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a b s t r a c t   

Laser Powder Bed Fusion (LPBF) is an additive manufacturing technology which has been the subject of 
thorough research and successfully adopted in several industrial sectors. Among all the processable classes 
of materials, titanium alloys are especially interesting due to their favourable combination of mechanical 
properties and corrosion resistance. Most of the literature focuses on Ti-6Al-4V, although there are other 
alloys which are widely applied in fields that can benefit from the advantages of LPBF techniques, such as Ti- 
6Al-2Sn-4Zr-6Mo, thus far not investigated for this technology. This alloy is generally preferred to Ti-6Al-4V 
for the production of some components in the aerospace industry, mostly due to its superior strength. In 
this work, the most suitable process window for this alloy was investigated. Samples produced with two 
different combinations of process parameters, located in the selected process window, were then thor-
oughly studied in order to assess the effect of building conditions on the microstructure, phases and me-
chanical properties of the as-built and heat-treated material. To do so, an X-ray diffraction analysis was 
conducted with the aim of determining the phase composition and lattice parameters. Moreover, micro-
structural features, such as α” needles and α lath widths, were analysed in order to correlate the thermal 
history of the process to the final microstructure of the specimens. Furthermore, the hardness and the 
tensile properties of the alloy processed by LPBF were quantified and compared with the data available in 
the literature relative to conventional manufacturing technologies. 

© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Titanium alloys are a class of metals which are particularly ap-
preciated in several industrial fields due to their extremely high 
strength-to-weight ratio, corrosion resistance and biocompatibility  
[1–3]. At near room temperature, titanium alloys can be composed 
of either mainly α phase, β phase or both. This depends on the 
composition of the starting material, as the alloying elements can be 
either α stabilizers (e.g. Al, O, N) or β stabilizers (e.g. Mo, V, Fe) [1,4]. 
According to the main phase of the material, titanium alloys can 
therefore be split into three groups: α alloys, α + β (or duplex) alloys 
and β alloys. Since the β phase is unstable in pure titanium below 
882 °C [1], a possible way to establish the effect of the alloying 
elements on a generic alloy is the beta stability index (SIβ) [5–7], 
which roughly determines how prone the material is to retaining 
metastable β phase at room temperature, and is calculated as: 

=SI Mo Al wt[ ] [ ] ( . %)EQ EQ (1) 

where [Mo]EQ and [Al]EQ represent the equivalent molybdenum and 
aluminium concentrations, respectively. These parameters can be 
calculated as: 

= + + + +Mo Mo V Nb Fe Cr[ ] [ ]
2
3

[ ]
1
3
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[ ]
1
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[ ] 10([ ] [ ] 2[ ])EQ (3)  

Ti-6Al-2Sn-4Zr-6Mo (Ti6246) is a high-strength duplex alloy 
which is mainly used in compressor disks and blades in aero gas 
turbine engines and in some high temperature sections of race car 
engines [5,8]. The importance of this alloy is mainly due to its ability 
to retain good mechanical properties at relatively high temperatures. 
Moreover, it is generally adopted as a replacement for the Ti-6Al-4V 
alloy for specific applications (e.g. compressor parts in aero-engines) 
in which a higher strength is needed [7,9]. Compared to the duplex 
alloy Ti-6Al-4V (Ti64), Ti6246 has a higher beta stability index 
(SIβ,Ti6246 = −1.33 and SIβ,Ti64 = −3.33), which is the main reason why 
it is often defined as a near-β alloy, as a greater amount of β phase is 
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retained at near room temperature [10,11]. In addition, Ti6246 is 
characterized by a lower Young’s modulus (E) [7] and an increased 
ductility [4] than Ti64. Moreover, previous studies [12] highlighted 
how an increase in β phase stability causes a shift from hexagonal to 
orthorhombic martensite in rapidly cooled titanium alloys [12], 
which is the most significant microstructural difference between 
Ti6246 and Ti64. In fact, the latter forms α’ martensite (hexagonal) 
upon fast cooling from T  >  martensite start (MS) (≈800 °C) as a result 
of the martensitic β → α’ transformation, kinetically favoured over 
the thermodynamically more stable, and diffusion-driven, β → α + β 
transformation [13,14]. This type of martensite results in a ductility 
reduction due to its ability to hinder dislocation motion, having a 
very moderate strengthening effect [1,2,13]. On the contrary, Ti6246 
forms α” martensite (orthorhombic) upon fast cooling from T  >  MS 

(≈880 °C), following a path similar to the former alloy [12,15–17] but 
increasing the ductility of the alloy and softening the material [18]. 
Both α’ and α” crystallize in a lath morphology and their micro-
structural features are usually referred to as needles, due to their 
elongated shape [15]. 

The term “Additive Manufacturing” (AM) is used to describe a 
family of innovative and disruptive production technologies which 
allow near-net-shape products to be built directly from a computer- 
aided design (CAD) file [19,20]. AM technologies appear particularly 
promising in fields where high-quality, highly customisable and very 
complex parts are needed (e.g. aerospace, biomedical). Small pro-
duction lots, which are usually not economically viable for conven-
tional technologies, are also another interesting application of AM 
technologies. All these features are particularly favourable in in-
dustrial sectors in which Ti6246 is already in use, such as the au-
tomotive and aerospace fields. 

Among metal AM technologies, Laser Powder Bed Fusion (LPBF) 
systems allow the production of components using several high- 
performance types of alloys, such as nickel-based [21,22], aluminium  
[23,24] and steels [25,26]. The LPBF of titanium alloys has been 
thoroughly investigated in recent years. Although, most of the works 
available in the literature focus on Ti64 [27–29], some works on 
other titanium alloys can be found, such as commercial purity tita-
nium (cp-Ti) [30], Ti-6Al-7Nb [31], Ti-24Nb-4Zr-8Sn [32] and Ti- 
21Nb-17Zr [33]. However, according to the authors’ knowledge, no 
works on LPBF-produced Ti6246 have been published so far. 
Nevertheless, Gebisa et al. [34] already stated the importance of 
investigating the possibility of manufacturing Ti6246 components 
using powder-bed AM technologies, especially for compressor pro-
duction in the aerospace field. 

For these reasons, in this work the LPBF processability of the Ti- 
6Al-2Sn-4Zr-6Mo alloy has been investigated. First of all, several 
combinations of process parameters were studied in order to find 
the most suitable process window, using porosity minimization as a 
defining criterion. Moreover, the influence of the process parameters 
on the microstructure, hardness and tensile properties of the sam-
ples was also assessed. Finally, the significance and the effect of a 
post-processing heat treatment was studied. 

2. Materials and methods 

The samples studied in this investigation were built via LPBF 
using an EOS M270 Xtended machine and processing a Ti-6Al-2Sn- 
4Zr-6Mo gas-atomized pre-alloyed powder, provided by TLS Technik 
GmbH. The nominal chemical composition of the powder, as de-
clared by the supplier, is summarised in Table 1. 

The particle size distribution of the Ti6246 powder was defined 
by analysing several scanning electron microscope (SEM) images, 
resulting in a D(10), D(50) and D(90) of 24.1, 38.0 and 54.7 µm re-
spectively. The powder was characterized by a bimodal particle size 
distribution, provided in Fig. 1a, with a primary peak at approxi-
mately a 40 µm value and a secondary peak at 5–10 µm. This effect 

can be attributed to the large amount of small particles in the 
powder, as visible in Fig. 1b. Acknowledging this information is 
important, as the particle size distribution directly impacts on the 
powder ability to pack efficiently and its rheological behaviour [35]. 

A first series of 36 15 × 15 × 15 mm samples was built in order to 
evaluate the most suitable parameters to process the Ti6246 powder. 
Different values of laser power (P), scanning speed (v) and hatching 
distance (h.d.) were fixed, as described in Table 2, for a total of 18 
different parameters combinations. Among them, the combination 
of process parameters of the standard Ti64 powder with a P of 
170 W, a v of 1250 mm/s and an h.d. of 0.1 mm, was used [36]. This 
choice was made on the assumption that, as Ti64 is a titanium α + β 
alloy too, the optimized process parameters for these two materials 
might be similar. The other parameters, such as temperature plat-
form (TP), layer thickness (t) and the scanning strategy, were kept 
constant. 

Volumetric Energy Density (VED) was then chosen as a suitable 
variable to describe the influence of multiple process parameters 
(P, v, t, h.d.) simultaneously. It is calculated as: 

=VED
P

v t h d· · . . (4)  

All the specimens were then cut along the building direction, 
mounted and polished in order to obtain metallographic samples. 
Porosity was evaluated by image analysis on 20 optical micrographs 
per samples (100x magnification) taken throughout the whole 
sample in as unbiased way. 

In a second job, 15 × 15 × 15 mm cubic and 100 mm horizontally 
oriented cylindrical samples (12.5 mm diameter) were built, using 
two of the most promising parameters combinations, selected on the 
basis of porosity values. A part of these specimens was then an-
nealed at 750 °C for 2 h, in order to study the microstructural 
changes caused by the heat treatment. The specimens were left to 
cool inside the furnace, achieving a slow cooling of approximately 
1.5–2 °C/min. The heat treatment was carried out using A VF800/S 
high-vacuum furnace (Pro.Ba, Cambiano, TO, Italy). 

The as-built and heat-treated cubic samples built using the op-
timised parameters were then cut along the building direction, po-
lished and etched using a Kroll solution (93% H2O, 5% HNO3, 2% HF) 
in order to investigate the microstructure both by optical and SEM 
imaging. To do so, a Leica DMI 5000 M optical microscope and a 
Phenom-XL electron microscope were used. Microstructural fea-
tures, such as the pore aspect ratio, α/α” widths and amount of 
β phase present, were evaluated using high-magnification SEM or 
optical micrographs, processed by the software ImageJ. More than 
25 images per condition were analysed. 

XRD (X-Ray Diffraction) analyses were also performed to achieve 
a further understanding of the phases involved and to determine the 
relative crystallographic parameters. To achieve that, a PANalytical 
X-Pert Philips diffractometer was deployed. The analyses were re-
corded at 40 kV and 40 mA in a Bragg Brentano configuration, using 
a Cu Kα radiation. A step size of 0.013° and a 2θ range between 

Table 1 
Nominal chemical composition (wt%) of the Ti-6Al-2Sn-4Zr-6Mo powder.    

Chemical element Composition range (wt%)  

Al 5.5 – 6.5 
Sn 1.75 – 2.25 
Zr 3.5 – 4.5 
Mo 5.5 – 6.5 
Fe <0.15 
O <0.15 
N <0.04 
C <0.04 
H <0.125 
other <0.4 
Ti bal. 
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30° and 60° were considered. In order to grant an acceptable level of 
comparability between different samples, all the measurements 
were conducted on samples cut perpendicularly to the baseplate. 

In order to evaluate the influence of processing and post-pro-
cessing conditions, the mechanical behaviour of Ti6246 samples 
were studied. Hardness measurements of as-built and heat-treated 
samples were conducted using a Leica VMHT microhardness tester. 
During the test, a load of 300 g was used for a loading time of 15 s. A 
total of 25 measurements per samples were taken in different areas 
of the sample. 

Three tensile specimens for each promising process parameter 
combination and heat treatment condition were obtained by ma-
chining as-built/heat-treated cylindric bars, built parallel to the 
platform. The samples were characterized by a cylindrical shape, as 
described in ASTM E8 [37], and had a gage length of 16 mm and 
diameter of 4 mm. The tensile tests were conducted using a Z050 
tensile tester (Zwick Roell, Ulm, Germany), operated at strain rate of 
0.008 s−1. 

3. Results and discussion 

3.1. Process parameters determination 

The average porosity of the LPBF.produced Ti6246 samples was 
evaluated by means of image analysis for each combination of con-
sidered process parameters. Porosity values were subsequently 
plotted as a function of VED, as illustrated in Fig. 2. The resulting 
downward sloping trend provided minimum porosity in correspon-
dence of higher energy densities. In particular, if VED ≥ 40 J/mm3, for 
the combinations of process parameters considered in this study, the 
samples were almost completely dense, providing density values 
markedly greater than 99%. 

As the porosity minimization was chosen as a defining criterion 
to determine the most suitable process parameter combination, only 
the samples that provided the highest density values were studied 
more deeply. The process parameters and relative porosity values for 
the two chosen sets are listed in Table 3. 

Set A, which is characterised by the highest VED among all the 
samples analysed, was selected as it presented the minimum por-
osity value. In contrast, set B was slightly more porous in comparison 
to the former samples group, but it was characterised by a lower VED 
and slightly higher build-up rate. Notwithstanding this, the density 
of all the samples was still greater than 99.9%, which is still a pro-
mising outcome for LPBF specimens [38,39]. Set B was chosen as a 
low-VED sample, making possible to further investigate the effect of 
energy density on the quality of the LPBF parts through a compar-
ison with the specimens from set A. 

Fig. 1. Particle size distribution of the Ti-6Al-2Sn-4Zr-6Mo powder used in this work (a) with relative representative SEM image (b).  

Table 2 
Process parameters values considered for the investigation.        

P (W) v (mm/s) h.d. (mm) TP (°C) t (µm) Scanning strategy  

150, 170, 190 1100, 1250, 1400 0.1, 0.13  100  30 Standard 67° EOS strategy 

Fig. 2. Mean porosity values as a function of VED for all the sets of parameters 
considered. 

Table 3 
Process parameters and porosity values for sets A and B.        

Set Porosity [%] P [W] v [mm/s] h.d. [mm] VED [J/mm3]  

A  0.01  190  1100  0.1  57.58 
B  0.05  150  1250  0.1  40.00 
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Besides the porosity amount, also the mean pore size and pore 
shape can contribute to a further understanding on the differences 
between sets A and B. The average pore area (S) was measured via 
software and then the equivalent diameter (D), which represents the 
diameter of a hypothetical perfectly circular pore characterized by 
the same area, was calculated as =D 2 S/ . 

Set A provided a D of 1.20 µm, whilst set B had a D of 2.36 µm. 
Hence, the samples produced with the lower VED were character-
ized by larger pores on average. To evaluate the pore shape, ac-
cording to ISO9276 [40], a specific descriptor of the aspect ratio (Ψ) 
was selected, which can be calculated as: 

= x
x

Fmin

Fmax (5) 

Where xFmin and xFmax are the minimum and maximum Feret dia-
meters, respectively. In general, 0  <  Ψ ≤ 1, where 1 indicates a per-
fectly circular body. In this case, a higher aspect ratio means that the 
pore considered is closer to sphericity. An in-depth Ψ investigation 
was then performed on both sets A and B and the results are plotted 
in Fig. 3. 

Set A was characterised by a larger number of high-Ψ pores, 
corresponding to quasi-spherical shapes (Fig. 3b), and some inter-
mediate-Ψ pores, providing a bimodal distribution with a minor 
peak in correspondence of Ψ ≈ 0.5 and a major peak at Ψ ≈ 0.8 
(Fig. 3a). The latter is predominant, as it accounts for almost 70% of 
the relative frequency. Instead, set B distribution was broader and 
more homogeneously distributed throughout the whole Ψ range. In 
particular, a relevant number of pores in set B specimens were 
characterised by an aspect ratio lower than 0.35, corresponding to an 
elongated shape (Fig. 3c). Instead, below this value no pores were 
detected in set A. In general, elongated pores are usually associated 
with insufficient energy density values in LPBF-produced titanium 
alloys [41]. Thus, set A, being characterized by a distribution defi-
nitely more shifted towards higher Ψ values, should be more pro-
mising in terms of mechanical properties with respect to 
specimen B. 

3.2. Microstructure and phase investigation 

The optical micrographs of the samples in the as-built condition 
are provided in Fig. 4. All the specimens showed prior-β grains, 

developed in a columnar morphology parallel to the building di-
rection, as highlighted in Fig. 4a. This is a typical microstructure for 
AM processed titanium alloys due to the very high cooling rates and 
directional thermal gradients intrinsically involved in the LPBF 
process [42], which result in β grains epitaxially growing during 
solidification [28]. Moreover, melt-pool borders are clearly visible in 
the cross-section (Fig. 4a). The specimens from sets A and B were 
characterized by elongated needles, arranged in a ± 45° fashion, 
which are usually associated to the presence of martensite in tita-
nium alloys, when a 0°/90° scanning strategy is adopted [13,15,43]. 
Martensite formation arises due to a very high cooling rate applied 
from T  >  MS. The solidification rates involved in laser processes are 
extremely high (105 to 107 °C/s) and consistent with this micro-
structural feature, since cooling occurs from temperatures that 
greatly exceed the material MS [44,45]. 

At first sight, the optical micrographs of the samples of set A 
(Fig. 4b) and set B (Fig. 4c) do not show any relevant difference. 
However, in order to carefully compare the specimens, martensite 
size was used as an indicator. In particular, martensitic width, already 
been successfully utilized in previous works for titanium alloys  
[13,46,47], was measured to properly evaluate the microstructures of 
in this study. This microstructural feature is strictly correlated to the 
thermal history of the process and directly influences the mechanical 
properties of the material [1,13]. The α" width was then evaluated for 
both sets A and B and studied as a statistical distribution. The results 
are illustrated in Fig. 5. 

The data revealed that set A was characterized by a narrower 
distribution of α” width, peaking at 0.47 µm and providing an 
average α” width of 0.54 µm. Instead, set B provided a broader curve, 
shifted towards higher width values. In fact, its samples had an 
average α” width of 0.69 µm, and the distribution curve peaked at 
0.58 µm. Hence, the specimens from set A were characterised by a 
finer microstructure. 

For a general martensitic transformation, the martensite size is 
strictly dependant on the thermal history of the material. Previous 
works available in the literature on α’ martensite in Ti64 [13,46] 
addressed how a larger martensitic feature is associated with a 
higher cooling rate. A recent experimental study by Thampy et al.  
[48] proved that a higher laser power leads to a lower cooling rate in 
LPBF-produced Ti64. Working on the same material, Li et al. [49] 
obtained similar results, as they found that a lower energy density 

Fig. 3. Relative frequency of pores aspect ratio (Ψ) for sets A and B (a). Representative SEM images of spherical (b) and elongated (c) pores.  
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causes lower solidification times, hence increases the cooling rate. 
Considering that set A was characterised by higher P and VED values 
and its martensite appeared finer with respect to set B, the outcome 
of this evaluation appears in good agreement with the data available 
in the literature. 

Both sets were also heat treated for 2 h at 750 °C, temperature 
which lies well below the Tβ. This sub-β annealing treatment aims to 
reduce internal stresses and to decompose α”, which, as mentioned 
before, has a negative impact on hardness [18]. The α” → α + β 
transformation is diffusion-driven, requiring high temperature and 
long times. The resulting micrographs, provided in Fig. 6, demon-
strated that, as a consequence of the heat treatment, a complete 
transformation of the microstructure from martensitic, observed in 
the as-built state (Fig. 4), to lamellar occurs. Moreover, α phase at 

prior-β grain boundaries (αGB) was detected. Its formation is typical 
of duplex titanium alloys and must be carefully controlled because 
these continuous layers of α phase between prior-β grains can reduce 
ductility [50]. Even if the microstructures of the heat-treated spe-
cimens were mainly lamellar α + β, some traces of larger α aggregates 
were found, indicating the beginning of the transition of this phase 
from a lamellar to a globular morphology. 

In order to assess if the differences in terms of microstructure in 
the as-built samples (Fig. 5) were still present after the heat treat-
ment, the lamellar α-phase width was evaluated, in an analogous 
way with respect to the α” analysis. In these measurements, globular 
α and αGB were not considered. After the heat treatment, the mi-
crostructures of sets A and B appeared markedly more similar and, 
on the basis of the results of Fig. 7, it can be safely assumed that they 
are characterised by the same α width. In fact, the average values 
were very close (0.65 µm for set A and 0.62 µm for set B) and, 
moreover, the relative distribution curves appeared similar in shape. 
The sub-β annealing heat treatment assured the elimination of the 
initial differences, in terms of microstructural size, between sets 
A and B. 

Since β phase was present in a relevant amount in the heat- 
treated samples, unlike in the as-built ones, the determination of its 
amount was possible. This measurement was performed following a 
methodology successfully used by Attallah et al. [11] on the same 
material, by properly adjusting the threshold of the SEM micro-
graphs (see for instance Fig. 8), using the software ImageJ. The 
samples analysed provided a β amount of 27.6%  ±  4.5% and 
25.8%  ±  3.2% for sets A and B, respectively. Therefore, the heat- 
treated samples appeared similar both in terms of phase composi-
tion and lamellar size. 

XRD measurements were carried out to further analyse the 
phases observed. The relative curves, provided in Fig. 9, confirm the 
hypothesis made about the microstructural transformation that 
happened during the heat treatment. 

Fig. 4. Representative low-magnification microstructure of the as-built condition, in which some grain boundaries and melt-pool borders are highlighted (a); high-magnification 
optical micrographs of sets A (b) and B (c). 

Fig. 5. Relative distribution of α” martensite width for sets A and B.  
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In the as-built condition, both sets A and B showed only the 
peaks relative to α” (orthorhombic), confirming a martensitic mi-
crostructure. This outcome is consistent with other works available 
in the literature in which high cooling rates via water quenching 
were deployed [16,51]. Oppositely, after the heat treatment, in both 
the groups of specimens α” seems to be completely decomposed into 
the more stable α and β phases. The (002) peak of the heat-treated 

samples, relative to α phase, was relatively higher in set A. Although, 
this effect can be considered related to texturing. 

In order to further investigate the microstructures of these 
samples, the determination of the cell parameters was carried out 
using XRD data of the as-built and heat-treated samples. By doing so, 
possible differences in terms, for example, of cell volume can be 
assessed. The phase α" was analysed for the as-built specimens, 
whilst α was chosen to investigate the heat-treated ones. For the 
latter samples, the β phase was not considered due to the low 
number of peaks available, which might have resulted in cell values 
calculations poorly representative from a statistical point of view. 

The analytical method to index a crystal is based on the ar-
ithmetical manipulation of the Bragg’s law, according to the type of 
lattice involved [52]. For an orthorhombic system, the governing 
equation is: 

= + +h
a

k
b

l
c

sin
4

2
2

2

2 2

2

2

2 (6) 

Where θ is the diffraction angle relative to the peak considered; h, k 
and l are its Miller indices; a, b and c are the tetragonal cell para-
meters and λ is the wavelength of the radiation used in the mea-
surement, 1.5406 Å in this case. 

Instead, for a hexagonal system the related equation is: 

= + + +h hk k
a

l
c

sin
4

4
3

·2
2 2 2

2

2

2 (7) 

Fig. 6. Optical micrographs of a sample from sets A (a) and B (b) after sub-β annealing; the red circles highlight the small globular α phase.  

Fig. 7. Relative distribution of lamellar α width for sets A and B.  

Fig. 8. A representative SEM micrograph of a heat-treated sample.  

Fig. 9. XRD patterns for sets A and B in the as-built and heat-treated (HT) conditions.  
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Where a and c are the hexagonal cell parameters. To minimise the 
effect of texturing, each parameter was obtained from multiple 
peaks. This approach is known as the “intensity averaging” method  
[52]. The results obtained from the cell parameter calculations are 
reported in Table 4, in which the cell volume for the orthorhombic 
systems (abc) and the hexagonal systems ( 3 a c/22 ) are also listed. 

Considering the as-built condition, both sets provided very si-
milar cell parameters, suggesting that the only significant difference 
among sets A and B lies in the martensite size (as observed in Fig. 5). 
The calculated cell parameters are also consistent with the data from 
other works available in the literature in which a martensitic mi-
crostructure was obtained through a rapid cooling of the specimens 
via water quenching [5,17,53]. Another parameter that can be ob-
tained for the as-built samples is the degree of orthorhombicity 
(b/a 3 ), which equals 1 for hexagonal systems and can be used to 
investigate the transition from α” (orthorhombic) to α (hexagonal)  
[17]. The degree of orthorhombicity was 0.950 and 0.955 for sets A 
and B, respectively. The similarity of these two values highlights 
that, even if the specimens underwent different cooling paths, their 
tendency to decompose seemed to be substantially unaffected. 

After the heat treatment, sets A and B presented similar cell 
parameters and volumes, confirming the efficiency of the heat 
treatment in order to induce uniform microstructures and phase 
compositions in the LPBF-produced samples. 

3.3. Hardness measurement 

Hardness measurements were performed on samples from sets A 
and B in the as-built and heat-treated conditions. The results, re-
ported in Fig. 10, provided an average hardness of 352  ±  15 HV for 

set A and 328  ±  7 HV for set B as concerning the as-built condition. 
In these samples the consistent discrepancy in HV is likely caused by 
the differences in microstructural size (α” width) of the specimens, 
as visible in Fig. 5. According to the data, using a higher VED during 
the process lead to lower cooling rates, which resulted in a finer 
martensitic microstructure that granted higher hardness values. 

Considering the heat-treated samples, the hardness was 
368  ±  10 HV and 371  ±  14 HV, for sets A and B, respectively. These 
values were higher than those of the as-built samples, confirming 
that the absence of α” causes an overall increase in hardness. 
Moreover, the hardness values of the heat-treated specimens A and 
B were very close, confirming that the sub-β annealing can effec-
tively erase the differences observed in the as-built conditions in-
duced by the process parameters. Since the main consequence of the 
annealing was α” decomposition, this effect seems to confirm that 
the microstructure had a strong influence on HV. 

On the basis of the reported results, considering the intrinsic 
softness of the α” martensite, it is reasonable to state that as-built 
LPBF-produced Ti6246 is not appropriate for applications in which a 
high hardness is required. In addition, it was demonstrated that a 
sub-β annealing, which can also act as a stress-relieving heat treat-
ment [4], erases the differences in microstructure induced by the 
process parameters adopted. For this reason, opting for the com-
ponent production with a lower VED, which is usually associated 
with a higher build-up rate, appears as a cost-effective alternative, as 
long as porosity is kept under control. 

3.4. Tensile test 

Tensile tests were conducted on sets A and B, both in the as-built 
and heat-treated conditions. By looking at the relative curves, visible 
in Fig. 11a, in the as-built samples a work hardening phenomenon is 
evident. In general, titanium alloys are prone to be work-hardened, 
therefore strengthened due to an increase in dislocation density  
[54]. On the contrary, the heat-treated specimens did not show re-
levant work hardening, which suggests that this phenomenon is 
related to the presence of α” martensite. 

The Yield Tensile Strength (YTS), Ultimate Tensile Strength (UTS) 
and ductility (ε) were evaluated from the test outcomes and reported 
in Fig. 11b and Table 5. Considering the as-built condition, set B was 
characterized by a greater YTS (582  ±  23 MPa), with respect to set A 
(483  ±  6 MPa). Instead, in terms of UTS and ε, these samples showed 
similar values: set A had a UTS and a ε of 1183  ±  7 MPa and 
26.9%  ±  0.9% respectively. Whilst set B was characterized by a UTS of 
1208  ±  11 MPa and a ε of 25.5%  ±  0.9%. 

The sub-β heat treatment caused a marked increase in the 
strength of the specimens accounting a YTS of 1052  ±  20 MPa and 
1063  ±  10 MPa for sets A and B, respectively. As in the case of the 
hardness, after the heat treatment the mechanical properties rose to 
similar values, making the differences generated by using different 
process parameters negligible. In terms of UTS, the heat treatment 
caused a slight decrease in both samples, correspondingly 
1125  ±  18 MPa and 1146  ±  46 MPa for sets A and B, respectively. 
Instead, in the heat-treated samples ductility decreased, as expected 
due to the decomposition of α”, which has a softening effect, as 
mentioned before. Set A was characterized by a ε of 15.5%  ±  0.5%, 
whilst set B had a ε of 16.3%  ±  0.5%. In Table 5 the mechanical 
properties of the conventionally processed material are also pre-
sented, for which the wrought + heat-treated conditions were con-
sidered [6,55–57]. These presented YTS and UTS values similar to 
those of the LPBF heat-treated samples. Concerning ductility, the 
heat-treated LPBF-produced Ti6246 alloy appeared well comparable 
with the most promising data available in the literature. Hence, the 
combination of tensile properties achieved suggested that LPBF is a 
viable alternative to conventional processing for this alloy. This is 
related to the optimal lamellar microstructure, characterized by fine 

Table 4 
Cell parameters obtained from the XRD spectra.       

Set Phase Lattice Cell parameters (Å) Cell Volume (Å3)  

A α" Orthorhombic a = 3.029  ±  0.018 70.787  ±  0.931 
b = 4.985  ±  0.007 
c = 4.694  ±  0.027 

B α" Orthorhombic a = 3.005  ±  0.013 69. 947  ±  1.226 
b = 4.971  ±  0.013 
c = 4.692  ±  0.049 

A, HT α Hexagonal a = 2.937  ±  0.045 35.345  ±  1.563 
c = 4.733  ±  0.036 

B, HT α Hexagonal a = 2.936  ±  0.044 35.360  ±  1.550 
c = 4.733  ±  0.036 

Fig. 10. Average micro-Vickers hardness for sets A and B, in the as-built and heat- 
treated (HT) conditions. 
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α laths and colonies, in conjunction with the reduced grain size re-
sulting from the LPBF process. These microstructural features are 
known to promote optimal ductility and strength combinations in 
duplex titanium alloys [58–60]. 

As demonstrated, post-processing of the LPBF-produced samples 
appears as a promising solution in order to achieve good tensile 
properties. 

Indeed, even if the UTS of all the samples are quite close (maximum 
variation of 6.95%), for structural applications that require high-strength 
materials, as titanium alloys, YTS is markedly more important, making 
the heat treatment a mandatory step in order to obtain satisfactory 
mechanical properties. Moreover, as mentioned before, one of the main 
advantages of the conventionally-manufactured Ti6246 alloy lies in its 
higher strength values over the “workhorse” Ti64 alloy. This advantage is 
the main reason why the former material is appealing in a limited 
number of industrial fields [7,9]. Thus, a comparison with Ti64 is in-
dustrially relevant, when considering LPBF as a manufacturing process 
instead of a conventional technology. This is mostly due to the unique 
out-of-equilibrium microstructures achievable using AM techniques, 
which can result in overall better tensile properties, as in the case of Ti64  
[61,62]. Therefore, a comparison between the LPBF-produced Ti6246 
tensile properties (YTS, ε), assessed in this work, and those relative to the 
LPBF-produced Ti64 alloy, available in the literature, was conducted. The 
aim was to determine whether the superior strength of the former 
material persisted when moving from a conventional manufacturing 
process to LPBF. In order to do so, the as-built and heat-treated condi-
tions were considered. Since the two alloys are characterized by different 
β transus values (Tβ,Ti6246 ≃ 940 °C, Tβ,Ti64 ≃ 995 °C) [17,63], the heat 
treatments considered shared the same duration and cooling mean (2 h, 
slow furnace cooling) but differed in temperature (750 °C for Ti6246 and 
800 °C for Ti64). The graphical comparison of the mechanical properties 
is represented in Fig. 12. 

A certain variability between the mechanical properties of the 
Ti64 alloy was detected. This is an intrinsic consequence of the LPBF 
technology, as multiple factors can influence the final outcome, such 

as powder quality and process parameters adopted. The Ti64 as-built 
specimens were characterised by the highest strength values, ran-
ging from 962 to 1350 MPa. However, for this condition the ductility 
was markedly lower than the 10% threshold value, defined by ASTM- 
F2924 [76], which describes the minimum tensile properties to 
achieve by the Ti64 samples produced using powder bed technolo-
gies. This combination of mechanical properties is mostly related to 
the presence of α’ needles and fine grains, induced by the LPBF 
process. The loss in ductility is related to the reduced dislocation 
mobility caused by the martensitic needles. The post-processing 
heat treatment was reported to cause an overall increase of ε, as high 
as 19% in the Ti64 alloy, but reduced YTS (871–1040 MPa). As de-
scribed before, the Ti6246 alloy was characterized by an outstanding 
ductility in the as-printed state, due to the presence of the softening 
α” phase. After the annealing, the plasticity was reduced, but the YTS 
approximately doubled, achieving unmatched strength values by the 
workhorse Ti64 alloy, if reasonable ε values (>10%) are considered. 
Therefore, it was proved that the Ti6246 alloy is a viable higher- 
strength alternative to Ti64 even in industrial fields in which LPBF 
technology can be applied. 

4. Conclusions 

The aim of this work was to investigate the possibility and fea-
sibility of processing the Ti-6Al-2Sn-4Zr-6Mo alloy using an LPBF 
system. This alloy can be used in industrial fields in which AM has 
proved to be a viable manufacturing process. The most important 
results obtained are:  

• Porosity was used as a criterion to determine the most promising 
process parameters. In this way, multiple combinations of P, v 
and h.d. were found to provide satisfactory relative density va-
lues. In particular, porosity minimisation is achieved more effi-
ciently at higher VED values.  

• VED also influences the pore shape. The data suggests that higher 
VED values lead to the production of samples characterised by 
pores overall closer to sphericity.  

• Microstructural features typical of LPBF-produced titanium alloys 
(e.g. Ti-6Al-4V) were also obtained for Ti-6Al-2Sn-4Zr-6Mo. In 
particular, prior-β grains, characterised by a columnar mor-
phology and a completely martensitic microstructure were de-
tected. The main difference between this alloy and most of the 
other α + β alloys lies in the type of martensite, which is orthor-
hombic (α’’) instead of hexagonal.  

• VED, hence the process parameters, has a direct impact on the 
final microstructure. In particular, higher VED values provide 
finer α” needles in the as-built condition. 

Fig. 11. Tensile curves of the most representative samples (a) and YTS, UTS and ε of all the specimens analysed (b).  

Table 5 
Mechanical properties obtained from the tensile tests and mechanical properties of 
the wrought material.       

YTS (MPa) UTS (MPa) ε (%)  

set A 483  ±  6 1183  ±  7 26.9  ±  0.8 
set B 582  ±  23 1209  ±  11 25.5  ±  0.9 
set A, HT 1052  ±  20 1125  ±  18 15.5  ±  0.5 
set B, HT 1064  ±  10 1146  ±  41 16.4  ±  0.5 
conventional [6] 1035 1100 10 
conventional [55] 1018 1115 18.4 
conventional [56,57] 1062 1131 13 
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• A heat treatment at 750 °C for 2 h, followed by slow furnace 
cooling, provides complete martensite decomposition, turning 
the microstructure into lamellar α + β. The size of the lamellae of 
the α phase is independent from the initial α” size.  

• The microstructure obtained through the heat treatment is 
characterised mainly by lamellar α + β. Apart from α laths, this 
phase is also present as αGB and occasionally in small globular 
features. 

• In the as-built state, hardness is dependent on the size dis-
tribution of the martensite, hence the process parameters. This 
effect is erased by the heat treatment, which balances the 
hardness of the samples built using different process parameters 
and leads to an increase in hardness by getting rid of the soft α” 
phase.  

• The as-built samples show markedly low yield strength values 
but extensive ductility. Instead, the heat-treated specimens are 
characterised by a markedly higher YTS, although ductility is 
reduced.  

• The heat-treated LPBF-produced specimens show comparable 
strength values with the wrought material. However, the ducti-
lity was markedly higher in the samples produced by LPBF. 
Therefore, this technology appears very promising in order to 
obtain components characterised by an optimal combination of 
strength and ductility.  

• The LPBF-produced Ti6246 alloy, after a post-processing heat 
treatment, provides higher tensile strength values than Ti64 in 
similar conditions. Since this criterion is the main reason why the 
former material is used in some industrial applications, the 
Ti6246 alloy remains relevant even if an LPBF system is adopted 
instead of using a conventional manufacturing technology. 
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