the kinetic aspect, the evolution of the p phase from o
martensite was simulated at 600 °C using a mobility database incorpo-
rating solute diffusivity (Fig. 14). In Ti-2Mn, the § volume fraction
rapidly increased to 0.091 within 200 s and then stabilized. In contrast,
Ti-6Al-4 V reached a similar final fraction of 0.099 only after more than
1200 s. These results indicate that Ti-2Mn attains a stable  volume
fraction much more rapidly than Ti-6Al-4 V, demonstrating its accel-
erated martensite decomposition kinetics.

On the other hand, the thermodynamic aspect was assessed using the
chemical driving force for martensite decomposition. Fig. 15 shows the

a phase B phase
1.2 —Mn
—N
1 C
—0
Fe

o
™

=} =}
e ()]
Titanium Content [at.%]

o
N

-2 -1 0 1 2 3
Distance [nm]

Fig. 12. APT analysis on Ti-2Mn built with the VED of 357 J/mm?®, including (a) 3D reconstructions of (1) Mn, (2) Fe, (3) O and (4) N of the analysed tip, (b) iso-

concentration surface at 3 at% Mn, and (c) the proximity histogram.
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Fig. 13. Solute contents in (1) the a phase and (2) the § phase of (a) Ti-2Mn and (b) Ti-6Al-4V built with 152 and 357 J/mm?®. Note that HT refers to post heat

treatment at 800°C for 6 h.
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Fig. 15. Chemical driving force for martensite decomposition as a function of
temperature for Ti-2Mn and Ti-6Al-4V.

driving force for Ti-2Mn and Ti-6Al-4 V within 550-682 °C, calculated
from Eq. (1) using the Gibbs free energies of the « martensite and o+
phases (Fig. S2 in the supplementary material). This temperature range
corresponds to the region of interest specified in Fig. 1. In both alloys,
the driving force was negative, confirming that martensite decomposi-
tion is thermodynamically favourable. Moreover, Ti-6Al-4 V exhibited a
more negative driving force over most of the temperature range, sug-
gesting that Ti-6Al-4 V is thermodynamically more prone to martensite
decomposition than Ti-2Mn.

Taken together, these thermodynamic and kinetic analyses indicate
that Mn promotes martensite decomposition primarily through its high
diffusivity rather than through thermodynamic stabilization of the p
phase. This interpretation is consistent with our earlier CALPHAD-aided
study [28], which identified Mn as an effective solute for accelerating
martensite decomposition due to its high diffusivity.

3.5. Tensile properties

Because the Mn-facilitated martensite decomposition originates
from its high diffusivity rather than p phase stabilization, this behaviour
appears to be achievable only with a very limited set of fast-diffusing
stabilizers, such as Mn and Fe. Despite this unique characteristic of Mn,
the mechanical properties of PBF-LB Ti-2Mn alloys have not yet been
evaluated, whereas those of PBF-LB Ti-6Al-4 V have been widely re-
ported [53]. Herein, to evaluate their potential as structural materials,
their tensile properties were investigated. Furthermore, to understand
the effect of in-situ martensite decomposition on mechanical perfor-
mance, their tensile properties were compared between the VEDs of 152
and 357 J/mm°.

Fig. 16 shows the nominal stress-strain curves of Ti-2Mn and Ti-6Al-
4V built with the VEDs of 152 and 357 J/mm?®. Ti-2Mn exhibited greater
ductility and lower strength than Ti-6Al-4V. Specifically, the mean ul-
timate tensile strength (UTS) of Ti-2Mn was 859 MPa at the VEDs of
357 J/mmg, which were 28 % lower than those of Ti-6Al-4V (Table 1). A
similar trend was observed at 152 J/mm?, with a 23 % reduction. The
higher strength of Ti-6Al-4V arises from the presence of an a phase
strengthener (i.e., solid solution strengthening by Al).

This strength difference suggests limitations in positioning Ti-2Mn as
a high-strength Ti alloy for structural applications. Nevertheless,
Ti-2Mn still achieved approximately 2.5-times higher strength than
as-built CP-Ti (UTS: 381 MPa) reported in the literature [49], while
maintaining an elongation at fracture exceeding 10 %. Importantly, this
level of ductility, which is often used as a benchmark for PBF-LB Ti
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Fig. 16. Nominal tensile stress-strain curves of Ti-2Mn and Ti-6A1-4V built with
(a) 152 and (b) 357 J/mm°. The stress-strain curve of CP-Ti was taken from the
literature [49].

Table 1
Means and 95 % confidence intervals of each tensile property calculated from
the stress-strain curves of Ti-2Mn and Ti-6Al-4V in Fig. 16 >

YS UTS Elongation at Uniform
[MPa] [MPa] Fracture [%] Elongation [%]
Ti-2Mn, 815 928 13.3+0.9 6.3+0.2
152 J/mm? +17 +19
Ti-2Mn, 775 857 143+ 2.7 7.8+ 0.4
357 J/mm®  +13 +11
Ti-6Al-4V, 1112 1211 6.1+0.8 3.8+0.1
152 J/mm? +18 +49
Ti-6Al-4V, 1131 1194 2.7+0.5 2.5+0.3
357 J/mm®  +£13 +5.7

2 The tensile properties of Position 1 in Ti-2Mn built with 357 J/mm® was
excluded from the statistical calculation because of its exceptional fracture
mode as shown in Fig. 18 (a).

alloys and corresponds to the lower limit of industrial standards for
additively manufactured Ti-6Al-4 V [15,46,54], indicates that Ti-2Mn
provides mechanically acceptable performance without requiring
post-heat treatment.

Next, Table 1 and Fig. 17 compare the tensile properties of Ti-2Mn
and Ti-6Al-4V between two VEDs. In both alloys, there were only
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Fig. 17. Comparison of tensile properties of Ti-2Mn and Ti-6Al-4V between
different VEDs: 152 and 357 J/mm>.

marginal differences in yield strength (YS) and UTS. Although the
largest difference was found in the UTS of Ti-2Mn, the strength reduc-
tion with increasing VED was limited to 8 %. Furthermore, the YS of Ti-
2Mn and both the YS and UTS of Ti-6Al-4 V showed no significant dif-
ferences between VEDs. These results indicate the in-situ martensite
decomposition did not pronouncedly affect the strength, which is
consistent with the previous reports [18,19,26].

Regarding the ductility, although Ti-2Mn did not exhibit the signif-
icant improvement in the elongation at fracture at the VED of 357 J/
mm?, their uniform elongation slightly increased from 6.3 % to 7.8 %
(Table 1 and Fig. 17). In contrast, Ti-6Al-4V exhibit decreases in both
elongation at fracture and uniform elongation at the VED of 357 J/mm?®,
Note that the elongation at fracture in Ti-2Mn at the VED of 357 J/mm?
exhibited a large confidence interval owing to the various fracture be-
haviours. As shown in Fig. 18 (a), there was a significantly large lack of
fusion (LoF) on the fracture surface of the position 1. Furthermore, at the
position 2, there was a limited reduction of area (15.6 %) (Fig. 18 (b)),
while other specimens including the position 6 (357 J/mm®) and the
positions 1 and 6 (152 J/mm3) showed the larger reduction of area
(>40 %), exhibiting great local deformability (Fig. 18 (c-e)). The
magnified micrographs of fracture surfaces showed a combination of
dimples and facets in all specimens. However, there were no key features
leading to the large variance of the elongation at fracture. Thus, the
large confidence interval of the elongation at fracture stems from the
difference in local deformability.

With regard to the effect of in-situ martensite decomposition on the
ductility, Zafari et al. showed the large tensile elongation in the fully
martensitic o’ and fully decomposed a+f microstructures (~15 and
~12 %, respectively), in contrast to the significantly low elongation
(<6 %) in the near-martensitic microstructures [18]. This ductility
deterioration was considered due to the strain localisation around the
thin p lath at isolated locations [18]. In the present study, Ti-2Mn pre-
dominantly exhibited the martensitic and decomposed microstructures
at VEDs of 152 and 357 J/mm?, respectively (Fig. 9). Thus, the consis-
tently high elongation at fracture in Ti-2Mn aligns with this framework.
Conversely, since Ti-6A1-4V showed the transition of microstructure into
a near-martensitic type at high VED (Fig. 9), the reduced elongation is
consistent with the idea of Zafari et al.

The improvement in uniform elongation of Ti-2Mn deserves further
attention. According to Oh et al., the diffusion of § stabilizing elements
(e.g., Mn and V) responsible for the martensite decomposition proceeds
with the dislocation annihilation [44]. Since the multiplication and
migration of dislocations accompany uniform deformation, a lower
initial dislocation density facilitates higher uniform elongation. Thus,
the martensite decomposition can increase uniform elongation. This
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Fig. 18. Fracture surfaces at the different sampling positions of Ti-2Mn built with (a-c) 357 and (d-e) 152 J/mm?, including micrographs with (1) low and (2,3) high
magnifications. R, and EF denoted in (1) indicate the reduction of area and elongation at fracture, respectively.

mechanism is further supported by literature showing increased necking
strain in post-heat-treated o+ Ti alloys relative to as-built o alloys [55].
Accordingly, the improvement in uniform elongation observed in
Ti-2Mn is reasonably attributed to in-situ martensite decomposition. In
contrast, Ti-6Al-4V did not benefit from this mechanism because frac-
ture occurred prematurely, before significant uniform deformation
developed.

4. Conclusion

By applying an alloy-design approach for PBF-LB, the in-situ
martensite decomposition of a+p Ti alloys was promoted. The as-built
Ti-2Mn alloy, designed by leveraging Mn as a fast-diffusing p-stabilizer,
exhibited the decomposition of o martensite into a+f microstructures at
lower VEDs than Ti-6Al-4 V, despite comparable $-phase stability at the
decomposition temperature. This evolution was accompanied by
a-lattice expansion caused by the migration of p-stabilizing elements

11

from the a to p phases. Specifically, in Ti-2Mn, the o phase achieved
partial Mn depletion at 152 J/mm? and approached equilibrium Mn
content at 357 J/mm?®. In contrast, the V content in the o phase
remained high at 152 J/mm® analogous to the nominal overall con-
centration, while reduced to only an intermediate level between the
martensite and equilibrium state at 357 J/mm® The facilitated
martensite decomposition in Ti-2Mn contributed to improved ductility;
in particular, its uniform elongation increased from 6.3 % to 7.8 %. With
regard to strength, only marginal differences in YS and UTS were
observed between 152 and 357 J/mm?®. Although Ti-2Mn exhibited
lower strength than Ti-6Al-4V, it still achieved approximately
2.5-times higher strength than as-built CP-Ti while maintaining suffi-
cient ductility without post-heat treatment. These characteristics indi-
cate that Ti-2Mn is not a high-strength alloy but rather a composition
that offers practical advantages, including good processability and
acceptable as-built mechanical performance. Overall, this study dem-
onstrates that Mn addition provides a viable alloy-design strategy for
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promoting the in-situ formation of a+p microstructures in PBF-LB Ti
alloys, offering a complementary pathway to process-parameter-based
microstructure control.
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