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Abstract
Metastable β-titanium alloys are attractive for their high strength-to-density ratio, good hardenability, excellent fatigue behav-
ior, and corrosion resistance. Among these alloys, β-21S, with a composition of Ti–15Mo–3Nb–3Al–0.2Si (wt%), is known 
to offer improved elevated temperature strength, creep resistance, thermal stability, and oxidation resistance. In this study, 
laser powder bed fusion (PBF-LB) of β-21S and the effect of post-PBF-LB heat treatment were investigated to understand 
the relationship between the microstructure and the mechanical properties. The as-built (AB) alloy is primarily composed 
of β-phase, with columnar grains oriented along the build direction. The alloy AB presented a microhardness of 278 HV, a 
yield strength (YS) of 917 MPa, an ultimate tensile strength (UTS) of 946 MPa, and a ductility of 25.3% at room temperature 
(RT). Such properties are comparable to β-21S in solution treatment (ST) condition. Solution treatment and aging (STA) of 
the alloy precipitated the α-phase, increasing the microhardness to 380 HV, YS to 1281 MPa and UTS to 1348 MPa, while 
reducing the ductility to 6.5% at RT. The STA alloy presented a YS of 827 MPa, UTS of 923 MPa, and a ductility of 7.7%, 
at 450 °C. The thermal treatment applied to PBF-LB β-21S had a similar effect compared to β-21S fabricated by non-AM 
techniques. The properties obtained demonstrate that β-21S is a potential candidate for AM.
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1 Introduction

AM is emerging as a complementary route to the traditional 
manufacturing processes to fabricate high complexity com-
ponents. PBF-LB, one of the most studied processes among 
metal AM, uses powder feedstock which is selectively 
melted by a focused laser to form a characteristic part after 
melt pool solidification [1–4]. PBF-LB has raised attention 
due to its high degree of manufacturing freedom, its ability 
to produce lightweight intricate components [5, 6], and its 
energy-efficient and time-saving route [6, 7].

Metastable β-titanium alloys are attractive materials for 
aerospace applications due to their high strength-to-density 
ratio, good hardenability, excellent fatigue/crack-propagation 

behavior capabilities with processes such as cold strip roll-
ing [8, 9]. Compared to other metastable β-titanium alloys, 
β-21S offers better oxidation resistance, it can retain its 
strength at higher temperatures [9–11], and has increased 
corrosion resistance [10, 12]. β-21S is an age hardenable 
metastable β-titanium alloy that has great forming capabili-
ties, contains a balance of β-stabilizers which upon fast cool-
ing from above β-transus, retains the β-phase [8, 13], and 
the formation of martensite at room temperature is inhib-
ited. The β-phase retained is metastable at high temperature 
and is typically heat treated to precipitate the α-phase, to 
increase the strength and stabilize the microstructure of the 
alloy. Typical heat treatment involves solution treatment at 
temperatures above the β-transus (805 °C [14]) (known as 
β-solution treatment) followed by aging [8]. Aging at tem-
peratures above the ω-solvus (350 °C [15]) will precipitate 
the α-phase within the grains and at the grain boundaries 
[13, 16] strengthening the alloy [17]. The selected heat 
treatment in this study is the standard STA for β-21S [18] 
with aging temperature above the ω-solvus. Agarwal et al. 
[19] and Huang et al. [4] studied the influence of different 
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heat treatments on the microstructure of β-21S produced by 
non-AM processes in STA. With the standard heat treatment 
used in this study, they reported a microstructure consisting 
on fine α-phase in a β-matrix and on the grain boundaries. 
Huang et al. reported the α-phase is expected to precipitate 
with a volume percentage ranging between 20 and 33% [4].

Although many studies have focused on PBF-LB of tita-
nium alloys [5, 7, 20], there is limited information on PBF-
LB of β-21S and its response to post-process heat treatment. 
Pellizari et al. [21] reported near fully dense PBF-LB β-21S, 
consisting of elongated β-phase with UTS of 831 MPa and 
21% elongation, and no heat treatment study was conducted. 
To fill this knowledge gap, in this research, the mechanical 
behavior of the AB and STA β-21S alloys produced by PBF-
LB was investigated. Tensile properties and hardness were 
measured for both alloys. The resulting mechanical proper-
ties conducted at RT and at 450 °C were correlated with the 
microstructure, assessed by scanning electron microscopy 
(SEM), and optical microscope (OM).

2  Materials and methods

β-21S powder, sourced from GKN Powder Metallurgy, was 
used. Table 1 shows the composition as specified by the 
certificate of conformity provided by the supplier. 

Figure 1 shows the powder morphology that was mostly 
spherical with a few satellites. The particle size distribution 
(PSD) was measured using LA-920 Horiba laser particle 
size analyzer. Figure 2a shows the PSD of the powder with 
a D10, D50 and D90 of 32, 45 and 70 µm, respectively. Pow-
der flowability analysis was conducted using the GranuDrum 
apparatus. The cohesive index (CI) value as a function of 
rotational speed is shown in Fig. 2b. The measured values 
ranged between 13 and 19 for rotating speeds up to 30 rpm. 
Literature has shown that powder with lower cohesive index 
possesses better flowability [22], with a critical CI of 24 to 
maximize powder spreading quality for powder bed process-
ing [22].

Rectangular prism samples with dimensions of 
80 mm × 10 mm × 10 mm were manufactured using a Ren-
ishaw AM400 PBF-LB machine equipped with a 400 W 
pulsed Nd:YAG. To prevent oxidation, the process was 
conducted under Ar atmosphere, and the  O2 was kept below 
300 ppm throughout the print. Ti–6Al–4 V (wt%) standard 
set of parameters provided by Renishaw was used with scan-
ning strategy of 67° rotation per layer.

The heat treatment consisted of a β-solution treatment at 
850 °C (above β-transus, ~ 805 °C [14]) for 0.5 h, air cooled 
(AC); then aged at 538 °C for 8 h followed by AC. A sche-
matic representation of the heat treatment schedule is pre-
sented in Fig. 3.

Table 1  Chemical composition of β-21S powder from the certificate of conformity of the supplier

Element Mo Al Nb Si O C H N

Wt% 15 3.2 2.7 0.2 0.17 0.05 0.02 0.05

Fig. 1  SEM micrographs show-
ing the size, shape and morphol-
ogy of the β-21S particles
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Phase analysis was conducted for both, AB and STA sam-
ples, using a Bruker D8 Discovery X-Ray Diffractometer 
(XRD) with a copper source (λ = 1.5406 nm). The XRD was 
performed in the range of 20°–100° in 2θ using four frames 
and 300 s per frame. The AB and STA samples were sec-
tioned along the build direction (BD) for microstructural 
examination and prepared following a standard metallo-
graphic procedure. Grain morphology, texture, and phase 
map in the AB condition were analyzed by electron back-
scattered diffraction (EBSD) system using a Hitachi SU3500 
SEM. The operating conditions were 15 kV and 0.2 μm step 
size. Aztec data acquisition software combined with the 
HKL Channel 5 data processing software was used for the 
EBSD data analysis. The microstructure was revealed using 
Kroll’s etchant (91% deionized water  (H2O), 6% nitric acid 

 (HNO3) and 3% hydrofluoric acid (HF)). For optical imag-
ing, a Nikon light optical microscope (OM) equipped with a 
Clemex Vision System was used. The relative density as well 
as the volume percentage of the α-phase was obtained using 
image analysis software Image J [23]. Experimental density 
was measured by the Archimedes’ principle. A Hitachi 3500 
SEM equipped with energy dispersive spectrometer (EDS) 
was used for detailed microstructural analysis.

Vickers microhardness analysis was performed on a CM-
100AT Clark microhardness indenter using 200 gf load and 
a dwell time of 15 s. Ten independent measurements were 
done within each sample and averaged. Tensile tests were 
carried out at RT and at 450 °C using a TestResources 313Q 
electromechanical test machine with a constant crosshead 
speed (0.75 mm/min), resulting in a strain rate of 6.7 ×  10–4/s 
(gauge length of 12.5 mm). Fractography analysis was con-
ducted on the tested samples with a Hitachi 3500 SEM.

3  Results

3.1  Microstructural characterization of AB

The density measurement as well as the microstructure 
analyses of the AB alloy were carried on a plane parallel 
to the BD as indicated in the schematic in Fig. 4a. Fig-
ure 4b shows a mosaic of micrographs of an AB sample 
used to measure the relative optical density through image 
analysis. An average relative density of 99.9% was meas-
ured. While a density of 4.92 g/cm3 was obtained using 
Archimedes’ principle, which is 99.8% in relation to the 
reference density value established for the alloy, 4.93 g/
cm3 [24]. Few near-spherical in morphology and randomly 
distributed pores associated with gas entrapment from the 

Fig. 2  a Particle size distribution and b cohesive index of Ti β-21S

Fig. 3  Schematic of the heat treatment tested in this study
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shielding Ar gas atmosphere during processing [2] were 
observed within the sample.

Figure 5a depicts the XRD pattern of the AB sample. 
The XRD suggests the presence of a single β-phase, which 
matches PDF 04-020-9142 [25].

The molybdenum equivalency (MoE) value of 12.84 for 
β-21S calculated using the Eq. (1) [26] supports the observa-
tion of a β-phase at RT as reported by Ivasishin et al. [27]. 
In general, a MoE value of approximately 10.0 is required 
to stabilize the β-phase when cooling from above the beta 
transus temperature.

Fig. 4  a Schematic illustrations 
of the plane used for micro-
structural analysis. b Optical 
image showing the relative 
density in AB condition

Fig. 5  a XRD, b phase map of the AB sample
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To further confirm this single β-phase, a phase map using 
EBSD was obtained and shown in Fig. 5b. The EBSD analy-
sis was performed for BCC and HCP structures, and are rep-
resented by blue and red colors, respectively. As shown, the 
volume fraction of HCP precipitates seems to be extremely 
low. To get insight on the presence of the precipitates, a con-
tinuous cooling transformation (CCT) and isothermal trans-
formation (TTT) diagrams were calculated by TC-PRISMA 
[28]. Figure 6 presents the CCT and TTT diagrams depicting 
the onset of α-phase precipitation (volume fraction = 10−4 ) in 
the β-phase matrix. Since the alloy has a solidus temperature 
of 1401 °C/s, and is subjected to cooling rates in the order 
of  103–104 °C/s, which are the common cooling rates in the 
solid state observed during PBF-LB [29], the CCT diagram 
was calculated below this temperature, and within this range. 
The theoretical calculation shows that even the fastest cool-
ing rate associated with PBF-LB is not high enough to sup-
press the precipitation of α-phase when passing through the 
solvus. The α-phase was measured from the phase map to 
be 0.27%; it should be noted that α-phase was not detected 
in Fig. 5a due to the small volume.

To analyze the microstructure, the samples were observed 
under OM and SEM after etching. Figure 7a presents an opti-
cal micrograph of the AB sample. Molten pool boundaries 

(1)
MoE = 1.0(wt%Mo) + 0.67(wt% V) + 0.44(wt%W) + 0.28(wt% Nb)

+ 0.22(wt% Ta) + 2.9(wt% Fe) + 1.6(wt% Cr) + 1.25(wt% Ni)

+ 1.70(wt%Mn) + 1.70(wt% Co)−1.0(wt% Al).

are clearly visible in the AB state. Since the remelting of 
layers during PBF-LB affects the molten pool size, the meas-
urements were taken from the top layer only. The average 
sizes resultant of the width and depth of the molten pool was 
124 ± 15 μm and 70 ± 10 μm, respectively. The presence of β 
columnar grains with a width of 33 ± 26 μm can also be seen 
to be primarily parallel to the BD. Formation of columnar 
microstructure during PBF-LB has been reported before for 
other Ti alloys [20, 30]. During PBF-LB, a large heat flux is 
created parallel to the BD. The grains grow along the direc-
tion of highest thermal gradient [6, 31], and thus, aligning 
with the BD. Each layer partially re-melts the previous layer, 
facilitating the grain growth from existing grains, which acts 
as a driving force for crystal growth in the same orientation. 
The epitaxial growth has been reported before for AM and 
is well documented in [6, 31, 32].

Figure 7b shows a SEM micrograph of the same AB 
sample. The microstructure in the AB state revealed cel-
lular columnar features within the grains that grew across 
the molten pool boundaries. The cellular sub-grains form 
parallel to the heat flux, as mentioned before, following the 
thermal gradients, and perpendicular to the melt pool. Thus, 
the dendrites grow through epitaxial growth through multi-
ple layers. Mode and size of the solidification structure are 

Fig. 6  The calculated CCT and 
TTT diagrams for β-21S. Blue 
line: TTT diagram, red line 
CCT diagram for α-phase with 
volume fraction of  10–4. Dashed 
lines indicate the cooling rates 
 104 °C/s and  103 °C/s
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influenced by the growth rate R (m/s) and the temperature 
gradient G (°C/m), which are the main solidification param-
eters. Equiaxed dendrite growth is favored by a lower G/R 
ratio, while a columnar morphology is favored by higher 
values of G/R. The high thermal gradient and low growth 
rate associated with PBF-LB  (106 °C/m and 0.4 m/s) lead to 
the formation of columnar dendritic microstructures [6, 33]. 

The columnar cells within each grain have been reported for 
numerous materials processed via AM including Ti alloys 
[20, 34, 35].

Texture was analyzed with EBSD to highlight the pre-
ferred crystallographic orientation. Figure 8 presents the 
EBSD orientation maps, the inverse pole figure (IPF) and 
pole figures, taken from the cross-sectional view of the AB 

Fig. 7  Images showing the microstructure after etching in AB condition at different magnifications a OM, b SEM

Fig. 8  EBSD analysis of the AB 
sample



Progress in Additive Manufacturing 

1 3

sample. The black lines in the orientation maps denote the 
high angle grain boundaries (where misorientation > 15°). 
The microstructure observed is composed of large β-grains, 
mainly oriented along the building direction, with a pre-
ferred <001> alignment. The crystal growth occurs along 
the maximum temperature gradient, primarily formed paral-
lel to the building direction, in the direction <001>, which 
is known as the predominant-growth direction for BCC crys-
tals [36, 37] and was also found in PBF-LB of β-21S by Pel-
lizari et al. [21]. Partial re-melting of the previous layers in 
PBF-LB process facilitates the grain growth from an existing 
grain, which acts as a driving force for crystal growth in 
the same orientation [6]. It can be seen from Fig. 8 that the 
columnar grains propagated several hundreds of microns, 
larger than the molten pool depth of 70 μm, which confirms 
the epitaxial growth during PBF-LB.

3.2  Microstructural characterization of STA

Fig. 9 presents the XRD pattern of the STA sample. Peaks 
corresponding to α-phase (HCP, PDF 04-017-1339 [25]) and 
β-phase (BCC, PDF 04-020-9142 [25]) were identified. The 
α-phase is produced by the aging treatment, as discussed 
before.

Figure 10 presents SEM micrographs of a sample after 
STA. As expected, the melt pool boundaries observed in the 
AB condition are no longer present due to the thermal treat-
ment applied to the sample. The microstructure is composed 
of β-grains with α-phase at the grain boundaries (αGB), 
α-plates within the grains and a zone free of precipitation 
(PFZ), indicated by arrows. The measured thickness of the 
αGB was in the scale of 0.25 ± 0.1 μm. The αGB interdistance 
was 5 ± 4 µm. The size of the plates was measured to be 
1 ± 1 μm and 0.2 ± 1 μm, for length and width, respectively. 
The explanation for these morphologies is as follows.

During aging, precipitation of α-phase takes place on 
precursors, and on defect sites, such as grain boundaries, 
dislocations, and point defects [4, 10, 13]. Grain boundaries 
are the preferential nucleation sites in diffusional transfor-
mations; the formation of αGB occurs as the prior β-grain 
boundaries serve as nucleation sites of α precipitation [38, 
39]. This is due to the fact that defects lower the nucleation 
barrier for phase nucleation.

At the same time, α-phase will nucleate in the interior of 
the grains on defect sites, such as vacancies generated dur-
ing the rapid solidification, and grow into plates. As previ-
ously mentioned, Agarwal et al. [19] and Huang et al. [4] 
reported β-21S produced by non-AM techniques with STA 
(810–845 °C, 30 min–1 h, AC; 538–540 °C, 8 h, AC) [4, 19] 

Fig. 9  XRD pattern STA condi-
tion
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resulted in β hexagonal grains with a stubby morphology of 
α-phase, while the microstructure obtained in this study with 
similar STA consisted of columnar β-grains with α-plates 
of larger size. The difference in the microstructure obtained 
can be explained by the differences on the manufacturing 
process. PBF-LB β-21S consisted on uniform β-grains with 
small percentage of α-phase, while other common manufac-
turing processes used to produce β-21S involve a deforma-
tion process that give rise to a non-uniform microstructure. 
β-21S microstructure before STA reported by Agarwal et al. 
and Huang et al. [4, 19] consisted of β-grains with non-
uniform recrystallization and larger percentage of second 
phase, causing more inhomogeneities that give rise to nucle-
ation sites for α-phase during aging. More nucleation sites 
are beneficial for the precipitation of α-phase but limit its 
coarsening [40]. Therefore, a more uniform microstructure 
such as PBF-LB β-21S resulted in lower nucleation sites for 
the α-phase and extensive growth of α into plates. Another 
possible explanation can be found by considering that the 
α-phase is growing from a pre-existing β-phase. This means 
that incoherence effects, i.e., interfacial energy between the 
β-matrix and the growing α-phase place a role in the forma-
tion of a plate morphology. Further explanation on this is not 
pursued as it is beyond the scope of this work. In Agarwal 
et al. and Huang et al. studies [4, 19], the volume fraction 
of α-phase was measured to be ~33%, while in this study is 
reported to be ~10%.

The PFZ is explained as follows. The α-phase starts pre-
cipitating at grain boundaries during aging, which are pref-
erential nucleation sites, removing solute from the adjacent 
matrix causing a precipitation depletion zone when aging 
[4]. A zone free of α-phase has also been reported before 
in the literature for β-21S in STA [4, 10, 19]. Figure 11a 
presents high magnification BSE-Comp micrograph of the 
α-phase in the STA alloy before etching. EDS line scan pre-
sented in Fig. 11c shows that the α-phase is enriched in Al 

and Ti and depleted in Mo and Nb that are β-phase stabiliz-
ers [10].

3.3  Mechanical properties

3.3.1  Hardness

β-21S is normally supplied in β ST condition [26] and used 
in aged condition. The microhardness obtained in the AB 
condition was 278 ± 5 HV, similar to the reported value of 
274 HV for supplied β-21S ST at 843 °C and AC (no aging) 
[41].

Our PBF-LB β-21S STA exhibited a value of 380 ± 13 
HV. Similar to the reported hardness value for wrought 
β-21S STA (871 °C, 30 min, AC; 538 °C, 8 h, AC) of 400 
HV [42]. As expected, the STA resulted in an increase 
of microhardness. This is due to the precipitation of the 
α-phase during the heat treatment; the amount of α/β-phase 
interfaces increases. Phase interfaces can hinder the disloca-
tions movement, causing the microhardness to increase [43].

3.3.2  Tensile properties AB RT

Figure 12 presents the PBF-LB β-21S YS and UTS as func-
tion of elongation in both AB and STA conditions. It also 
includes some typical values of wrought β-21S ST and STA 
[18]. The results demonstrate that the PBF-LB β-21S has 
comparable mechanical properties to the wrought β-21S 
commonly used in the industry, with higher percentage of 
ductility attributed to the higher percentage of β-phase [44] 
presented in PBF-LB β-21S compared with wrought β-21S.

To further analyze these results, fracture surface was 
observed. Figure 13 presents the tensile fracture surface 
observed by SEM for the sample in the AB condition tested 
at RT. The specimen fractured in a ductile manner, as shown 
in Fig. 13, dimples prevailed in the fracture surface. Dimples 

Fig. 10  SEM micrographs showing the microstructure after etching of samples STA at different magnifications
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Fig. 11  EDS line scan of the 
STA alloy
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appear with the coalescence of voids formed during plastic 
deformation, in accordance with the high ductility presented 
on the AB sample. The observed dimple size of the AB sam-
ple was 10 ± 5 μm that can be associated with the β-grain 
width.

3.3.3  Mechanical properties STA, RT

From Fig. 12, it can be noted that PBF-LB β-21S STA 
provides competitive results of YS, UTS and elongation 

compared to wrought samples. In Fig. 11, it can also be 
noted that STA of PBF-LB β-21S resulted in an increase 
of YS, and UTS, with a reduction of ductility. These 
changes are related to the precipitation of the α-phase. The 
α-precipitates act as barriers to dislocation slips [43, 45–47]‚  
increasing the strength of the alloy while also decreasing 
the ductility, since they are small and distributed dispers-
edly within the β matrix. Figure 14 presents the tensile frac-
ture surface of the PBF-LB β-21S STA tested at RT. The 
fracture surface primarily featured quasi-cleavage facets, 

Fig. 12  a YS, b UTS as a function of elongation at RT. Grey cube 
and red diamond denoted with green lines represent the values of 
β-21S in the present study: AB, and STA, respectively. Black trian-

gles pointing up, and blue triangles pointing down represent wrought 
samples in: ST, and STA, respectively

Fig. 13  SEM micrograph of 
fracture surface. AB condition
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as well as intergranular features. These observations are 
consistent with the lower ductility presented in the STA, 
with respect to the AB condition. This result can be related 
to the microstructure. αGB contributed to the intergranular 
fracture [48], and at the same time, to reduce the ductility. 
The αGB provides long soft zones that deform preferentially 
during deformation causing high stress concentrations and 
resulted in separation of grains [10, 49, 50]. At the same 
time, it is suggested by Qin et al. [49] that the transgranular 
shearing occurs in the region between the tips of two cracks 
when the crack reaches a critical dimension in β-titanium 
alloys. On the other hand, dimples of size 1.5 ± 1 μm were 
also observed, which can be associated with the presence 
of α-plates, since the interfacial cohesion strength between 
the α and β-phases can lead to the formation of void at the 
α/β interface.

3.3.4  Mechanical properties at 450 °C

Non-aged β-alloys are not commercially used at high tem-
peratures as the β-phase prior to aging is metastable and, 
when exposed to elevated temperatures, is prone to phase 
transformation and stabilization, altering the properties [19, 
51]. Thus, only the sample in STA condition was tested at 
450 °C. Figure 15 shows the YS and UTS along with its 
elongation values for the STA samples from the present 
work, with comparison to values of the wrought β-21S STA 
tested at 450 °C [18]. The results obtained are similar to 
reported typical values as can be seen in the graphs. Com-
pared to PBF-LB β-21S STA tested at RT, testing at 450 °C 
resulted in reduced YS and UTS, while the percentage of 

elongation slightly increased. Increasing temperature is asso-
ciated with thermally activated processes, such as decrease 
in dislocation density, that result in reduction of strength 
at elevated temperatures in Ti alloys [52]. Figure 16 pre-
sents SEM micrographs of fracture surface at 450 °C for 
the STA condition. As can be seen, dimples prevailed along 
the surface. The dimple size is 2 ± 1 μm, slightly larger than 
in the STA RT test. Similar to the RT test, void formation 
can be formed at the α/β interface. It is suggested that void 
growth occurred with increasing test temperature, while the 
difference in strength between the β-grain and αGB decreased 
[53], diminishing the effect of αGB on intergranular frac-
ture. This behavior agrees with the small increase in ductil-
ity and reduction in strength presented at increased testing 
temperature.

4  Conclusions

β-21S alloy samples were produced by PBF-LB. No sec-
ond phase was detected by XRD and OM, and only β-phase 
was observed in the as-built condition. Further examina-
tion under EBSD demonstrated a small percentage of a 
α-phase. The crystallographic texture of the β-phase was 
analyzed. The preferential {001} <100> crystallographic 
orientation and the formation of elongated grains along the 
building direction were observed. The samples presented 
a microhardness of 278 ± 5 HV, YS of 917 ± 1 MPa, UTS 
of 946 ± 19 MPa, and high ductility (25.3 ± 3%), which 
are comparable properties to β-21S produced by non-AM 
techniques with posterior ST. The β solution treating of 

Fig. 14  SEM micrographs of 
fracture surface at different 
magnification. STA condition
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the sample at 850 °C for 30 min and subsequent aging at 
538 °C for 8 h, both with AC, caused an increase in micro-
hardness to 380 ± 13 HV, YS to 1281 ± 6 MPa, and UTS to 
1348 ± 4 MPa and reduced ductility to 6.5 ± 1% due to the 
precipitation of α-phase. At elevated temperature (450 °C), 
the heat-treated alloy presented a YS of 827 MPa, UTS of 
923 MPa and a ductility of 7.7%.

This work has shown that metastable β-21S Ti alloy is 
a promising candidate material for additive manufacturing 

processes with properties behaving according to the tradi-
tional heat treatment schedule.

Future research on PBF-LB might extend the explana-
tions of α-precipitation on the AB condition. In addition, 
studies considering different aging time might prove an 
important area for future research to better understand the 
α-precipitation after STA.
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