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a b s t r a c t

Ti–6Al–4V parts obtained by selective laser melting typically have an acicular α0 martensitic

microstructure whose ductility is low. Thus, post-heat treatments are useful for increasing

ductility. In this work, the effects of sub-β-transus heat treatments on the mechanical

properties of Ti–6Al–4V parts with porous structures are correlated with martensite α0

phase decomposition. The precipitation of β phase and the gradual transformation of α0

into α phase by the diffusion of excess vanadium from α0 to β phase are proposed to be the

main events of martensite α0 phase decomposition in parts fabricated by selective laser

melting. The heat treatment performed at 650 1C for 1 h produced no microstructural

changes, but the samples treated for at the same temperature 2 h showed a fine

precipitation of β phase along the α0 needle boundaries. The heat treatment performed

at 800 1C for 1 or 2 h produced a fine αþβ microstructure, in which β phase are present as

particles fewer in number and larger in size, when compared with the ones present in the

sample heat-treated at 650 1C for 2 h. Heat-treatment of the parts at 800 1C for 2 h proved to

be the best condition, which improved the ductility of the samples while only slightly

reducing their strength.

& 2015 Elsevier Ltd. All rights reserved.
rved.

; fax: þ55 19 3289 3722.
.br (J.B. Fogagnolo).
1. Introduction

The fabrication of titanium and titanium alloy parts with

porous structures offers an alternative to decrease the stiff-

ness of orthopedic implants and overcome undesirable stress

shielding, which is a consequence of the high mismatch

between the stiffness of the metallic implant and that of

human bone. Furthermore, porous structures have additional
advantages over full-density material: they are lighter and

the architecture of interconnected pores enables new tissue

to grow through them, improving implant fixation (Warnke

et al., 2009).
Additive manufacturing technologies such as selective laser

melting (SLM) and electron beam melting (EBM) allow one to

produce parts with controlled internal pore structures or fully

densified parts of complex geometries. SLM is a technique
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whereby parts are produced from metal powder, using the
energy of a laser beam to selectively promote fusion according
to a previously defined CAD model. The process occurs inside a
thermally controlled chamber with inert gas (Yang et al., 2002;
Vandenbroucke and Kruth, 2007).

Ti–6Al–4V alloy, which was initially developed for aero-
space applications, is widely used today in orthopedic
implants owing to features such as high strength-to-weight
ratio, low Young's modulus, high corrosion resistance and
good biocompatibility in the physiological environment (Liu
et al., 2004; Geetha et al., 2009). This alloy is also the titanium
alloy most widely used in additive manufacturing. Ti–6Al–4V
parts produced by SLM present high residual stress in the as-
processed state and possess a typically acicular α0 martensitic
microstructure. Hence, their ductility is low, but post-heat
treatments can be applied to overcome this disadvantage.

There are numerous studies about the effects of heat
treatments on the mechanical properties of Ti–6Al–4V alloy
obtained by more conventional processes (Ahmed and Rack,
1998; Venkatesh et al., 2009; Dong et al., 2013), and several
points regarding this subject are well established. Annealing
temperatures lower than 550 1C should be avoided due to
very fine Ti3Al precipitation, which promotes age hardening
and embrittlement (Lütjering, 1998). Annealing temperatures
above the β-transus(super-β-transus treatments) should also
be avoided, due to excessive grain growth of the β phase in
this range of temperatures. Annealing temperatures in the
two-phase field (sub-β-transus treatments) can improve the
mechanical strength and do not significantly reduce ductility
(Fan et al., 2011).

More recently, the effects of heat treatments on themechan-
ical properties of Ti–6Al–4V parts obtained by SLM were
reported by Vrancken et al. (2012). These authors showed that
the response of SLM material to heat treatment differs con-
siderably from that of conventionally processed Ti–6Al–4V alloy.
One of the main causes for the differences is the condition of
the starting material. The alloy produced by more conventional
processes is in the annealed or heavily deformed condition,
while, as stated earlier, SLM parts characteristically have a
martensitic α0 microstructure. Therefore, the effect of heating
on the martensitic α0 phase must be understood in order to
Fig. 1 – (a) CAD model, (b) s
design heat treatments at sub-β-transus temperature, aimed at
increasing the material's ductility. In an earlier study, we
examined the effect of pore size and volume fraction of porosity
on the mechanical properties of Ti–6Al–4V porous parts
obtained by SLM (Sallica-Leva et al., 2013). The effect of the
cooling rate in super-β-transus treatments was also analyzed. In
this work, we studied the effects of sub-β-transus heat treat-
ments on the mechanical properties of Ti–6Al–4V porous
structures, emphasizing the role of martensite α0 phase
decomposition.
2. Experimental details

The porous part was first designed by CAD, using the cubic body
with 15mm edge created by Parthasarathy et al. (2010), which
was reproduced and characterized in a previous study (Sallica-
Leva et al., 2013). We used the model with 68% of porosity, a
pore size of 1570 mm and strut size of 800 mm. The porous parts
were then produced by SLM, using a Ti–6Al–4V pre-alloyed
powder as raw material. The following process parameters
were selected: 170W laser power, 1250mm/s scan speed,
100 mm distance between laser scan lines, and 30 mm layer
thickness. Fig. 1 depicts the CADmodel and a sample fabricated
by SLM technique. The non-heat-treated samples that will be
used for purposes of comparison are hereinafter referred to as
as-processed samples.

The martensitic α0 microstructure revealed by Kroll's reagent
was observed in as-processed samples, as shown in Fig. 2. This
structure resulted from the high cooling rate imposed by the
SLM process (Elmer et al., 2004; Murr et al., 2009; Facchini et al.,
2010). The nitrogen–oxygen level, which was determined by the
inert gas fusion method using a LECO TC400 nitrogen–oxygen
analyzer, was found to be 0.02170.003% and 0.17070.004%,
respectively, in the as-processed samples. The as-processed
samples exhibited an effective elastic modulus (Eff) of
7.7270.04 GPa, yield strength (YS) of 12974 MPa, ultimate
compressive strength (UCS) of 16372 MPa, hardness of
27779 HV and fracture strain of 8.2370.40%. Further details
about porous parts fabrication and characterization can be
found in an earlier paper (Sallica-Leva et al., 2013).
ample obtained by SLM.



Fig. 2 – Martensitic α0 microstructure of the as-processed
material.

Fig. 3 – DSC thermograms of: (a) as-processed and (b) fully
annealed samples.
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A sample heat-treated at 1050 1C and slowly cooled inside
the furnace was taken as a reference material. Such material is
useful for purposes of comparison, since this treatment results
in a coarse microstructure composed of α and β phases, which
is a condition very close to thermodynamic equilibrium. Sam-
ples in this condition will be hereinafter referred to as a fully
annealed sample. The as-processed samples as well as the fully
annealed samples were characterized by differential scanning
calorimetry (DSC), applying a heating rate of 10 Kmin�1, and
argon flow to prevent their oxidation. Another sample, heat-
treated at 1050 1C and water quenched, was also used as a
reference material because of its martensitic α0 microstructure,
which was similar to that of the as-processed samples. The
samples heat-treated at 1050 1C and water quenched are here-
inafter referred to as water-quenched samples.

To prevent oxygen contamination during the heat treat-
ment, the samples were encapsulated in quartz tubes under
argon atmosphere. The parts were heated to the annealing
temperature of 650 and 800 1C and annealed for 1 and 2 h,
followed by cooling in air.

The heat-treated parts were also characterized by scan-
ning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD). The samples
were cut, embedded in resin, ground, polished and etched
with Kroll's reagent in preparation for the SEM analysis.

Microhardness was measured using a Vickers indenter with
a load of 2 N and a dwell time of 15 s, in accordance with the
ASTM E384-11: Standard Test Method for Knoop and Vickers
Hardness of Materials. The indentations weremade on polished
surfaces at the intersection of two struts, close to the center of
the sample. The load of 2 N was chosen because it produces an
indentation suitable for measuring the average hardness of the
different phases in the heat-treated samples. Each value
reported here represents the average of 15 tests. The Eff, YS
and UCS were determined based on compressive tests, in
accordance with the ASTM E09-09: Standard Test Methods of
Compression Testing of Metallic Materials at Room Tempera-
ture, using a universal testing machine equipped with a
deflectometer. The fracture strain, which quantifies the ducti-
lity of the material, was determined at the fracture point of the
compression curve. The tests were performed at room tem-
perature, at a reduction rate of 2mm/min. YS was determined
at 0.2% offset. Each reported value represents the average of
3 tests.
3. Results

Fig. 3 shows the DSC thermograms of the as-processed and the
fully annealed samples. The fully annealed sample presented a
broader endothermic peak (indicated by 3) between approxi-
mately 735 and 1025 1C, which can be attributed to the α-β
transformation. It is known that Ti–6Al–4V is an αþβ alloy and
that the volumetric fraction of the α phase, which is about 90%
at room temperature (Henry et al., 1995; Facchini et al., 2010),
decreases with increasing temperature until it is completely
transformed into β phase when the temperature reaches β-
transus. According to the literature (Ahmed and Rack, 1998;
Vrancken et al., 2012; Pederson et al., 2003; Fan et al., 2005; Veiga
et al., 2012), the β-transus temperature of Ti–6Al–4V is about
970750 1C. Based on dilatometric experiments, Homporová
et al. (2011) reported that the α-β transformation in Ti–6Al–
4V alloy with duplex microstructure occurs between 750 and
1050 1C. Hence, this result is in good agreement with the
expected one, although it should be pointed out that the
heating rate used in these DSC analyses led to superheating
of the reaction, causing the β-transus to shift to higher values.
The slow kinetics of the α-β transformation at temperatures
lower than 735 1C prevents its detection in DSC experiments.

The thermogram of the as-processed material shows two
exothermic peaks, one occurring between 440 and 590 1C

(indicated by 1) and the other between 760 and 850 1C

(indicated by 2). The first exothermic peak may be ascribed
to residual stress relaxation, since residual stress is reported

in SLM parts (Shiomi et al., 2004; Mercelis and Kruth, 2006;
Leuders et al., 2013). The second exothermic peak is presum-

ably related with the decomposition of martensitic α0 phase.
This correlation can be made because the α0 phase is meta-

stable and should decompose in this temperature range, and

this type of phase transformation produces an exothermic



Fig. 4 – XRD patterns of SLM parts in the as-processed state
and after different heat treatments.

Table 1 – FWHM of the main α/α0

peak at 2θE40.2 of samples
subjected to different heat
treatments.

Material FWHM

As-processed condition 0.45
Water-quenched condition 0.33
Fully annealed condition 0.19
Heat-treated at 800 1C for 1 h 0.20
Heat-treated at 800 1C for 2 h 0.16
Heat-treated at 650 1C for 1 h 0.17
Heat-treated at 650 1C for 2 h 0.20
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peak. The absence of these exothermic peaks (1 and 2) in the
thermogram of the fully annealed sample corroborates both
associations. Also note the inflection point (indicated by an
arrow) at 715 1C, which occurs at a slightly lower temperature
than that of the onset of the second exothermic peak. This
inflection point seems to represent the onset of an endother-
mic peak, which was overlapped by the exothermic peak.
This inflection point appears at a temperature very close to
that of the onset of the endothermic peak (also indicated by
an arrow) of the α-β transformation in the thermogram of
the fully annealed sample, suggesting that the inflection
point may indicate the onset temperature of an endothermic
peak pertaining to a reaction similar to that of the α-β
transformation, which occurred in the fully annealed sample.

Fig. 4 shows the XRD patterns of the SLM parts in the as-
processed state and after different heat treatments. For
purposes of comparison, we have included the thermograms
of the fully annealed sample and of the sample heat-treated
at 1050 1C and water quenched, whose microstructure (α0) is
similar to that of the as-processed samples.

The as-processed sample and the one heat-treated at
1050 1C and water quenched present only peaks related the
hexagonal close-packed crystalline structure of titanium
(hcp-Ti). These peaks are indicated by α/α0, since both α and
α0 phases have the hexagonal compact structure and produce
XRD peaks in similar angular positions. The metallurgical
difference between α and α0 is basically the amount of solute
element in the atomic structure. Diffusion of the solute
during fast cooling is prevented; hence, the martensitic α0
phase has a higher vanadium content than the equilibrium α
phase. A higher solute content promotes greater deformation
of the crystal structure, which broadens the XRD peaks. On
the other hand, the fully annealed sample presents XRD
peaks corresponding to both α/α0 and β phases. The intensity
of the XRD peak of the β phase is weak due to the low volume
fraction of β phase in the alloy at room temperature. The
main peak of the α/α0 phase (2θE40.2) was adjusted using two
Lorentzian functions, and its full width at half maximum
(FWHM) corresponding to Cu-Kα1 radiation was measured.
Table 1 presents the results. As can be seen, the FWHM
values of the as-processed sample and the one heat-treated
at 1050 1C and water quenched are significantly higher than
those of the other samples, because these samples are
composed of martensitic α0 phase.

The samples heat-treated at 800 1C also show XRD peaks
corresponding to both α/α0 and β phases. However, the XRD
peak of β phase observed in the sample heat-treated for 1 h is
shifted to a lower angular position. The samples heat-treated
at 650 1C at both annealing times clearly show only XRD
peaks corresponding to the α/α0 phase, while the peak
corresponding to the β phase may be present, as indicated
in the XRD patterns, but at the limit of detection. Moreover,
the shift to a lower angular position of the XRD peak of the β
phase in the sample heat-treated at the lower temperature
for 1 h seems to have occurred in the same way as in the
sample heat-treated at 800 1C for 1 h.

The microstructures of the samples heat-treated at 650
and 800 1C for 1 or 2 h were analyzed by SEM and are depicted
in Fig. 5 under low and high magnification. Under lower
magnification (Fig. 5a and c), the microstructure of the
samples heat-treated at 650 1C for 1 or 2 h appears to be α0,
since its typical fine needles are clearly visible. Using SEM in
backscattered electron mode, the presence of β phase is
detectable by chemical contrast, appearing with a brighter
aspect, since vanadium has a higher atomic mass than
titanium and the β phase has a higher vanadium content
than the α phase. So, when observed under higher magnifica-
tion, the β phase is clearly visible in the sample treated for 2 h
(Fig. 5d), in the form of flat particles located along the α0

needle boundaries. The β phase was not observed in the
sample treated at 650 1C for 1 h (Fig. 5b).

In the case of the samples heat-treated at 800 1C, the low
magnification image shows a fine αþβ microstructure (Fig. 5e
and g). Under high magnification (Fig. 5f and h), note that the



Fig. 5 – SEM micrographs of samples heat-treated at 650 1C for 1 h (a and b) and for 2 h (c and d), at 800 1C for 1 h (e and f) and
for 2 h (g and h).
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particles of β phase are located along the boundaries of the
original α0 needles, presenting an aspect similar to that
observed in the samples treated at 650 1C for 2 h. However,
the particles are fewer in number and larger in size.
An EDS analysis was performed to confirm the concentra-
tion of vanadium in the brighter particles identified as β
phase precipitation. However, some limitations inherent to
this technique must be taken into account. The interaction



Fig. 6 – EDS analysis in line scan and the respective
secondary electron (SE), Ti-Kα and V-Kβ lines, of the sample
heat-treated at 800 1C for 2 h.

Fig. 7 – Compression curves of samples in three different
conditions: as-processed, fully annealed, and heat-treated at
800 1C for 2 h.

Fig. 8 – Young's modulus, yield and ultimate compressive
strength, fracture strain and microhardness of the porous
parts fabricated by SLM, heat-treated at 650 and 800 1C for
1 and 2 h, at 1050 1C and water quenched (WQ) or furnace
cooled (fully annealed, FA). The dashed lines show the mean
plus standard deviation and the mean minus standard
deviation of each property of the porous parts in the as-
processed state.
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volume between the incident electrons and the material,
using 10 kV, has a diameter of about 300 nm, which is more
than twice the average thickness of the β phase particles after
heat treatment at 800 1C for 2 h (see Fig. 5g). Moreover, the
energy of vanadium Kα is coincident with that of titanium Kβ.
Hence, vanadium Kβ must be used to estimate the vanadium
content. In this context, the quantitative results of vanadium
content in these thinner particles are inaccurate. Therefore, a
semi-quantitative EDS analysis in line scan over a small
region across some brighter particles (see Fig. 6) was per-
formed to confirm the higher vanadium content of these
particles. The sample heat-treated at 800 1C for 2 h was used
for this purpose, since its brighter particles are larger than
those of the samples subjected to other sub-β-transus heat
treatments. The secondary electron line (SE), which reveals
the topography of the scanned line, shows that the brighter
particles are protuberances on the surface. The Ti-Kα and V-Kβ

lines indicated a decrease in titanium and a corresponding
increase in vanadium. Hence, this analysis suggests that the
greater brightness of the particles is due partly to the border
effect of the protuberances and partly to the higher content of
vanadium, which was used to recognize the particles as
corresponding to β phase precipitation.

As postulated, SLM Ti–6Al–4V parts present acicular α0

martensitic microstructure, which ductility is low, hence heat
treatments can be useful to overcome this disadvantage.
Fig. 7 shows the compression curves of samples in three
different conditions: as-processed, fully annealed, and heat-
treated at 800 1C for 2 h. The low ductility of the as-processed
condition was confirmed, as expected. The higher fracture
strain and the lower strength of the sample in the fully
annealed condition are also shown. These results indicate
that the fracture strain was increased with a minor decrease
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in UCS when the heat treatment at 800 1C for 2 h was applied.
These curves also allowed for the determination of the Eff of
the samples in these conditions. Despite the very similar
values, note that the Eff of the fully annealed sample is lower
than that of the sample heat-treated at 800 1C for 2 h. Fig. 8
summarizes all the results of the microhardness and com-
pressive tests. The values obtained from the compression
curves are the mean of 3 tests, plus the standard deviation.
The microhardness results represent the average of 15 tests.
The dashed lines indicate the mean plus standard deviation
and the mean minus standard deviation of each property of
the porous parts in the as-processed state.

The properties of the samples water quenched from
1050 1C and of the fully annealed samples were plotted for
purposes of comparison. The water-quenched samples
showed properties statistically similar to those of the as-
processed samples, as both conditions present the martensi-
tic α0 microstructure. In contrast, the fully annealed samples
showed a decrease in Eff, hardness, YS and UCS and an
increase in ductility (fracture strain). This performance can be
attributed to the coarse αþβ microstructure that developed
during cooling in the furnace.

Considering only the samples subjected to treatments at
sub-β-transus temperatures, the results of hardness, YS, UCS
and fracture strain were found to be dependent on time and
temperature. As a general rule, in response to increasing
treatment time or temperature, hardness, YS and UCS
decreased while fracture strain increased. The results of
UCS and hardness of the samples heat-treated at 800 1C for
both annealing times were statistically similar. Moreover,
considering only the samples subjected to treatments at
sub-β-transus temperatures, the values of Eff were also time-
and temperature-dependent: higher temperatures or longer
treatment times resulted in stiffer samples, although the
effect of treatment time was statistically less significant than
that of temperature.
4. Discussion

Knowledge about the microstructure of as-processed materials
and their thermal behavior is an important step in designing
heat treatments for parts produced by SLM. As comprehensively
shown (Sallica-Leva et al., 2013), Ti–6Al–4V parts produced by
SLM present the α0 microstructure. As stated earlier herein, the
α0 phase has the same crystal structure as the α phase, but its
vanadium content is higher. In fact, the α0 phase is super-
saturated in vanadium. The greater distortion of the α0 crystal
structure due to the martensitic transformation and the con-
sequent supersaturation of alloying elements, which caused
broadening of the α/α0 XRD peaks (see Fig. 4 and Table 1),
promotes a hardening effect, but this effect is only moderate in
Ti–6Al–4V alloy (Leyens and Peters, 2003). As a supersaturated
solid solution, α0 is a metastable phase and the degree of its
transformation into phases closer to or in thermodynamic
equilibrium during sub-β-transus heat treatment will determine
the features of the heat-treated samples.

The analysis of the SEM microstructures shows that the β
phase nucleated along the boundary of the α0 needles. Since α0

is supersaturated in vanadium and the β phase is able to
solubilize a significantly greater amount of vanadium than
the α phase, vanadium begins to diffuse from α0 to β phase
after β phase nucleation. This diffusion decreases the vana-
dium content in α0; hence, α0 gradually converges toward α
phase. This explanation is in accordance with the results
reported by Chao et al. (2014), who proposed a grain refine-
ment method by thermomechanical processing of a marten-
sitic α0 microstructure of Ti–6Al–4V. These authors also
described β phase nucleation along the boundary of α0

needles. However, this explanation contradicts what
Vrancken et al. (2012) postulated. The latter authors, who
also analyzed heat treatments in SLM parts, stated that α is
the phase that nucleates along the boundary of α0 needles
when heated, rejecting vanadium atoms and leading to the
formation of β phase at the α phase boundaries; however,
they did not offer evidence of α being nucleated in α0.

The thermal analysis can provide additional support to this
question. As indicated by the thermograms in Fig. 3, the onset
temperature of the exothermic peak corresponding to marten-
site α0 decomposition is slightly higher than that of the
endothermic peak of the α-β phase transformation that
occurred in the fully annealed samples. Also, the thermogram
of the as-processed sample seems to present an endothermic
peak pertaining to a reaction similar to the α-β transformation,
which was overlapped by the exothermic peak of martensite α0

decomposition. The onset of this peak occurred at a tempera-
ture about 45 1C lower than the onset temperature (760 1C) of
the exothermic peak of martensite α0 decomposition. The
analysis of microstructures shown in Fig. 5 suggests that this
endothermic peak was produced by the precipitation of β phase,
since particles of β phase are visible along the boundary of the α0

needles in the samples heat-treated at 650 1C for 2 h and at
800 1C for both the annealing times. The precipitation of β phase
(or α0-β transformation) enabled the vanadium to diffuse from
the remaining α0 to β phase, decreasing the supersaturation of α0

and producing the exothermic peak attributed to martensite
decomposition. Hence, the precipitation of β is necessary to
accommodate the excess of vanadium that will be rejected from
the α0, and we can argue that the decomposition of martensite
occurs as follows: precipitation of β phase along the boundary of
α0 needles and diffusion of vanadium from α0 to β phase,
decreasing the free energy stored as supersaturation of a solid
solution and gradually transforming α0 into α phase.

The α-β (in the fully annealed sample upon heating) and
α0-β (precipitation of β phase in the as-processed sample
upon heating) transformations were detected at very similar
temperatures in the thermal analysis, although the α0-β
transformation was overlapped by the martensite decompo-
sition. However, it should be noted that the α-β transforma-
tion that occurred in the fully annealed sample did not
require the nucleation of β particles, since this phase was
already present in the starting microstructure. In this case,
there was only β phase growth. On the other hand, in the as-
processed sample, the β phase precipitation required a
nucleation process. Another consideration is the greater
distance of the martensitic microstructure from equilibrium
at temperatures above 700 1C, in which both the α-β and the
α0-β transformations were detected in the thermal analysis.

A comparison of the XRD patterns of the as-processed
sample and the one heat-treated at 800 1C for 1 h reveals two
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main differences: the appearance of the peak corresponding
to the β phase and the decrease in the FWHM of the α/α0 main
peak. The presence of the peak corresponding to the β phase
corroborates the precipitation of β phase observed by SEM,
while the vanadium diffusion out of the α0, which reduced the
supersaturation and, as a consequence, the deformation of
the crystal structure, is corroborated by the decrease in the
FWHM of the α/α0 main peak.

Themain difference that can be detected when comparing the
XRD patterns of the samples heat-treated at 800 1C for 1 and 2 h is
the shift of the peak corresponding to the β phase to a higher
angle resulting from the longer treatment time. The 2θ angle
related with the (110) peak of the β titanium phase shifted from
39.43 (800 1C – 1 h) to 39.89 (800 1C – 2 h). The lattice parameter of β
phase was calculated based on Bragg's law (Cullity, 1978), con-
sidering Cu–Kα1 radiation. The (110) planar distances were found
to be equal to 22.83 nm (800 1C – 1 h) and 22.58 nm (800 1C – 2 h)
and the lattice parameters equal to 32.29 nm (800 1C – 1 h) and
31.93 nm (800 1C – 2 h). The lower lattice parameter of the sample
heat-treated for 2 h indicates that a higher vanadium content was
dissolved in the titanium β phase, since vanadium has a lower
atomic radius than titanium (the atomic radiuses of titanium and
vanadium are 0.146 and 0.132 nm, respectively (Calin et al., 2013).
Hence, the XRD results indicate that the vanadium content in the
β phase increased as a function of treatment time. The relation-
ship between vanadium content and time indicates that β phase
enrichment in vanadium is controlled by diffusion, which means
that the martensite decomposition process is dependent on soak
time and temperature.

Based on their analysis of the kinetics of martensite decom-
position in Ti–6Al–4V alloys with additions of hydrogen, Qazi et al.
(2003) stated that martensite decomposition upon heating is, in
fact, a soak time- and temperature-dependent process and that
there is an incubation time during which martensite does not
decompose. Hence, the time–temperature–transformation (TTT)
diagram can be determined, and is naturally nose-shaped. These
authors also stated that the temperature at which martensite in
Ti–6Al–4V alloys is less stable (the nose temperature) is about
800 1C. This statement can explain the longer time required to
produce detectable β phase precipitation at 650 1C. One hour at
650 1C did not produce β phase precipitation detectable by SEM
(Fig. 5b), but 1 h at 800 1C sufficed to produce it (Fig. 5f).

The degree of martensite decomposition will determine
the balance between mechanical strength and ductility in
sub-β-transus heat treatments, such as in the tempering of
martensite in steels, albeit of lower intensity. Due to the very
fine acicular morphology and hardening of the solid solution,
the martensitic α0 microstructure presents higher strength
than the same alloy with αþβ microstructure (Matsumoto
et al., 2011). In addition to eliminating residual stress, heat
treatments of SLM parts can be used to increase ductility,
albeit with some loss in strength.

In incomplete martensite decomposition, the volume
fraction and the vanadium content of β phase did not reach
the equilibrium condition, i.e., both of them were lower than
the values of the equilibrium condition. Consequently, the
volume fraction and vanadium content of the α/α0 phase were
higher than those of the equilibrium condition.

The degree of α/α0 phase supersaturation, which is a
consequence of the degree of martensite decomposition,
appeared to exert the most significant influence on the
hardness, strength and fracture strain of the heat-treated
parts in this work. The SEM analysis indicated that marten-
site decomposition did not begin during the heat treatment at
650 1C for 1 h. Therefore, the properties of the samples heat-
treated at 650 1C for 1 h were statistically similar to those of
the as-processed samples. After 2 h at the same temperature,
a minor degree of martensite decomposition occurred, as
shown in the microstructure in Fig. 5d. Thus, hardness and
strength tend to decrease and fracture strain to increase in
response to increasing annealing time. In the case of samples
heat-treated at 800 1C, the decrease in strength and increase
in ductility (fracture strain) of the heat-treated parts were
unequivocal. In this case, the martensite did not decompose
completely in the first hour of annealing, as indicated by the
lower vanadium content of the β phase (lower angle of
diffraction of the XRD peak). However, 2 h at 800 1C seems
to have produced complete martensite decomposition, as
indicated by the XRD pattern (upward shift of the β phase
peak) and by the thermal analysis (the temperature of the
exothermic peak indicated by 3). In addition to complete
martensite decomposition, sub-β-transus treatments are
known to prevent grain growth, because β and α prevent
each other's growth (Vrancken et al., 2012). The consequence
of complete martensite decomposition, allied to a refined
microstructure, was that the fracture strain approximated
that of the fully annealed samples, whereas the hardness and
strength was similar to those of the samples heat-treated at
the same temperature for 1 h, and significantly greater than
those of the fully annealed samples. Hence, the use of heat
treatments to promote martensite decomposition while
maintaining the refined microstructure is a suitable alter-
native to improve the mechanical properties of SLM parts.
Vrancken and co-authors reported similar results, i.e.,
increasing fracture strain and decreasing YS in response to
increasing annealing temperature in the sub-β-transus region.

It is known that the αþβ phases are the final products of
martensite α0 decomposition in Ti–6Al–4V alloy. As shown
here, this transformation is the sum of two almost simulta-
neous transformations: the precipitation of β phase (α0-β)
and the loss of excess vanadium in the α0 solid solution,
which gradually transforms α0 into α phase (α0-α).

The different phases in titanium alloys present different
Young's moduli. A basic sequence of decreasing Young's
modulus is α4α04β (Crespo, 2011). Hence, the α0-αþβ trans-
formation simultaneously produces a phase with lower stiff-
ness (α0-β) and a phase with higher stiffness (α0-α). The
increase in the Eff of the parts heat-treated at 650 1C or 800 1C
indicates that the effect of α0-α transformation prevailed
over that of the α0-β transformation. On the other hand, the
lower Eff of the fully annealed samples when compared to
that of the samples with martensitic α0 microstructure (the
as-processed and the quenched samples) demonstrates that
the transformation that prevailed was α0-β.
5. Conclusions

In this study, we examined the effects of sub-β-transus heat
treatments on the mechanical properties of Ti–6Al–4V porous



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 4 ( 2 0 1 6 ) 1 4 9 – 1 5 8 157
structures produced by SLM, emphasizing the role of mar-

tensite α0 phase decomposition.
It was proposed that the decomposition of martensite started

with the precipitation of β phase at the boundaries of α0 needles.
This phase nucleation enabled the vanadium to diffuse from α0

to β phase, decreasing the free energy stored as supersaturation

of a solid solution and gradually transforming α0 into α phase.

The precipitation of β phase produced an endothermic peak with

an onset temperature of 715 1C in the thermogram of the as-

processed sample. The decrease in the supersaturation of α0

produced an exothermic peak between 760 and 850 1C.
The XRD patterns of the samples heat-treated at 800 1C

presented clearly visible peaks corresponding to α/α0 and β
phases, which resembled those in the thermogram of the

fully annealed sample. The samples heat-treated at 650 1C

presented XRD peaks corresponding to α/α0 and the main β
phase peak was located at the limit of detection. The as-

processed sample presented only peaks pertaining the α/α0

crystalline structure of titanium.
The SEM analyses revealed that the microstructure of

samples heat-treated at 650 1C for 1 h was very similar to

that of the starting condition, with fine α0 needles. On the

other hand, the samples heat-treated at 650 1C for 2 h and at

800 1C for 1 and 2 h showed microstructures still containing

the fine α0 needles of the starting condition, with flat particles

of β phase located along the α0 needle boundaries.
The degree of martensite decomposition during the sub-β-

transus heat treatment determined the changes identified in

the alloy’s mechanical properties, i.e., hardness, YS and UCS

decreased while fracture strain increased.
The samples heat-treated at 800 1C for 2 h underwent

complete martensite decomposition while maintaining their

refined microstructure, which increased the ductility (fracture

strain) to values approximating that of the fully annealed

samples, with a minor decrease in hardness and strength.
The martensite decomposition increased the Eff of the

samples subjected to sub-β-transus heat treatment owing to

the transformation of α0 into α phase.
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