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Metastable β-Ti alloys are a class of heat-treatable materials increasing research interest nowadays. Their mechanical 
properties make them very suitable for high-end applications, such as racing and aerospace. In this study, the heat tre-
atment behaviour of β-21S (Timetal 21S) fabricated by laser powder bed fusion (L-PBF) was investigated, to evaluate its 
influence on microstructure and mechanical properties. Solution heat treatment (SHT) at 930 °C x for 30 min allowed an 
equiaxed microstructure with no massive grain coarsening. Artificial ageing (AA) at 590 °C x 8h following SHT resulted 
in higher strength, compared to that achieved by direct ageing, and in α precipitation shifted to higher temperatures 
with a triangular arrangement. The suitability of two different direct ageing treatments, namely AA (590°C for 8h), and 
double ageing (DA) at 690°C for 8h plus 650°C for 8h, could be confirmed for the AM alloy. Both treatments provided 
strength values comparable to literature findings but also in an incredibly high elongation at break. AA provided a yield 
strength of about 1200 MPa and preserved the elongation at break of the as-built material (21%). On the other hand, the 
outstanding fracture elongation after DA (34%) led to a slightly lower strength (970 MPa). On the other hand, SHT+AA 
resulted in a higher strength (1286MPa) but also in very limited ductility (7%) due to the grain boundary precipitation 
of alpha phase. 
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INTRODUCTION
Titanium alloys, based on Ti with addition of elements 
such us Al, V, Fe and Mo, are of good interest in aero-
space, automotive, military, medical, sporting and other 
applications where low-density (around 4.51 g/cm3) with 
high strength and high corrosion resistance are of pri-
mary importance [1,2]. In addition, their excellent bio-
compatibility and low elastic modulus compared with 
the other metallic biomaterials make them the far most 
used material in the orthodontic and orthopedic fields 
[3–5]. Titanium alloys are divided in three different clas-
ses, α, α+β, and β phase with further subdivision into near 
α and metastable β alloys depending on the alloying ele-
ments used to stabilize the two allotropic phases of Ti, 
namely hexagonal close-packed (hcp) α-phase and the 
body-centered cubic (bcc) β-phase. Indeed, alloying ele-
ments could be divided into  α-stabilizers, namely Al, O, 
N and C, which extend the α field to higher temperatures 
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and β-stabilizers, such as Mo, V, Ta, Nb, Fe, Mn, Cr, Co, 
Ni, Cu, Si and H, which decrease the β-transus tempe-
rature [2,6]. β-Ti alloys have progressively replaced iron 
and nickel based alloys in the aerospace industry thanks 
to the unique strength to weight ratio, excellent tempe-
rature resistance up to around 600°C and high hardenabi-
lity [7,8]. Furthermore, they are having a growing interest 
in for biomedical applications thanks to the lower elastic 
modulus achieved with the β microstructure compared to 
the common metallic biomaterials [8]. A subgroup of the 
β-alloys is given by the metastable β-alloys which can be 
composed with a small volume fractions of other phases 
such as α, martensitic phases or ω-phase depending on 
composition and thermo-mechanical processing [4,7]. 
Among this group of β-alloys, β-21S, which is characteri-
zed by a chemical composition of Ti-15Mo-3Nb-3Al-0.2Si 
(wt.%), is of good interest in a variety of applications whe-
re high temperature strength, creep resistance, thermal 
stability and oxidation resistance are required  [9,10]. With 
the aim of produce β-21S high complexity components, 
additive manufacturing (AM) technologies are gaining in-
creasing interest thanks to the possibility to decrease the 
time and cost of production and high design freedom and 
good tolerance [11]. One of the most used AM techniques 
is the laser powder bed fusion (L-PBF) offering the best 
dimensional precision and accuracy [12]. Pellizzari et. Al. 
[10] have demonstrated the achievement of interesting 
properties for biomedical applications, namely a low ela-
stic modulus e good mechanical properties, by producing 
β-21S alloys via L-PBF. Nevertheless, this alloy results in 
a promising candidate for strength applications thanks to 
precipitation hardening achieved through specific heat 
treatments. Typical heat treatment of cast and wrought 
Ti21S alloy involves solution heat treatment (SHT) abo-
ve the β-transus temperature to recrystallize and recover 
anisotropy and guarantee homogenous response to the 
following artificial aging (AA) between 500 and 700°C [13].  
Aging is aimed at strengthening the material through the 
precipitation of α phase inside grains. Depending on the 
required mechanical properties, aging at 500°C is used 
to achieve higher strength to toughness/ductility ratios; 
differently, aging at higher temperature leads to a reco-
vering of the ductility at the expense of strength [14,15]. 

Two other heat treatments are commercially diffused for 
Ti21S, namely direct aging (AA) at around 590°C for 8h for 
low temperature applications and double aging (DA) at 
690°C for 8h and 650°C for 8h when higher thermal stabi-
lity is required [13]. 
In this work, heat treatment response of β-21S produced 
by L-PBF was investigated. Three different heat treatmen-
ts (HTs), namely direct aging (AA), solution treatment fol-
lowed by aging (STA) and double aging (DA) were perfor-
med. The effects of the different heat treatments on the 
microstructure, mechanical properties and residual stres-
ses were evaluated.

MATERIALS AND METHODS
A β-Ti21S pre-alloyed powder (GKN Hoeganaes Corpo-
ration, USA, D10=25 μm, D50=41 μm, D90=60 μm) was used. 
Dog-bone (ASTM E8M) samples were 3D printed with the 
main axis parallel to the building direction (BD) using a 
L-PBF machine model SISMA MYSINT100 on a platform of 
100 mm in Ar atmosphere. A laser spot of 55 μm, a power 
of 200W, a volume energy density comprised between 
40 and 90 J/mm3 and a  90° scanning strategy were used. 
Heat treatments were carried out in a vacuum furnace, 
equipped with an all-metal molybdenum hot zone. Sam-
ples were placed horizontally inside the furnace, using ni-
ckel-based alloy fixtures. Once established high vacuum 
(1E-5/1E-6 mbar range of pressure), samples were heated 
10°C/min to the selected temperature. After soaking, the 
samples were cooled to room temperature using pressu-
rized argon at 1.5 bar for the aging treatments and pressu-
rized argon at 6 bar for the solution heat treatment. Du-
ring double aging (DA), samples were furnaced cooled (~ 
1.3°C/min) from the Aging 1 temperature (690°C) to Aging 
2 temperature (650°C). Details of the different heat treat-
ments are summarized in Tab. 1.
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Tab.1 - Heat treatments of tensile specimens. if not specified, heating rate is equal to 10°C/min and 
cooling rate of 30 °C/min

HEAT TREATMENT DETAILS

HTs Solution Aging 1 Aging 2

AA - 590°C for 8h

STA 930°C for 30 min
RT* in 6 min 590°C for 8h

DA - 690°C for 8h
FC** until 650°C 650°C for 8h

Tensile tests were carried out according to ASTM E8 at 
RT, with a strain rate of 1 mm/min and using an extenso-
meter with a 12.5 mm gauge length to evaluate the elastic 
region of the curves. After sandblasting, three samples 
for each condition were tested. The microstructural cha-
racterization of as-built (AB) and HTs samples was carried 
out by light optical (LOM) and scanning electron micro-
scopy (SEM) after proper metallographic preparation and 
chemical etching with Kroll’s reagent [16]. Fractographic 
analysis on the AB and HTs samples after tensile testing 
was performed by means of SEM. Cantilever tests, using 
the geometry reported by C. Pauzon et al. [17], were con-
ducted to evaluate the accumulated residual stresses due 
to L-PBF, on the AB and HTs samples. Specific point of 
the cantilever (P1, P2 etc.) were measured with Coordina-
te Measuring Machine (CMM) Global DEA 07-07-07 equip-
ped with a Renishaw SP600M scanning head after the de-
tachment, by means of Electrical Discharge Machining 

(EDM), of the thin supports that connect the cantilever 
with the platform.

RESULTS AND DISCUSSION
Microstructural analysis
As built microstructure shown in Fig. 1a clearly eviden-
ces the 90° scanning strategy used during L-PBF. A  fully 
dense material and a columnar β grain structure oriented 
along the building direction is observed (Fig. 1b). In addi-
tion, traces of melting pools and the epitaxial growth of β 
grain which takes place along the heat flow direction are 
detected. The partial remelting of previously consolida-
ted layers promotes the extension of epitaxial growth of 
β grain up several millimeters in length with a thickness 
of around 10 μm. The solidification structure, namely the 
grain orientation, is influenced by the local heat flow di-
rection, which is almost parallel to the building direction 
[10,18]. 

Fig.1 - AB microstructure a) perpendicular and b) parallel to the BD 

* RT room temperature (RT); ** FC Furnace cooling.
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After AA, the solidification microstructure and the melting 
pools are still visible. Indeed, the AA is not able to remove 
the solidification microstructure and the anisotropy 
introduced by L-PBF. Some α colonies at the β grain 
boundaries (αGB) seems to be present, even though this 
should be confirmed by higher resolution techniques. 

SEM micrograph (Fig. 2b) highlights presence of α phase 
with a banded and Widmanstätten morphology of a size 
lower than 1 μm inside β grains confirming a predominant 
intragranular precipitation along specific directions. LOM 
and SEM micrographs of DA treatment are reported in Fig. 
3.

Fig.2 - a) LOM micrograph and b) high magnification SEM micrograph of the AA sample

The solidification microstructure characterized by 
elongated grains is preserved as in case of AA but only 
few melting pools boundaries are still visible (Fig. 3a). 
Higher amount of αGB respect to AA is observed in SEM 
micrograph (Fig. 3b). Near the αGB a thin layer of β-phase 
without precipitates is formed called precipitates free 

zones (PFZs). These zones increase the ductility of the 
alloy [19]. Secondary α precipitates inside the β grains 
with a specific orientation size of around 1-2 μm. LOM and 
SEM micrographs achieved after STA (930°C for 30min + 
590°C for 8h) treatment are shown in Fig. 4.

Fig.3 - a) LOM and b) SEM micrographs of DA sample

Fig.4 - LOM and b) SEM micrographs of STA sample. 
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The solution heat treatment (SHT) promotes the recrystal-
lization deleting the columnar structure achieved by L-PBF 
and creating equiaxed grains about 80 μm in size. The high 
temperature reached during SHT then promotes a signifi-
cant microstructural isotropy recovery. Thanks to homo-
genization, the precipitation of secondary α occurs with a 
peculiar triangular α lamellae arrangement (Fig. 4b). A thin 

layer of αGB is observed highlighting a poor quench after ST.

Tensile tests
The nominal tensile stress-strain curves of AB and heat tre-
ated specimens are reported in Fig. 5a.

Tab.2 -Mechanical properties of β-Ti21S obtained by L-PBF in AB condition and after different HTs.

MECHANICAL PROPERTIES

E (GPa) σy [MPa] UTS [MPa] εR [%] mHV0.1

AB 64 ± 1 804 ± 29 894 ± 13 21.6 ± 0.8 299 ± 2

AA 96 ± 1 1208 ± 19 1235 ± 15 21.0 ± 1.2 376 ± 4

DA 96 ± 0 951 ± 11 974 ± 8 33.6 ± 0.1 310 ± 4

STA 96 ± 0 1286 ± 6 1301 ± 7 6.7 ± 0.8 377 ± 2

The corresponding mechanical properties are summarized 
in Tab. 2. The AB material shows an elastic modulus of 64 
GPa, a fracture elongation around 22%, a yield strength of 
804 MPa, and a UTS of 894MPa. Looking the AB stress-strain 
curve (Fig. 5a), after the first part related to elastic region, a 

very intense work softening highlighting by a marked stress 
drop it is observed. This behavior is ascribed to the planar 
inhomogeneous plastic flow enhanced by an increased lo-
calized adiabatic temperature [20,21].

Fig.5 - a) Nominal tensile stress-strain curve of β-Ti21S obtained by L-PBF in AB condition and after three different 
HTs. b) Comparison between the mechanical properties achieved in this work and those reported in literature for the 

same wrought alloy and previous works on additively manufactured Ti-21S.

Heat treated samples show equal elastic modulus of 96GPa 
that is higher respect to the one of AB. This is ascribed 
to the precipitation of α phase that occurs in all three 
HTs as demonstrated through previous microstructural 
investigation. Comparing the HTs stress-strain curves 
with the one of AB, after yielding the strain softening 

observed in AB is disappeared and is replaced by strain 
hardening leading to a material with a more predictable 
and controllable behavior. Direct aging (AA) leads to 
an increase in the strength with no significant variation 
in break elongation thanks to the precipitation of fine 
secondary alpha inside the β grains. Considering STA, the 
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Fig.6 - Fracture surfaces of tensile specimens at low and high magnification of a) AB, b) AA, c) DA and d) 
STA.

higher strength respect to AA is accompanied by a marked 
drop in ductility, to be ascribed to the extended and rather 
continuous grain boundary precipitation of brittle α phase 
[22]. In case of DA thermal treatment, outstanding fracture 
elongation (34%) with slightly lower strength (970 MPa) 
respect to the other HTs and higher in comparison with 
AB is observed. The enhanced ductility compared with AA 
can be reasonably attributed to the formation of PFZs near 
the αGB (Fig. 4b). Differently, the slight decrease in strength 
respect to AA is due to the coarsening of secondary α [23]. 

Comparison between the mechanical properties achieved 
in this work and those reported in literature for the same 
wrought alloy are shown in Fig. 5b. Except for the STA, 
the samples AB, AA and DA provide outstanding ductility 
near the highest values of wrought alloy and highest then 
the values refer to alloy obtained by means of AM. In terms 
of strength, highest values are obtained compared with 
other works on β-Ti21S AM alloy in all different conditions 
[9,10,13,21,24,25].
SEM fracture surface micrographs are reported in Fig. 6.

A ductile fracture surface highlighted by extended pre-
sence of dimples is observed in AB, AA and DA samples 
(Fig. 6a, b and c) differently from the STA samples where 
an intergranular fracture is highlighted (Fig. 6d). This is in 
agreement with the stress-strain curves that show a ducti-
le behavior in case of AB, AA and DA and a drastic drop of 
the ductility in case of STA.

Cantilever test
The accumulated residual stresses due to L-PBF, on the 
AB and HTs samples are measured by means of cantilever 
test. The vertical displacement curves of the cantilever 
samples after detachment of the supports of the AB, AA, 
DA and STA specimens are shown in Fig. 7.

Fig.7 - a) Cantilever sample on the building platform with position of vertical displacement measurements. 
b)Vertical displacement of specific point along the cantilever sample after support removal.
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A evident vertical deflection after removal of the support 
is observed in case of AB since the release of stresses in-
troduced by L-PBF. Differently, all HTs provide negligible 
vertical deflection thanks to the stress relieving, without 
particular differences for different HTs.

CONCLUSIONS
In this study, the heat treatment behaviour of β-Ti21S fabri-
cated by L-PBF was investigated, to evaluate its influence 
on microstructure and mechanical properties. In details, 
direct aging (AA), double aging (DA) and solution heat tre-
atment followed by artificial aging (STA) were carried out 
on dog-bone specimens. The main conclusion could be 
summarized as follows.

•	 Direct artificial aging of AB alloy at 590 °C x 8 h shows 
an increase in strength with no significant variation in 
break elongation thanks to the precipitation of fine 
secondary Widmannstätten-α platelets inside the β 
grains;

•	 Double aging treatment at 690 °C x 8 h + 650 °C x 8h 
permits to achieve outstanding fracture elongation 
(34%) due to the formation of PFZs and slightly lower 
strength respect to the other HTs involving ageing at 
lower temperature, due to coarsening of secondary α 
The enhanced ductility compared with the AA could be 
attributed to the formation of PFZs.

•	 Solution heat treatment (SHT) at 930 °C x for 30 min 
promotes recrystallization of β grains deleting the co-
lumnar structure produced by L-PBF and allowed an 
equiaxed microstructure with no massive grain growth. 
Following artificial ageing (AA) at 590 °C x 8h resulted 
in higher strength, compared to that achieved by direct 
ageing, since the formation of secondary α with a trian-
gular arrangement. The high ductility drop could be 
ascribed to the grain boundary precipitation of α phase 
that acts as a barrier to dislocation slip.

•	 Cantilever test confirmed the complete removal of re-
sidual stresses for all the three HTs.

In conclusion, direct ageing revealed itself a valid solution 
in providing appropriate mechanical properties and di-
mensional stability on the expenses of isotropy that can be 
recovered only by solution annealing.
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