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b DIISM, Università Politecnica delle Marche, Via Breccie Bianche 12, 60131, Italy 
c Department of Engineering “Enzo Ferrari”, University of Modena e Reggio Emilia, Via P. Vivarelli 10/1, 41125, Italy 
d InterMech – MO.RE. Centro Interdipartimentale per la Ricerca Applicata e i Servizi nel Settore della Meccanica Avanzata e della Motoristica, Università di Modena e 
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A B S T R A C T   

The present paper investigates static and dynamic precipitation phenomena in the Ti6Al4V alloy produced via 
laser-powder bed fusion, solubilized at 1050 ◦C and aged in the range of 450–650 ◦C. In relation to the distance 
from the platform on which the samples are disposed during the solution heat treatment, the microstructure 
varies from α-laths to α-colonies arranged in a Widmanstätten structure. The aging heat treatment at 450 ◦C 
promotes the formation of stacking faults into α-laths and the precipitation of α2-Ti3Al phases. SEM and TEM 
observations reveal that the density of precipitates increases after aging at 500 ◦C, while coarsening of the 
α-phase occurs only after aging heat treatment at 600 ◦C. Vickers microhardness measurements reveal different 
peak-aging conditions and show that the alloy is unstable at high temperatures (T > 450 ◦C), both in the case of 
static and dynamic precipitation phenomena. Only the aging profile at 450 ◦C shows a constant trend of Vickers 
microhardness after 4 h of treatment.   

1. Introduction 

The Ti6Al4V alloy is widely used for aerospace, automotive, and 
biomedical applications due to its perfect combination of high hardness 
and tensile strength at room and elevated temperatures, corrosion 
resistance, toughness, and density (~4.5 g/cm 3) [1–3]. Ti6Al4V is an 
α/β titanium alloy showing an α+β microstructure at room temperature 
thanks to the α- (e.g., Al, O, and C) and β-stabilizer (e.g., V, Fe) alloying 
elements. In relation to the several production processes and postprocess 
heat treatments, the α-phase may form the following types of micro-
structures: i) acicular martensite, ii) lath or iii) colonies in the Wid-
manstätten or basketweave structure, and iv) duplex or bimodal 
structure in which the primary α-phase (untransformed) is combined 
with the secondary α-phase (transformed by the β-phase) [4–8]. The 
β-phase precipitates, instead, along the grain boundaries of the α-phase 
due to the diffusion-based process of the β-stabilizer alloying elements. 

Laser powder bed-fused Ti6Al4V alloy produced by L-PBF shows a 
fully martensitic microstructure contained in columnar β-grains that are 
arranged parallel to the build direction [1,8,9]. The β → α′-martensite 
diffusionless transformation is promoted by the high cooling rate (~107 

K/s) characterizing the solidification process of the molten pool during 
which the β-stabilizer elements become trapped within the hexagonal 
close-packed (hcp) lattice structure of the α-phase. Yang et al. [8] 
showed that the martensitic microstructure is a hierarchical structure 
including primary, secondary, tertiary, and quartic α′-martensite laths, 
which are placed perpendicular to each other. These acicular sharp 
α′-martensite phases are associated with high ultimate tensile (≥ 1.1 
GPa, [1,10]) and yield strengths (≥ 1 GPa, [1,10]) but low ductility (<
10%, [1]), which makes α′-martensite undesirable for many applications 
in aerospace and automotive fields. In relation to the process parameters 
used to additively manufactured Ti6Al4V samples and, consequently, to 
the obtained microstructure morphology Vickers microhardness can 
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vary from (364 ± 27) HV0.2 to (420 ± 10) HV0.2 [11–14]. Vanadium 
β-stabilizer atoms are contained in the hcp lattice, and due to their 
cytotoxicity, α′-martensite must be avoided in medical implants [15]. 
As-built Ti6Al4V samples are also characterized by high residual stresses 
due to the rapid heating and cooling cycles developed during the powder 
bed process [8,16]. At the same time, this complex thermal history may 
promote the precipitation of intermetallic phases, such as α2-Ti3Al 
and/or TiAl3, when the temperature reaches 500–600 ◦C [12,17]. This 
condition improves the ultimate tensile strength, yield strength, and 
hardness, as investigated by Refs. [18,19]. 

In this scenario, postprocess heat treatments and cooling methods 
(rates) are required to relieve the residual stress, decompose the 
α′-martensite and generate the appropriate mechanical properties and 
microstructure. Ali et al. [20] showed that α′-martensite decomposition 
into an α+β microstructure can already be obtained at 470 ◦C. Kaschel 
et al. [21] affirmed that α′-martensite decomposes at temperatures 
higher than 400 ◦C given that a variation in the hcp lattice parameters is 
detected. A complete decomposition process, in which the α-phase 
preserves the crystallographic orientation of the α′-martensite laths, can 
be generally obtained at temperatures in the range of 700–800 ◦C [4, 
22–24]. Moreover, annealing in the range of 700–900 ◦C relieves re-
sidual stress and α-phase grain growth and does not promote precipi-
tation phenomena [25,26]. In this scenario, the ultimate tensile and 
yield strengths of Ti6Al4V samples decrease from ~1.1 GPa to ~950 
MPa and from ~1 GPa to ~850 MPa, respectively. Wu et al. [13] 
measured an increment of ~27 HV0.2/100 ◦C after annealing heat 
treatments in the range 300–500 ◦C due to the structure refinement. 
Vickers measurements decrease only considering samples annealed 
above 600 ◦C. Previous studies [27,28] have measured HV values of 350 
± 26 HV0.1 (after 700 ◦C x 1 h) or 295 HV0.2 (after 850 ◦C x 2 h). On the 
other hand, Ti6Al4V samples were characterized by 386 ± 9 HV0.5 and 
321 ± 28 HV0.1 after 740 ◦C x 2 h and 900 ◦C x 2 h, respectively [4,27]. 
These differences were conferred by both the as-built microstructure 
that characterized the laser powder bed-fused Ti6Al4V alloy before the 
annealing HTs, and by the load used to measure the HV values [14]. 
Despite the occurrence of α′-martensite decomposition, ductility values 
are not improved significantly [1,10]. Otherwise, the solubilization heat 
treatment performed above the β-transus temperature has dual and 
better effects: i) the recrystallization of columnar β-grains into equiaxed 
ones that reduces the mechanical property anisotropy and ii) the control 
of the microstructure morphology (and thus the mechanical behavior) 
through the variation of heat treatment parameters [1,11]. The ultimate 
tensile and yield strength generally decrease to 870 MPa and 750 MPa, 
respectively [1,10]. The elongation values, however, increase with 
respect to the as-built values and generate a good combination with the 
tensile strengths. Vickers measurements vary instead in relation to the 
cooling method affecting Ti6Al4V samples after exposure at the solution 
temperatures. Wu et al. [13] showed (422 ± 3) HV0.2 after exposure at 
1000 ◦C followed by water quenching, reaching the as-built HV mea-
surements. Lekoadi et al. [11] revealed instead (344 ± 13) HV0.3 with 
an exposure temperature of 1000 ◦C for 2 h followed by furnace cooling. 
With the purpose of improving mechanical properties after a solution 
heat treatment, the present work investigates different aging HTs per-
formed on Ti6Al4V samples manufactured by L-BPF, as the literature 
lacks this part. Lacks related to the effects promoted by aging HTs, 
performed in the range 450–650 ◦C, on laser powder bed-fused Ti6Al4V 
samples in terms of i) α2-Ti3Al precipitation phenomenon and ii) for-
mation of micro and nanostructures in the α-laths. In detail, static and 
dynamic phenomena of precipitation, the microstructural morphologies 
of the α/β phases and their coarsening effects are investigated after both 

solution and aging HTs to find the optimum HT conditions that confer 
the best mechanical properties. Vickers microhardness tests were used to 
understand these process-structure-properties. 

2. Material and method/experimental procedure 

Gas-atomized Ti6Al4V extra-low interstitial (ELI) powders, charac-
terized by a diameter in the range from 15 to 60 μm, were used in this 
work. The powder chemical composition (Table 1) complies with the 
F1472 standard regulations to be an ELI alloy (wt.% of O < 0.13% and 
Fe < 0.25%). 

Ti6Al4V dog-bone samples (Fig. 1a) were manufactured by the L-PBF 
process in an SLM®280 machine (SLM solutions, Lübeck, Germany) 
equipped with 400×2 W IPG fiber lasers by using a scanning speed of 
1250 mm/s, a laser power of 340 W, a layer thickness of 60 μm and a 
hatch spacing of 120 μm. The build platform was preheated at 80 ◦C, and 
the build chamber was filled with argon gas to avoid powder oxidation 
processes. The building direction was parallel to the z-axis, as shown in 
Fig. 1a. ‘Top’ and ‘Bottom’ labels designate the farthest and closest re-
gions to the build platform, respectively. After the manufacturing pro-
cess, Ti6Al4V dog-bone samples were solution heat treated at 1050 ◦C 
for 1 h (Fig. 1b) in a vacuum furnace. These samples were not removed 
from the build platform for the SHT. The solution temperature at 
1050 ◦C was reached by a furnace thermal ramp, with a first step at 
600 ◦C × 1 h and a second step at 800 ◦C × 0.5 h. Subsequent aging was 
performed at 450◦, 500◦ and 600 ◦C for times ranging from 1 to 128 h in 
a muffle furnace (Nabertherm GmbH, Lilienthal, Germany), followed by 
different cooling methods. The investigated cooling methods were i) 
water quenching (WQ), ii) air cooling (AC, ~5.5 ◦C/s) and iii) furnace 
cooling (FC, ~0.02 ◦C/s) (Fig. 1b, Table 2). Aging temperatures were 
chosen in relation to the temperature range in which Ti–Al may pre-
cipitate [26]. Dynamic precipitation phenomena were evaluated on 
crept samples, which were analyzed by Spigarelli et al. [22]. The present 
paper shows HV measurements obtained in the gauge length of the crept 
samples. 

Static (S) and dynamic (D) age-hardening responses were evaluated 
through a Vickers microhardness test performed on grounded and pol-
ished sample surfaces (area of 10 × 15 mm2 placed along the yz plane, 
Fig. 1a) using a load of 500 gf and an indentation time of 15 s in 
agreement with the UNI EN ISO 6507 standard. Each HV0.5 value shown 
in the present work was obtained by an average of 9 indentations ar-
ranged in a 3 × 3 matrix, as proposed in Ref. [29]. A Vickers micro-
hardness test, with a load of 100 gf and an indentation time of 15 s, was 
also performed to evaluate the HV0.1 contribution conferred by the 
several microstructural morphologies revealed in solution-treated sam-
ples. For these reasons, HV0.1 values were measured after Keller’s 
chemical etching (100 mL H2O + 2 mL HF + 4 mL HNO3). 

Polishing was performed with a colloidal suspension for both Vickers 
measurements and microstructural analysis. Optical microscopy (OM) 
and scanning electron microscopy (SEM) observations were conducted 
using a DMi8 optical microscope (Leica, Wetzlar, Germany) equipped 
with image analysis software and a Nova NanoSEM 450 (Nova Nano-
SEMTM, Oregon, USA) equipped with a field emission gun source, 
respectively. The phase composition was investigated by X-ray diffrac-
tion (XRD, X’Pert PRO, PANAlytical, Almeno, NL) using Cu-Kα radiation 
emitted from a source that operated at 40 mA and 40 kV. 

For transmission electron microscopy (TEM) analyses, thin foils were 
extracted from crept sample heads. These were prepared by mechanical 
grinding and polishing to a typical thickness of 150 μm. This was fol-
lowed by twin-jet electropolishing to reach 60 μm thickness using a 
Struers™ Tenupol-5® device (Struers Inc., Westlake, Cleveland, OH, 
USA) with a solution consisting of 5% perchloric acid, 35% butanol, and 
60% methanol at − 35 ◦C and voltage V = 24 V. TEM discs were dimpled 
down to a thickness of 60 μm and then ion-milled to electron trans-
parency using a GatanTM precision ion polishing system (Gatan Inc., 
Pleasanton, CA, USA) operating at 8 keV and under incident beam angle 

Table 1 
Chemical composition (wt. %) of Ti6Al4V-ELI powder.  

Ti Al V Fe O N H C 

Balance 6.47 4.06 0.21 0.09 0.01 0.001 0.01  
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of 8◦ and progressively reduced to 6◦ and 4◦. 
TEM inspections and analyses were performed using a PhilipsTM CM- 

20® microscope (Philips It, Milano, Italy) working at 200 kV and 
equipped with a double-tilt liquid nitrogen cooling specimen holder. 
Selected area diffraction patterns (SAEDPs) were recorded using a 
converged beam. Crystallography of the detected α, α′, α2 phases was 
analyzed by SAEDP acquired as having either α-[0001] or α-[2 110]
parallel to the beam direction. 

To quantify the microstructural features in solution-treated and aged 
samples, the α-phase thickness and equiaxed β-grain size were evaluated 
employing the methods recommended by Tiley et al. [30] and discussed 
by Li et al. [31], respectively. First, a grid composed of different lines of 
known lengths was overlaid on high-resolution SEM images. To reveal 
the closest size to the real thickness of the α-laths, the grid was rotated 
twice on the same SEM image due to the several orientations of the 
α-laths. The obtained number of intersections (λ) between the α-laths 
and the lines were used to calculate αthickness, as follows [30]: 

αthickness =

(
1

1.5(1/λ)mean

)

(1a)  

where 1.5 is a constant. Second, the equiaxed β-grain size was obtained 

by counting the intersection between different lines, characterized by 
known lengths and causal orientations, and the grain boundaries. This 
system of lines was overlaid on maps formed by six OM micrographs 
taken at a magnification of 100X. In relation to the as-built conditions, in 
which columnar β-grains are arranged parallel to the build direction [1], 
the grain size was always obtained with the intersection method. In this 
case, the lines were drawn on OM micrographs at 200X and perpen-
dicular to the samples’ building direction (z-axis, Fig. 1a). The vol% of 
the β-phase and its dimensions were evaluated by image analysis soft-
ware using binarized SEM micrographs. 

3. Results 

3.1. Microstructure 

Fig. 2 shows the microstructure morphology of the as-built Ti6Al4V 
alloy in the xz- (Fig. 2a) and xy-planes (Fig. 2b). Columnar β-grains 
(width of 150 ± 30 μm) are arranged alongside the build direction and 
are entirely made up of α′-martensite laths (white arrow in Fig. 2a). They 
are formed thanks to the high cooling rate reached during the L-PBF 
process [1,32]. On the plane perpendicular to the build direction (xz 
plane in Fig. 2b), the quasisquare sections of the columnar β-grains are 
visible in the laser scan tracks, as discussed by authors in Ref. [4]. Cerri 
et al. [4] confirmed this arrangement through mathematically recon-
structed EBSD maps measured on the same as-built samples. Fig. 2 also 
exhibits both lack-of-fusion (LOF) defects (Fig. 2a) and gas porosity 
(Fig. 2b) of different shapes [1,33]. The former defect is a void of 
irregular shape with its major axis of symmetry arranged parallel to the 
xy plane; the latter defect is characterized by the typical circular 
morphology. The relative density values of 99.57 ± 0.02% and 99.78 ±
0.01% for the Bottom and Top regions, respectively, define samples as 

Fig. 1. (a) Geometry of manufactured Ti6Al4V samples where all measurements are expressed in millimetres and the z-axis represent the build direction; (b) Time- 
Temperature profiles representing the HTs performed on dog-bone Ti6Al4V samples. Blue dotted lines indicate the holding time range between 1 and 128 h. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Aging conditions.  

Temperatures Aging time [h] Cooling method 

450 ◦C 1, 2, 4, 8, 16, 32, 64, 128 WQ, AC, FC 
500 ◦C 
600 ◦C AC 
650 ◦C  

Fig. 2. OM micrographs of a Ti6Al4V sample in as-built conditions performed along the xz plane (a) and xy one (b). Yellow dotted lines and circles highlight the 
β-columnar grains that are analyzed in [4]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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fully dense and high-quality. 
Fig. 3 shows the effects induced by the SHT at 1050 ◦C × 1 h, fol-

lowed by argon cooling, on the microstructure of the Ti6Al4V samples at 
the Top and Bottom. Columnar β-grains recrystallized into equiaxed 
grains (Fig. 3a,c) on whose boundaries the αGB (Grain Boundary α) phase 
(Fig. 3b,d) is still present. During the β → α+β transformation, α+β 
colonies (Fig. 3c) nucleate and grow from the αGB toward the center of 
the grain, forming a Widmanstätten structure. Fig. 3c (Bottom sample) 
also shows both coarse α-laths and β-phase distributed along the α-grain 
boundary region due to the diffusion of the β-stabilizer alloying elements 
(V and Fe) from the center of the same α-laths toward their boundaries. 
The Top region instead shows an α+β Widmanstätten structure (Fig. 3b) 
mainly composed of α-laths rather than α-lamellar within the colonies 
thanks to a higher cooling rate that characterizes the farthest zone (Top) 
from the build platform. The same results are also supported by Ahmed 
et al. [34], who obtained similar microstructures with cooling rates of 
~15 ◦C/s for the Top (Fig. 3a and b)and ~1.5 ◦C/s for the Bottom 
(Fig. 3c and d). The interconnection between the αGB and the α-lath-
s/colonies (blue panel) and their separation through the β-phase (yellow 
panel) confirm the different cooling rates between the Bottom and the 
Top regions during the argon cooling [35]. As highlighted by the yellow 

dotted ovals, the Top shows some needle-like α′-martensite, as 
confirmed by the TEM measurements performed on the same solubilized 
Ti6Al4V samples [22]. The same authors also found the same thickness 
for the α′-martensite laths and for the α-phase and their uniform distri-
bution in the Widmanstätten structure. The same microstructure 
morphology of α′-martensite laths (Fig. 3a) is found in Ref. [36] after 
1050 ◦C SHT and water quenching and in other studies [37,38]. 

The presence of needle-like α′-martensite in the SHT samples is also 
revealed through SEM observations (Fig. 4a). In fact, the argon cooling 
path intersects the Ms (Martensite Start) line shown in the CCT diagram 
of Fig. 4b, which confirms the presence of an α’+α+β microstructure at 
room temperature due to the cooling rate of approximately 4.5 ◦C/s. The 
same microstructure morphology was presented by Rousseau et al. [39], 
who defined it as partially decomposed α′-martensite, and by Ref. [40], 
in which the same authors showed an α+α′(α’‘)trace+β microstructure 
after cooling from 1050 ◦C at a rate of 3.5 ◦C s– 1. Sieniawski et al. [40] 
affirmed that a morphology such as Fig. 3d is obtained after cooling from 
1050 ◦C at a rate <2 ◦C/s. In this scenario, the Bottom region can be 
characterized by a lower cooling rate than the Top region, as also pre-
viously discussed, due to the thermal inertia of the build platform. 

Fig. 5 illustrates SEM micrographs of the Top (Fig. 5a) and Bottom 

Fig. 3. OM micrographs of Top (a,b) and Bottom (c,d) regions of Ti6Al4V samples after SHT at 1050 ◦C × 1 h.  

Fig. 4. α′-martensite laths, indicated by yellow arrows, that are formed into solubilized Ti6Al4V samples (a) due to the argon cooling pathway represented by the 
green line (b) (Adapted from Ref. [1]). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 5b) regions; the α-phase is darker due to the α-stabilizer elements 
(Al, O, C), while β is lighter because of V and Fe (β-stabilizers), as 
confirmed by the EDX spectra listed in Table 3. 

Fig. 5a shows the α+β Widmanstätten structure with the α-laths 
(Fig. 3c) rotated by 60◦ one to each other and delimitating some areas 
where α+β colonies are present (red dotted line). Fig. 5b confirms the 
presence of α+β Widmanstätten colonies at the Bottom. Both SEM mi-
crographs show the presence of black blocky features (indicated by 
yellow arrows), which, according to the XRD spectrum (Fig. 6), may be 
identified as α2-Ti3Al and TiAl3 intermetallic phases [1,22,41]. Both 
intermetallics may have formed, first, during the L-PBF process due to 
different thermal peaks developed by the laser source into the melt 
powder bed and, second, during the thermal ramp of the SHT (Fig. 1b) 
[1,22,41]. 

The difference in cooling rates between the Top and Bottom pro-
duced slightly coarser α-laths at the Bottom (0.68 ± 0.03) μm than at the 
Top (0.54 ± 0.04) μm. The β-phase also showed a slight increase from 
(0.15 ± 0.02) μm to (0.17 ± 0.02) μm. 

Fig. 7 shows the effects induced on the microstructure by aging HTs 
at 450 ◦C (Fig. 7a and b), 500 ◦C (Figs. 7c) and 600 ◦C (Fig. 7d) followed 
by air cooling (AC). In particular, the number of black blocky phases in 
Fig. 7a (450 ◦C-4 h) is similar to that in Fig. 7b (450 ◦C-8 h); despite the 
long aging time, the α-phase size remains essentially unaffected, varying 

from (0.59 ± 0.05) μm to (0.62 ± 0.04) μm. 
Coarsening effects of the black blocky precipitates are instead 

detectable at 500 ◦C (Fig. 7c); the β dimension (0.19 ± 0.02) μm and 
α-phase (0.62 ± 0.05) μm remain constant at the previously discussed 
values (Figs. 5 and 7a and b). Aging at 600 ◦C (Fig. 7d) promotes 
coarsening effects of black blocky phases and of both α- and β-phases up 
to (0.94 ± 0.06) μm and (0.23 ± 0.04) μm, respectively, as shown in 
Table 4. Finally, the size of the equiaxed β-grains was unaffected by the 
long exposure time at the aging temperatures (Table 4). Furnace cooling 
(FC) does not influence the dimensions of the α-phase, β-phase, and 
β-grains. 

3.2. Vickers microhardness 

Aging at 450 ◦C (Fig. 8a) promotes peak aging conditions after 4 h 
regardless of the cooling path. In this scenario, HV values increase by 
approximately 5–10% (Table 5) from the as-built to the peak-aging 
conditions due to the precipitation phenomena, and they remain 
almost constant up to 128 h (Fig. 7a and b). 

Aging profiles at 500 ◦C (Fig. 8) do not show a real peak given that 
HV values remain constant at (362 ± 2) HV0.5. Considering that α- and 
β-phases do not show coarsening effects (Table 4), as well as β-grains, 
α′-martensite decomposition could balance the precipitation phenom-
ena. In fact, the needle-like α′-martensite (Fig. 4a) can be transformed 
into the α-phase from 420 ◦C, as widely analyzed in Ref. [42]. Other 
authors show the same results at 450–500 ◦C [1,20]. Additionally, in this 
case, the WQ, AC, and FC paths do not affect the HV profiles. Fig. 8c 
shows the overlap between the aging profiles obtained at 450 ◦C, 500 ◦C 
and 600 ◦C in which all samples were air cooled. Furthermore, the aging 
HT at 600 ◦C does not significantly influence the HV measurements 
despite the precipitation phenomena in Fig. 7d. In this scenario, pre-
cipitates can continue to balance the worsening effects induced by 
α′-martensite decomposition on HV measurements and by the coars-
ening phenomena of the α- and β-phases. At 650 ◦C, no significant HV 
variation was revealed. 

Dynamic precipitation of α-Ti3Al that occurred in the crept sample 
gauge length at 500 ◦C (D-500 ◦C in Fig. 9) anticipates the aging peak 
shown in S-500 ◦C (Figs. 8 and 9) from 128 to 1 h. The D-600 ◦C 
microhardness curve shows a slight increase to 330 HV after 2–3 h of 
exposure with respect to the solubilized conditions (~350 HV0.5). 

4. Discussion 

4.1. Microstructure 

The columnar β-grains, formed in the as-built microstructure of the 
Ti6Al4V sample, nucleate on the build platform during the scan of the 
first layer and then grow through each deposited and scanned layer 
(Fig. 2a). Several studies confirm that L-PBF technology promotes their 

Fig. 5. SEM micrographs of Top (a) and Bottom (b) regions of a Ti6Al4V sample after SHT at 1050 ◦C. Yellow arrows indicate black blocky of precipitation and red 
dotted line highlights the presence of a α-colony. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 3 
EDX spectra (wt.%) of the lighter and darker zones shown in Fig. 5.  

Spectra Ti Al V Fe Phase 

Darker zone 91.64 7.38 0.98 – α 
Lighter zone 90.75 0.89 8.21 0.15 β  

Fig. 6. XRD spectrum of Ti6Al4V sample solubilized at 1050 ◦C per 1 h.  
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columnar growth thanks to appropriate values of the G/R and G × R 
relationships, in which G is the thermal gradient [◦K/s] and R is the 
solidification growth rate [m/s] [1,43]. Because the L-PBF technology is 
characterized by a high cooling rate (106–108 K/s, [1]), the β → 
α′-martensite transformation takes place during the cooling of the melt 
pool, so the columnar β-grains are full of needle-like α′-martensite that 
are disposed following a hierarchical structure [8]. It is basically formed 
by four different grades of α′-martensite, from primary to quartic, ar-
ranged perpendicular to each other. Primary α′-martensite extended into 
entire columnar β-grains with major axes several microns long. In fact, it 
nucleates on a boundary of the columnar β-grain and reaches the other 
side following an inclined direction of 45◦ (Fig. 2a). Secondary 
α′-martensite is characterized by smaller dimensions and is disposed 
perpendicular to the primary α′-martensite. Tertiary α′-martensite is 
generally found between the secondary laths, as well as finer quartic 
α′-martensite between the tertiary laths. 

During a high-temperature SHT, namely, above the β-transus tem-
perature, the columnar β-grains recrystallize into equiaxed grains 
(Fig. 2a vs. Fig. 3a,c). Zou et al. [44] affirmed that the recrystallization 
phenomenon occurred in the initial coarse columnar β-grains. In the 
same scenario, Huang et al. [45] showed that the equiaxed and 
half-equiaxed β-grains obtained after 1050 ◦C × 1 h followed by air 
cooling were formed by the splitting of the prior columnar β-grains due 
to their similar dimensions. Despite the same HT conditions, the equi-
axed β-grains shown in this work (Fig. 3) are also characterized by 
coarsening phenomena due to a size increase of approximately +135% 
with respect to the prior columnar β-grains. This recrystallization phe-
nomenon simultaneously promotes microstructural homogenization 
between the xz plane and the xy plane due to the polyhedric-shaped of 
equiaxed grains. The anisotropy in the mechanical behaviour, conferred 

by the β-columnar grains in as-built and annealed samples, is conse-
quently removed [46,47]. Therefore, direction of tensile load no longer 
influence the ductility, ultimate tensile and yield strength values of the 
recrystallized Ti6Al4V samples [1]. Argon cooling performed after so-
lution heat treatment (Fig. 1b) promotes, first, αGB formation at the 
equiaxed β-grain boundary and, second, a β → α+β transformation that 
is influenced by the thermal inertia of the build platform (Fig. 3b vs. 
Fig. 3d). Both microstructures show β-phase precipitation alongside the 
grain boundary of the α-phase due to the diffusion of β-stabilizer 
alloying elements. The α-phase generally nucleates from the αGB and 
grows inside the equiaxed β-grain. The argon cooling, which is charac-
terised by a slow cooling rate, promotes the nucleation of the α-phase 
directly connected to the αGB (Fig. 3d), while higher one induces the 
nucleation of a fine α-phase on the grain boundary, on which the β-phase 
was formed (Fig. 3c). At the same time, the αGB does not grow signifi-
cantly (Fig. 3c) [35]. 

The vol% of the β-phase increases from 5.13 ± 0.13% in SHT samples 
to 6.16 ± 0.20% and 6.64 ± 0.19% in aged samples at 500 ◦C (Fig. 11) 
and 600 ◦C, respectively. This situation confirms the α′-martensite 
decomposition into the α+β phase during aging at 500 ◦C, similar to DTA 
and DSC analysis [1,42]. During the exposure at these temperatures, the 
diffusion of vanadium from the α′-martensite hcp lattice promotes the 
β-phase precipitation at the boundaries of the α′-martensite laths and 
their consequently transformation in α-phase. Coarsening phenomena of 
the same β-phase are instead obtained in aged samples at 600 ◦C, as 
listed in Table 4. As regards the obtained coarsening phenomena of the 
α-phase (Table 4), Gallaraga et al. [25] proposed the following equation 
to describe them: 

δαlath = δαlath(t=0) • t

(

T − 850
1000

)

(1b)  

where δαlath and δαlath(t=0) are the α-phase thicknesses before (t = 0) and 
after the HT, respectively, and t is the holding time at temperature T in 
hours and Kelvin, respectively. Eq. (1) underestimates the real value of 
the α-phase thickness in aged samples at 600 ◦C (Table 4) by approxi-
mately 20%. 

Fig. 7. Effects of aging HTs at 450 ◦C × 4 h (a), × 128 h (b), 500 ◦C × 128 h (c), and 600 ◦C × 128 h (d) on the microstructure of solubilized Ti6Al4V samples.  

Table 4 
Size in μm of α-phase, β-phase, and β-grain of Ti6Al4V after aging HT at 450 ◦C, 
500 ◦C (AC), 500 ◦C (FC), and 600 ◦C per 128 h.  

Size (μm) of 450 ◦C (AC) 500 ◦C (AC) 500 ◦C (FC) 600 ◦C (AC) 

α-phase 0.62 ± 0.04 0.63 ± 0.05 0.61 ± 0.05 0.94 ± 0.06 
β-phase 0.20 ± 0.02 0.19 ± 0.02 0.20 ± 0.02 0.23 ± 0.02 
β-grain 360 ± 15 346 ± 16 350 ± 14 353 ± 18  
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Fig. 8. Aging profiles obtained both at S-450 ◦C (a) and S-500 ◦C (b) where WQ, AC, and FC indicate water quenching, air cooling and furnace cooling, respectively. 
(c) Overlap of aging curves carried out after aging at S-450, S-500, S-600, and S-650 ◦C followed by AC. 
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4.2. Vickers microhardness 

The different as-built microstructural morphologies among the xz 
(Fig. 2a) and xy planes (Fig. 2b), in terms of both α′-laths and β-grains, 
promote a Vickers microhardness variation from (402 ± 10) HV0.5 on 
the xz plane to (385 ± 13) HV0.5 on the xy plane. The 5% HV variation 
is essentially conferred by the different α′-lath orientations with respect 
to the load axis of the Vickers indenter, as widely analyzed in Ref. [4] 
and reported in Ref. [37]. 

After the recrystallization process occurred at 1050 ◦C and the 

precipitation phenomena, the average HV values decrease up to (363 ±
15) HV0.5 and (363 ± 30) HV0.5 for the Top (Fig. 3a) and Bottom 
(Fig. 3c), respectively. Despite the microstructural variations observed 
in Figs. 3, Figs. 4 and 5, the comparability of HV values at the Top and 
Bottom is due to the balance between the α-phase and β-grain di-
mensions (Fig. 10). In fact, the Top region shows a smaller α-phase than 
the bottom region and martensite needles, which are contained in large 
β-grains. Therefore, the lower β-grain boundary amount in the Top re-
gion balances the higher contribution to HV conferred by both the small 
α-phase and the presence of martensite needles (Fig. 3a). 

High error values associated with each HV0.5 measurement are 
conferred by the several morphologies of the α-phase and the presence of 
the αGB (Figs. 3 and 5). Structures characterizing by different HV0.1 
values, as listed in Table 6. For these reasons, the HV0.5 measurements 

Table 5 
HV measurements of aged Ti6Al4V samples at 450 ◦C and followed by WQ, AC, 
and FC.   

WQ, [HV0.5] AC, [HV0.5] FC, [HV0.5] 

Solubilized at 1050 ◦C 355 ± 12 
Peak-aging (4 h) 377 ± 10 385 ± 13 383 ± 12 
128 h 362 ± 13 378 ± 20 368 ± 8  

Fig. 9. HV measured in static (black lines) and dynamic (orange and red lines) 
conditions during the exposure at 450–600 ◦C and 500–600 ◦C, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 10. Dimensions of α-phase, β-phase, and β-grain of the solubilized Ti6Al4V 
sample in Bottom and Top regions. 

Fig. 11. XRD patterns of the solubilized (top and bottom regions) and aged 
Ti6Al4V samples at 450 ◦C and 500 ◦C followed by air cooling. 

Table 6 
Vickers microhardness of several morphologies of the α-phase into solubilized 
Ti6Al4V samples.  

Morphology α-phases 

Fine 
colonies ( 
Fig. 3d) 

Coarse 
colonies ( 
Fig. 3d) 

Fine laths 
(Fig. 3b) 

Coarse 
lath ( 
Fig. 3b) 

GB ( 
Fig. 3b, 
d) 

HV0.1 400 ± 10 360 ± 15 375 ± 6 358 ± 10 410 ±
15  

Fig. 12. Micro- and nanostructures revealed into α-laths present in aged 
Ti6Al4V samples at 450 ◦C. 
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of the Bottom region (Fig. 3c and d) of the SHT sample have an asso-
ciated error higher than that of the Top region (Fig. 3a and b). 

In the same scenario, another previously discussed Vickers mea-
surements are also influenced by the Ti–Al binary precipitates, already 
found in the SHT microstructure (Figs. 5 and 6), as also reported in 
Ref. [22]. Precipitation phenomena of both Ti3Al and TiAl can first occur 
during the L-PBF process due to high heat inputs and Al segregation 
during rapid cooling [1,48]. At the same time, the precipitation 

phenomena may also occur during the heating ramp used for the SHT at 
1050 ◦C, thanks to the holding time of 2 h at the precipitation temper-
ature range of 450–650 ◦C [26,49]. In this scenario, it is useful to 
emphasize that the dissolution temperatures of Ti3Al and TiAl pre-
cipitates are approximately 1100–1300 ◦C [50], so the SHT at 1050 ◦C 
cannot dissolve them. According to the Ti–Al binary phase diagram, the 
TiAl3 phase (Fig. 6) can also precipitate into the as-built samples, and 
the following SHT at 1050 ◦C cannot dissolve it again [51,52]. The 

Fig. 13. TEM representative micrographs of the crept heat subjected to heating at 500 ◦C/h, where decomposition phenomena of α′-martensite into α+β phases is 
reported, a); sample crept and subjected to heating at 650 ◦C/h, showing the α-lath widening induced by the high temperature aging treatment, b). 
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following aging HTs continue to increase the precipitation phenomena 
of Ti–Al precipitates, as highlighted by both the XRD spectra in Fig. 11 
and SEM micrographs in Fig. 5. 

No microstructural variations are revealed in aged samples at 450 ◦C 
(Table 4), and the increase in HV measurements up to (377 ± 10) HV0.5 
is conferred by the precipitation phenomena. At the same time, SEM 
observations revealed the presence of micro- and nanostructures in the 
α-lath (Fig. 12), which are absent in the SHT samples (Fig. 5) and less 
detectable with increasing aging temperature (i.e., 500 ◦C and 600 ◦C). 
Shan et al. [53] and Haubrick et al. [54] found the same structures in 
coarse α-laths and defined them as planar faults that can increase the HV 
microhardness. Defects hindering the movement of dislocations. On the 
other hand, Cao et al. [24] associate these micro- and nanostructures 
with twin structures, which are also observed in annealed samples at 
800 ◦C × 2 h. 

In contrast, samples aged at 500 ◦C do not show a real peak-aging 
condition considering the 5% HV variation obtained after 64 h (air 
cooling in Fig. 7b). The TEM micrographs of Fig. 13a show the occur-
rence of α′-martensite → α+β decomposition. The alloy microstructure 
was also characterized by an irrelevant presence of nanostructured 
phases within the α-lath, revealing a scarce precipitation phenomenon 

induced by the alloy subjected to postproduction heat treatment at 
500 ◦C. 

The aging profiles highlight that the hardness contribution conferred 
by the precipitation phenomena, revealed through XRD and SEM ob-
servations, is balanced by both the α′-martensite → α+β decomposition 
and the lower presence of the micro- and nanostructures shown in 
Fig. 12. At 650 ◦C, TEM micrographs (Fig. 13b) clearly show a signifi-
cant α-lath size increment induced by the high-temperature exposure of 
the alloy. At the same temperatures, TEM micrographs presented in 
Fig. 14a and b shows α2-Ti3Al precipitates into α-laths. 

Finally, the similar trend between the aged samples at 600 ◦C and 
500 ◦C suggests a substantial contribution promoted by the precipitation 
phenomena: the α-phase size increases by approximately 30%, and the 
HV values decrease as described by the well-known Hall-Petch equation 
[55]. It correlates the inverse-square of the average grain size, consid-
ered here as α-lath [4,45], to the yield strength (σy), which is strictly 
related to the Vickers microhardness [56]. In this scenario, the incre-
ment of the α-lath size from 0.63 μm to 0.94 μm (Table 4) should have 
promoted an HV reduction of approximately 12%. Similar results are 
shown in Refs. [1,4,57,58]. After the same high-temperature exposure, 
the alloy also shows a certain instability in the case of dynamic pre-
cipitation. Consequently, high temperatures cause a moderate variation 
in the properties of Ti6Al4V samples. 

To correlate the effects of HT temperature and time on the obtained 
mechanical properties, Hollomon and Jaffe [59] proposed time‒tem-
perature correlations in tempering steels that relate the hardness (HV) to 
the tempering parameter P, also known as the Larson-Miller parameter 
(LMP), as follows: 

P= T(C+ log(t)) (2)  

where T, t, and C are temperature [K], time [s], and a constant [− ] that 
depends on the composition and state of the material. This constant is 
defined as follows: 

C= − log(t0)= − log
[

t exp
(

−
Q

RT

)]

(3)  

where t, Q, R and T are time [s], activation energy expressed in 
[kJ mol− 1], gas constant [JK mol− 1], and temperature [K]. According to 
Chao et al. [60], C is assumed to be equal to 15, and the obtained results 
from Eq. (2) were plotted with HV values for each investigated aging 
temperature (Fig. 15). The same graph shows that linear trends can 
describe the HV variations as a function of LMP. Linear trends showing 
faster increment of the Vickers microhardness with the lower aging 
temperatures thanks to the previously discussed microstructural varia-
tions (Section 4.1.). 

Fig. 14. TEM representative micrographs of the crept heat subjected to heating at 500 ◦C/h, a), and subjected to heating at 650 ◦C/h, b), showing the presence of 
Ti3Al α2 phase. 

Fig. 15. Vickers microhardness versus Larson-Miller Parameter for aged 
Ti6Al4V samples at 450 ◦C, 500 ◦C, and 600 ◦C followed by air cooling. 
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5. Conclusions 

The present paper aims to investigate static and dynamic precipita-
tion phenomena that occurred in a laser-powder bed-fused Ti6Al4V 
alloy after SHT and aging at 450, 500, 600, and 650 ◦C. The main 
findings can be drawn as follows:  

- The microstructures of the Top and Bottom sample zones show 
α-laths and α-colonies arranged in a Widmanstätten structure, 
respectively. Despite this morphological variation, the HV values 
remain constant at 363 HV0.5.  

- Aging heat treatment at 500 ◦C promotes an increase in the vol% of 
the β-phase due to α′-martensite decomposition, while coarsening 
phenomena (+ 50%) of α-phase laths were achieved after exposure at 
600 ◦C.  

- The presence of α-Ti3Al precipitates was relieved after the laser- 
powder bed fusion process, but their density increased with aging 
heat treatment temperature (450, 500 ◦C).  

- The Ti6Al4V alloy generally showed a certain instability during the 
analyzed aging conditions, which caused a moderate variation in its 
properties. At 450 ◦C, peak-aging conditions were reached only after 
4 h of exposure. Due to the martensite decomposition and the lower 
presence of stacking faults, aging at 500 ◦C promoted the peak-aging 
conditions at 64 h of exposure. At the same temperature, they were 
anticipated at 1 h due to the dynamic precipitation phenomena. 
Higher temperatures did not show evident peak-aging conditions in 
either static or dynamic precipitation phenomena. 
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