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Additive manufacturing (AM) is defined as a technology performed for tooling applications. It is used for
manufacturing tools that have complex shapes and figures. In this study, an extensively applied Ti-6Al-4V
alloy was made using the selective laser melting method. Post-production heat treatments were applied to
decrease thermal stresses and to enhance the mechanical properties and the microstructure. The study
investigates the fatigue mechanical properties, microstructure, hardness, and porosity of the AM Ti-6Al-4V
after stress relieving (SR) and after SR followed by hot isostatic pressing (HIP). The samples� upper and
lower parts were independently examined to determine the effects of thermal conditions and the heat
treatment of the microstructure. The microstructures were examined through optical microscopy, scanning
electron microscopy and x-ray diffraction methods. The mechanical properties were investigated through
microhardness testing, alongside assessment by fatigue testing at room temperature. The findings
demonstrated that the microstructure after SR at 704 �C for 2 h is 100% fine martensitic a’-Ti, with a
microhardness value of 408 HV. Air and furnace cooled samples have a more homogenous structure and
are characterised by mixture (a + b) with microhardness values of 382 and 356 HV, respectively. After HIP
at 920 �C and 100 MPa for 2 h was applied, the martensite was converted into a lamellar (a + b)
microstructure, whereby the a phase is presented as fine needles situated among the b ridges in the
microstructure, with the existence of the prior b grain boundary.

Keywords cooling rate, martensitic, selective laser melting,
Ti-6Al-4V

1. Introduction

Among the newly developed additive manufacturing pro-
cesses (AM) which emerged during the late 1980s and early
1990s was the selective laser melting (SLM) technique which
can be applied to most non-volatile metals. However, its benefit
is best realised when applied to metals that are not easily
manufactured through utilising other techniques (Ref 1).
Titanium alloys are one such group, possessing an array of
exceptional properties, comprising high fracture toughness,

outstanding strength-to-weight ratios along with corrosion
resistance (Ref 2). The high cost and poor machinability of
Ti-6Al-4V utilising conventional processing methods limits its
more extensive application. Moreover, titanium alloy produc-
tion using traditional processing tools results in high energy
consumption and extensive material waste. Consequently,
researchers are studying methods for processing titanium alloys
using non-traditional technologies, such as additive manufac-
turing technologies. SLM powder AM process which delivers
greater benefits compared to traditionally applied production
techniques, by decreasing the number of production steps,
offering near-net-shape production combines improved level of
flexibility and elevated material use efficiency (Ref 3, 4).
Nonetheless, the unique conditions required for the SLM
process cause certain problems, including but not limited to
large thermal gradients emerging during the process, due to the
limited interaction time and the highly localised heat input
resulting in the build-up of thermal residual stresses. The rapid
solidification causes the appearance of non-equilibrium phases
and the segregation phenomenon. Additionally, the non-optimal
scan parameters may give rise to melt pool instabilities during
the process, resulting in higher surface roughness and increased
porosity (Ref 1). The SLM Ti-6Al-4V alloy microstructure
differs from others produced by utilising conventional tech-
niques. The tiny-melt pool cooling rate that is produced by
SLM is thought to be within the range of 103-105 K/s, thus
exceeding the crucial cooling rate of 410 K/s that is necessary
for martensitic transformation (b to a’) in Ti-6Al-4V. Conse-
quently, Ti-6Al-4V manufactured by SLM typically consists of
acicular a’ martensite rather than equilibrium a and b phases.

This invited article is part of a special topical focus in the Journal of
Materials Engineering and Performance on Additive Manufacturing.
The issue was organized by Dr. William Frazier, Pilgrim Consulting,
LLC; Mr. Rick Russell, NASA; Dr. Yan Lu, NIST; Dr. Brandon D.
Ribic, America Makes; and Caroline Vail, NSWC Carderock.

Naeem Eshawish and Savko Malinov, School of Mechanical and
Aerospace Engineering, Queen�s University Belfast, Belfast BT7 1NN,
United Kingdom; Wei Sha, School of Natural and Built Environment,
Queen�s University Belfast, Belfast BT7 1NN, United Kingdom; and
Patrick Walls, Laser Prototypes Europe, 4 Prince Regent Road,
Belfast BT5 6QR, United Kingdom. Contact e-mails:
neshawish01@qub.ac.uk, s.malinov@qub.ac.uk, w.sha@qub.ac.uk,
and patrick@laserproto.com.

JMEPEG (2021) 30:5290–5296 �The Author(s)
https://doi.org/10.1007/s11665-021-05753-w 1059-9495/$19.00

5290—Volume 30(7) July 2021 Journal of Materials Engineering and Performance

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-021-05753-w&amp;domain=pdf


This microstructure usually has high strengths yet low ductility
(Ref 5, 6). Thus, for optimal building conditions, great effort
has now been exerted to comprehend the effect of the process
parameters on the mechanical properties and microstructures.
Nevertheless, better ductility with strength reduction is noted
for SLM-fabricated Ti-6Al-4V, following successive heat
treatments involving the transformation of the non-equilibrium
phase (acicular a’ martensite) into a near-equilibrium phase
(lamellar a + b) (Ref 7). The common heat treatments primarily
consist of SR annealing, HIP and two-stage treatment with
solution followed by ageing (Ref 8, 9). For example, prior
studies demonstrated that the HIPed Ti-6Al-4V alloy processed
by SLM appears to be more competitive compared with those
of wrought material. Moreover, preheating of the build platform
can assist with minimising thermal gradients. Therefore, they
produce a more controlled cooling, helping to control as-built
mechanical properties. Ali et al. (Ref 10, 11) utilised a greater
bed preheating temperature; they established that it is possible
to eliminate the in-built residual stresses and improve ductility
with preheating of the base-plate to 570 �C.

Most research and development on Ti-6Al-4V fabricated by
SLM has focused on the microstructure of the as-built samples
and adjustment of the process parameters to increase the quality
of products (Ref 12, 13). Meanwhile, others have gone further
by applying only one stage of heat treatment at different
temperatures on the as-built samples, in order to optimise the
mechanical properties (Ref 14). This work aims to understand
the effect of a combined post-heat treatment—including stress
relief, a + b annealing, b annealing and HIP treatment—as well
as cooling rates on the mechanical properties and microstruc-
ture of the vertically and horizontally built Ti-6Al-4V speci-
mens by SLM.

2. Material and Methods

The experimental material used comprises of Ti-6Al-4V ELI
alloy powder with reduced content of interstitial elements. An
SLM technique by EOS M290 machine was used to manufac-
ture the specimens. A Yb fibre laser unit was operated by the
EOS M290 system with a wavelength of 1075 nm, supplying
maximum power output of 400 W (Ref 15). The building
chamber of the EOS M290 machine was filled with argon gas
to avoid titanium powder oxidation. Three different laser power
levels were used for melting the powder, namely 370 W for
infill, 340 W for down skin, and 360 W for up skin. Three
different laser power levels were used at different locations, to
build the same sample. About 80 lm spot diameter, 0.02 mm
overlap stripe, and 30 lm layer thicknesses were utilised as
manufacturing process parameters. A shell and core concept
served as the base for the scan strategy. A raster laser motion
first melts the internal part of the layer; this is followed by
melting the contour of the layer. A successive layer is then
melted after rotating the scanning pattern by a 67� angle.
Twenty-three samples used in this project were 3D printed in
the two directions of horizontal and vertical. The metal alloy
powder was spread across the build platform and each layer
was traced out by a high-power CO2 laser, which melted and
fused the material upon contact. The same process was repeated
numerous times until a complete shape of the fatigue specimen
was built, with an overall length of 94 mm, grip section width

of 19 mm, gauge section width of 7 mm and thickness of
2.57 mm.

Stress-relieving heat treatment is viewed as a significant step
for parts produced by SLM technology, due to substantial
thermal-related internal stresses evolving in the parts during the
process (Ref 16). For this reason, the specimens were first
treated by heat before they were separated from the substrate to
avert undesirable deformation. Besides, when it is heated above
427 �C, Ti-6Al-4V will easily oxidise. Accordingly, heat
treatments were performed in a vacuum furnace to avert
oxidation (Ref 17). In this work, the SR process was carried out
in accordance with ASTM F3301, inside a vacuum furnace for
2 ± 0.25 h at a temperature of 704 ± 14 �C. Afterwards, to
avoid oxidation and to reduce the development of new residual
stresses, the specimens were gradually furnace cooled down to
room temperature (25 �C). For microstructure characterisation
and testing mechanical properties, eight of SR samples that
were built vertically were exposed to extra heat treatment and
heated above b transus temperature (1015 �C) for 15 min,
followed by different cooling rates: furnace-cooling (FC); air-
cooling (AC); as well as water-cooling (also referred to as water
quenching, WQ). The rest were subjected to HIP processing in
compliance with ASTM F3301, as illustrated in Fig. 1. The
specimens were placed under an inert atmosphere, not less than
100 ± 5 MPa and 920 �C; they were held at the chosen
temperature within ± 10 �C for 120 ± 30 min, subsequently
being cooled down under an inert atmosphere to below 425 �C.
Then, the fatigue testing was performed for SR and SR+HIP
samples. Table 1 presents the chemical composition of the
samples used in this study and analysed by AMG Analytical
Services, Rotherham, UK.

Figure 2 exhibits the findings of the fatigue tests which were
plotted on a graph that relates to the applied loading and the
number of cycles to failure. Among all of the samples, one of
the stress-relieved samples has a low number of cycles to
failure (indicated with an arrow). A common approach to
eliminating porosity-type drawbacks in materials is the mate-
rial�s exposure to increasing pressure at a prominent temper-
ature, namely through hot isostatic pressing, a process which
improves the fatigue result (Ref 18). This concurs with the
findings presented below. The optimal fatigue result was
achieved implementing HIP treatment compared to SR samples
owing to reduced porosity.

Fig. 1 Schematic illustration of the heat treatment conditions used
in this study for Ti–6Al–4V alloy, where FC = furnace-cooling,
AC = air-cooling, and WQ = water-cooling
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3. Experimental Procedure

Operations performed to prepare the metallographic speci-
men include sectioning, cutting, mounting, planar grinding,
rough polishing, final polishing, in addition to etching. First,
the specimens were cut by wire electrical discharge machining
(EDM) that has a cutting speed of 5 mm/min. The water was
then utilised as a coolant. The samples were first cut into eight
pieces, each having a dimension of approximately
10 9 10 mm. The upper part of each sample was tested
independently from the lower part; the test would determine
whether or not there was a difference in the microstructure
because of the diverse thermal conditions between the two parts
within the SLM process. Subsequently, conductive black
PolyFast powder was used to mount the samples for subsequent
preparation and to hinder the electrostatic charge accumulation
at the surface during imaging and analysis by scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy
(EDS). To eliminate the surface scratches and to conduct a
proper microstructure analysis, the samples were ground and
then polished to a mirror finish. A Nikon Epiphot optical
microscope (OM) was used to obtain images at multiple
magnification levels. The porosity was tested and measured in
diverse parts of the specimens. Since the etching process will
potentially affect the size and depth of the pores (Ref 19),
porosity measurement was immediately undertaken after the
polishing took place and before displaying the microstructure
by etching with Kroll�s reagent. The SEM, XRD, and EDS
measurement processes were used to evaluate the microstruc-
ture evolution of the specimens, characterise the elemental
composition, as well as to understand the volume fractions

evolution of the a and b phases. A Buehler micro indentation
hardness tester was used to measure the microhardness. A
0.30 kg load was applied for 10 s, with a minimum of seven
indentations being performed per sample.

4. Results and Discussion

4.1 Porosity Analysis

Of all the observed SR samples—whether they were in the
bottom or top of the specimens—the image analysis did not
reveal a significant difference between the samples, where
spherical porosity was observed up to 140 lm in diameter with
approximately 0.31 ± 0.2% volume fraction of pore. This
result has residual porosity similar to as-built samples of about
0.39 ± 0.10% studied by Mezzetta et al. (Ref 20). This finding
primarily indicates that stress relief during manufacturing has
no significant effect on the process of pores formation observed
in the examined specimens. On the other hand, higher porosity
was noted in the fatigue failed sample with a volume fraction of
0.38 ± 0.2%, due to the presence of a group of pores of
irregular shapes. It is hypothesised that porosity in the SLM
parts is usually caused by high volumetric energy density,
realised through either increasing the laser power or reducing
the scan speed. The result would be a lack of fusion leading to
the formation of irregular-shaped of pores whereas the shortage
of time for gas mixed with powder to escape from the micro-
molten pool results in gas that is entrapped during the process;
thus, spherical pores. In contrast, the HIP process considerably
reduced the porosity level. The HIP process operates by
exposing the part to pressure and heat simultaneously. These

Table 1 Chemical composition of the samples studied (wt.%)

SR Ti = 89.36, Al = 6.4, V = 3.96, Fe = 0.07, Cr = 0.01, Cu = 0.01,
O = 0.125, N = 0.024, C = 0.019, H = 65 ppm

SR+HIP O = 0.119, N = 0.024, C = 0.015, H = 61 ppm
Heavy elements were not analysed in this sample. They are believed to be
the same as those in the SR sample

Fig. 2 S-N curve showing fatigue behaviour of different treated Ti-6Al-4V samples
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pressures and temperatures permit cracks and voids to be
healed within the material, consequently improving the
mechanical properties (Ref 21). Nonetheless, some pores were
detected ranging in size from 15-21 lm, with a volume fraction
of 0.20 ± 0.09%; this was very small compared with the SR
samples, as illustrated in Fig. 3.

4.2 Microstructural Analysis

The microstructure characterisation process was carried out
using an OM Leica DMI3000 M, enabling the obtainment of
images at diverse magnification levels. Figure 4 highlights the
microstructure of the SR, post-heat treated and HIPed samples.
The upper and lower parts of the SR samples were charac-
terised by the microstructure of martensite containing needle-
shaped features with microhardness value of 408 HV 0.3. This
microstructure did not exhibit any significant change compared
with those of the as-built samples exemplified in the earlier
studies, which presented a very fine acicular a’ microstructure
(Ref 22, 23). The reason for forming the acicular a’ martensitic
phase is that the temporary temperature of the Ti64 alloy is
exceptionally high under the laser action. This most likely
forms the b-phase, with the diffusionless a’ phase then being a
result of the subsequent rapid cooling process. The cooling rate
within SLM processing exceeds 410 K/s, which is suggested as
a martensite a’ formation rate (Ref 24). After being quenched
from 1015 �C/15 min, the microstructure also performs an
entire formation process of a new a’ martensite with a
somewhat lower microhardness. Both the length and width of
the prior b grains increase compared with the SR structure; it is
now approximately 1.1-1.8 lm wide and roughly 0.9-1.2 lm
for the SR one. This increase is caused by the difference in the
cooling rate between the traditional WQ and the SLM process.
The air-cooled sample�s microstructure consists of a mixture of
a’ phase (displayed as coarse needles) and coarse a phase,
which decorated the prior b grain boundaries with a micro-
hardness value of 382 HV0.3. Furnace cooling from 1015 �C

results in a coarser microstructure comprised of a (3-5.2 lm)
and small volume fraction of b (�8.5%), with a microhardness
value of 356 HV0.3. Meanwhile, the SR + HIP specimens
which did not experience any additional post-treatment also
demonstrated a mixture of a + b lamellar microstructure, where
the a amount increases with a reduction in the amount of b
volume fraction to �6% following the HIP treatment process.
The size of a lamellar after HIP is approximately between 2-5
lm, with a microhardness value of 364 HV0.3. This result is
similar to that obtained from furnace cooling. Figure 6 presents
the EDS spectra and the composition in wt. % for samples that
are heat treated in various regions. The disparity in aluminium
and vanadium in dark and white areas is a result of the presence
of each within a preferred area, where aluminium stabilises the
a phase (white), while vanadium stabilises the b phase (dark).

Different heat treatment temperatures and cooling rates
could control the specific phase to be formed. However, the b-
Ti phase is hardly detected, even after 704 �C, in accordance
with those XRD patterns highlighted in Fig. 5, where the
microstructure is composed of the a-Ti phase with no other
phase being noted in the XRD pattern. The peaks were denoted
by a-Ti, since both a and a’ phases have a hexagonal structure
with XRD peaks in similar angular positions, where the amount
of solute elements in the atomic structure is basically the
metallurgical difference between a and a’ (Ref 25). This finding
supports the one presented by both Ter Haar and Becker (Ref
26) as well as Kelly (Ref 27), where they found out that the a
phase started to dissolute into the b phase under equilibrium
heating conditions at 707.8 and 705 �C, respectively. Besides,
Malinov et al. (Ref 28) determined that the b phase nucleation
starts from 650 �C to become around 4% at 700 �C, which is
difficult to be observed, while it is around 10% at 750 �C.
However, on the one hand, in the presence of any b phase, the
amount would be very low and it would be barely detectable,
because XRD has a detection limit of approximately 2% of the
sample (Ref 29). On the other hand, the microstructure of the

Fig. 3 Optical micrographs showing the pores. (a) Stress-relieved sample, (b) sample with low number of cycles to failure indicated with an
arrow in Fig. 2, (c) HIPed sample
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Fig. 4 OM and SEM images of the microstructure of Ti-6Al-4V produced by SLM after heat treating at different temperatures followed by
different cooling rates. (a) and (b) SR at 704 �C, (c) and (d) WQ from 1015 �C, (e) and (f) AC from 1015 �C, (g) and (h) FC from 1015 �C and
(i) and (j) SR+HIP followed by FC
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air and furnace cooled samples comprises of both a and b
phases. Compared with air-cooling, the XRD peak intensity of
the b phase is weaker following furnace cooling owing to the
low volume fraction of the b phase in the alloy at room
temperature. Compared with air and furnace cooling, the peak
intensity of b in quenched samples is higher. This may be
attributed to the rapid cooling process from 1015 �C (100% b
phase), resulting in diffusionless transformation. Accordingly,
there is inadequate time for a to form. This results in the
formation of the dominating a’ martensite phase, permitting an
additional amount of b that remains between the needles
compared with the air-cooling process (Fig. 6).

5. Conclusions

This study�s primary objective was to analyse the
microstructure properties of the Ti-6Al-4V alloy fabricated by
SLM, following its subjection to diverse heat treatment levels.
The main conclusions that can be drawn from the conducted
research are as follows:

• There was no significant difference in hardness or
microstructure between the top and bottom of each sample
before post-heat treatment.

• Only the a’ martensitic phase can be detected even after
stress relieving at 704 �C, whereas noticeable changes oc-
curred with further treatment at 1015 �C followed by dif-
ferent cooling rates occurred. Slow cooling (furnace) led
to a coarse lamellar microstructure of a + b, while air-
cooling led to a mixture of a’ + a with lower hardness
compared with those SR samples.

• The sample that had a low number of cycles to failure
had cracks and increased porosity on the fracture surface
compared to the other samples, which resulted in it failing
prematurely during fatigue testing. This necessitates fur-
ther investigation.

• Furnace and HIP processed samples have lower micro-
hardness and improved fatigue properties. This may be

Fig. 5 XRD patterns of SLM samples after different heat
treatments. (a) Stress relived, (b) quenched, (c) air-cooled, (d)
furnace cooled, and (e) HIPed samples
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explained by the transformation of the needle-shaped a’ to
lamellar a + b, as well as the appearance of a more duc-
tile b phase.
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bFig. 6 EDS spectra and the composition in wt. % of Ti-6Al-4V
samples after different heat treatment. ‘‘White’’ and ‘‘Dark’’
indicated in the figures correspond to the brightness in the SEM
images in Fig. 4b, d, f, h, and j. (a) and (b) SR at 704 �C, (c) and
(d) WQ from 1015 �C, (e) and (f) AC from 1015 �C, (g) and (h) FC
from 1015 �C and (i) and (j) SR+HIP followed by FC
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