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The limited ductility of laser solid formed (LSFed) titanium alloy is a critical issue, which hinders their potential
engineering applications. Here, we reported a largely improved ductility (25.1% total elongation) of LSFed extra
low interstitial Ti-6Al-4V titanium alloy with a comparable tensile strength (N860MPa, international standards)
using triple heat treatment. Superior ductility wasmainly attributed to the gradual globularization of theα laths
during subcritical annealing. The secondaryα lamellar obtained by the solution treatment and agingwas respon-
sible for the tensile strength. The present findings provide significant guidance for fabricating LSFed titanium
alloy having high ductility and good strength.
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Laser solid forming (LSF) is one kind of additivemanufacturing (AM)
technology used to directly fabricate three-dimensional metallic com-
ponents with complex structures [1–2]. Recently, LSF has been recog-
nized as an attractive technique for fabricating expensive aerospace
parts rapidly and cost-effectively. Titanium alloys, especially Ti-6Al-
4V/Ti-6Al-4V-ELI (extra low interstitial Ti-6Al-4V) are widely used in
the advanced aeronautic and astronautic industries, due to the excellent
comprehensive mechanical properties [3–4]. Therefore, much research
has been conducted on LSF with this alloy over the last decades. Typical
microstructure features of the LSFed Ti-6Al-4V titanium alloy are usual-
ly comprised of columnar prior-β grains and complex intracrystalline
sub-microstructure (i.e. α phase), such as basket-weave structure, la-
mellar structure and needle structure containing martensitic α′ [5–7].
This results in the LSFed Ti-6Al-4V titanium alloy being stronger (in
terms of strength) than its wrought components. But for industrial ap-
plications its tensile ductility and low cycle fatigue property (directly re-
lated to the plasticity) need to be substantially improved [8].

Recently, post-LSF heat treatments turned out to be the most prom-
isingway to increase ductility. Vrancken et al. [9] annealed the LSFed Ti-
6Al-4V titanium alloy at 850 °C/2 h followed by furnace cooling (FC),
obtaining a unique coarseα phase and largely improving the elongation
from 7.36% to 12.84%. Ren et al. [8] demonstrated that when LSFed Ti-
6Al-4V titanium alloy was solutioned at 920 °C for 2 h and aged at 550
°C for 4 h, the elongation would be 18%, which was significantly higher

than that of the as-built samples. Liu et al. [10] found that a special bi-
modal microstructure consisting of crab-like primary α and trans-
formed βwas formed by sub-critical annealing in the LSFed near β tita-
nium alloy, which largely increased the tensile ductility (16.5%).
However, the improved ductility through annealing or solution treat-
ment and aging (STA) always came at the sacrifice of strength, which
usually degraded to a substantially low level. Additionally, another
drawback of the LSFed titanium alloy was that the improved ductility
was also insufficient (typically the elongation b20%), which still limited
their potential use in the advanced aeronautic and astronautic
industries.

Generally speaking, an equiaxed-αmicrostructure is required to ob-
tain superior ductility. This type of microstructure is usually produced
by a series of thermomechanical processing (TMP) as a result of defor-
mation and globularization of initially α lamellar [11–13]. However,
the microstructure of the LSFed titanium alloy is quite different from
that of the TMPed parts, since the rapid cooling promotes the formation
of lamellar or acicularα phase, which is inherently less ductile than the
equiaxed-α microstructure. Therefore, the objective of this study is to
demonstrate an implementable, optimized LSF processing+ innovative
heat treatment approach that can lead to full globularization of the la-
mellar α microstructure with superior ductility levels. Additionally, to
achieve a good balance of strength and ductility, this approach is also
designed to produce a percentage of transformed β microstructure
which consists of fine secondary α lamellar (αs) and retained β phase.
This triple microstructure leads to a large increase in ductility without
sacrificing strength too much, which still conforms to the ASTM
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specification. The globularization mechanism, tensile mechanical prop-
erties, and resulting deformation behavior are successively highlighted
in the frame of this paper.

In the present study, the Ti-6Al-4V-ELI titanium alloy samples with
dimensions of 60 × 20 × 80 mm were fabricated by a LSF system,
which consisted of a 6 kW diode laser, a coaxial powder feeder nozzle,
a five-axis numerical control working table and an argon purged pro-
cessing chamber with oxygen content below 50 ppm. The processing
parameters were as follows: laser beam power 2100 W, scanning
speed 900 mm/min, beam diameter 5 mm, powder delivery rate 12–
15 g/min, and overlap ratio 50%. The scanning pathwas cross-direction-
al mode, meaning that the scanning directions of adjacent layers were
perpendicular. Using these parameters, the LSF process exhibited good
formability, and the samples were fully dense with lack of pores or fu-
sion defects [14]. The Ti-6Al-4V powders with extra low interstitial
(wt%, 0.12Fe-0.08O-0.01C-0.015N-0.009H) prepared by a plasma rotat-
ing electrode with a diameter of about 80–120 μm were employed as
the cladding materials. Before the LSF experiment, the powders were
dried in a vacuumoven for 2 h at 120±5 °C. The forged Ti-6Al-4Vplates
with the dimension of 150×50×10mmwere used as substrates for the
LSF process. The substrate surface was sanded with SiC paper and
cleaned with acetone.

In the following discussion, the triple heat treatment was designed
to conduct on the LSFed samples. Fig. 1(a) shows the heat treatment
process. Firstly, the sample was sub-critical annealed at 980 °C for 1 h
followed by FC with a cooling rate of 10 °C/min. It is well-known that

residual stresses, caused by the localization of the thermal input in the
LSF process, are almost unavoidable [15]. It may lead to distortion of
the samples, as well as to the formation of a dislocation structure in
the LSFed pieces. Therefore, at such high temperature, the dislocation
can be fully activated with slipping or climbing. Compared to the tradi-
tional stress relief annealing, isothermally holding at 980 °C, some of
dislocations may be polygonized and form a number of subgrains. It
will provide a prerequisite for globularization of the LSFed lamellar mi-
crostructure. Additionally, below the β-transus temperature (Tβ, 990
°C), some of primary α will be preserved (as shown in Fig. 1b) and
form intragranular α nuclei (αI). These αI will further promote the
growth of the equiaxial α during the following continuous cooling pro-
cess. Subsequently, to obtain a number ofαs, a STA heat treatment (920
°C/1 h/AC + 600 °C/4 h/AC) was applied following the subcritical an-
nealing, as shown in Fig. 1(a). This heat treatment process was typically
applied in our previous studies for LSFed titanium alloy [16]. Moreover,
the 980 °C/1 h/WC (water cooling), 980 °C/1 h/FC, and 980 °C/1 h/FC
+ 920 °C/1 h/AC (air cooling) were also selected to research the micro-
structure evolution in this process.

Microstructural characterization was carried out by optical micros-
copy (Keyence VH-Z50L) and scanning electron microscopy (Tescan
VEGAIILMH). A commercial image analysis software (Image-Pro-Plus
6.0) was employed for quantitative measurement of themicrostructure
parameters (volume fraction, width and aspect ratio). Amixture of 1ml
HF + 3 ml HNO3 + 50 ml H2O was used as the etching agent. Room
temperature tensile tests were performed at a constant crosshead

Fig. 1. (a) Schematic illustration of the triple heat treatment; (b) calculated Ti-6Al-4V-ELI phase diagrams by Thermo-Calc software; (c–h)microstructure evolution in the heat treatment
process. (c) As-built; (d) 980 °C/1 h/WC; (e) 980 °C/1 h/FC; (f) 980 °C/1 h/FC + 920 °C/1 h/AC; (g) 980 °C/1 h/FC + 920 °C/1 h/AC + 600 °C/4 h/AC; (h) the enlarged microstructure
morphology in (g).
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