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The “Holy Grail” of metal additive manufacturing is to manufacture reliable high-performance metal
parts with no or a minimal need of post processing. However, Ti-6Al-4V parts made by selective laser
melting (SLM) often suffer from poor ductility and low toughness because of the predominant acicular a0

martensite contained in columnar prior-b grains. In practice, post heat treatment is necessary. To
overcome this deficiency, we have explored designing innovative SLM processing routes to turn the
unfavoured a0 martensite, via in-situ decomposition, into lamellar (aþb) microstructures with tuneable
characteristic length scales. Such lamellar (aþb) microstructures lead to superior mechanical properties
which markedly exceed ASTM standards and outperform the majority of Ti-6Al-4V fabricated by other
additive manufacturing processes. Furthermore, we find that the lattice parameter of the b phase in the
(aþb) lamellae falls into a specific range of 3.18e3.21 Å. Hence the lattice parameter of b phase can serve
as an indicator to predict whether significant martensite decomposition has taken place in situ in Ti-6Al-
4V made by SLM. This work marks an important step forward in the understanding of how to tailor
microstructure in situ for the development of high-performance Ti-6Al-4V parts by SLM.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Microstructure is a fingerprint for the prediction of macroscopic
mechanical behaviour for most materials. For conventional metal
casting and forming practices, controlling microstructure by suit-
able process control is commonly used to produce materials with
desired mechanical performance. In the case of powder-bed fusion
(PBF) metal additive manufacturing (AM) or 3D printing, precise
microstructural control, however, is not easily achievable as the
energy beam-powder interaction is highly dynamic and the ther-
mal history associated with PBF-AM processes is very complex
[1,2]. This has also proved to be challenging for achieving high-
performance Ti-6Al-4V (the “workhorse” alloy in the titanium in-
dustry) by SLM, which is the most broadly used PBF process. In
general, additively manufactured Ti-6Al-4V by SLM is stronger (in
terms of strength) than its wrought counterparts, but for structural
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applications its tensile ductility and toughness need to be sub-
stantially improved [3e8]. The inadequate ductility is caused by the
presence of undesired a0 martensites in columnar prior-b grains
because of their low capacity to tolerate crack initiation and
propagation [8e13]. Consequently, post-SLM heat treatment is
often necessary but that affects the effectiveness of the AM process.

A major challenge is therefore to replace martensite by favoured
a and b phases naturally during SLM processing in a controllable
manner. More importantly, being able to turn a0 martensite in situ
into a series of lamellar (aþb) microstructures with tuneable length
scales will enable the achievement of various combinations of
strength and ductility while minimizing the need for post pro-
cessing. Recently, we have suggested that the use of an array of
properly selected SLM processing variables (e.g. focal offset dis-
tance, FOD, and energy density, E) is able to transform the acicular
a0 martensite in situ into lamellar (aþb) in the as-built Ti-6Al-4V
[8,14]. The resulting a laths were about 0.2e0.3 mm thick, and such
an ultrafine microstructure led to superior tensile properties in the
as-built state (yield strength of 1106± 6MPa and total elongation to
failure of 11.4 ± 0.4%) [8,14]. However, owing to the limited pro-
cessing window of adjusting FOD and the high sensitivity of
microstructure to FOD, it is less practical, without post heat treat-
ment, to achieve a broad range of desired microstructures for
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Table 1
Summary of SLM processing variables used in this study.

Variables AS=AP D (mm) ti (s) t (mm) FOD (mm) P (W) V (mm s�1) h (mm) E (J mm�3)

Support structure (Group 1) 0.125 12 1 60 2 375 1029 0.12 50.62
0.25 12 1 60 2 375 1029 0.12 50.62
0.4 12 1 60 2 375 1029 0.12 50.62
1.0 12 1 60 2 375 1029 0.12 50.62

Inter-layer time (Group 2) 0.4 12 1 60 2 375 1029 0.12 50.62
0.4 12 5 60 2 375 1029 0.12 50.62
0.4 12 8 60 2 375 1029 0.12 50.62
0.4 12 10 60 2 375 1029 0.12 50.62

Layer thickness (Group 3) 0.4 12 1 90 2 375 686 0.12 50.62
0.4 12 8 90 2 375 686 0.12 50.62
0.4 12 10 90 2 375 686 0.12 50.62

Part dimension (Group 4) 0.4 12 1/5 60 2 375 1029 0.12 50.62
0.4 5 1/5 60 2 375 1029 0.12 50.62
0.4 4 1/5 60 2 375 1029 0.12 50.62
0.4 3 1/5 60 2 375 1029 0.12 50.62
0.4 2 1/5 60 2 375 1029 0.12 50.62
0.4 1 1 60 2 375 1029 0.12 50.62
0.4 0.8 1 60 2 375 1029 0.12 50.62

AS=AP e area ratios between support structure and part; De part diameter; ti e inter-layer time; t e layer thickness;FODe focal offset distance; P e laser power; V e scanning
velocity; h e hatch spacing; E e energy density.
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structural applications in the as-built state.
The key hypothesis behind this study is that the additive nature

of the successive layer-by-layer fabrication can be used to control
the thermal profile of the preceding solidified layers. a0 martensite
is predominant in SLM Ti-6Al-4V under normal SLM conditions.
However, with a properly designed SLM process, we assume that
the temperature of each preceding solidified layer can be raised in
situ, as a result of the layer additive nature of the SLM process, to a
Fig. 1. Typical microstructure commonly achieved in as-fabricated Ti-6Al-4V by additive man
platform temperature of 200 �C. (b) Lamellar (aþb) in EBM as-built Ti-6Al-4V using Arcam

Fig. 2. (a) A schematic diagram of support structure used in this stu
range (e.g. 600e850 �C) that can effectively encourage a0

martensite decomposition. If the required temperature profile can
be maintained sufficiently long, then a complete transformation
from a0 martensite into (aþb) is achievable. In addition, the ex-
pected temperature rise (from its low operating temperature of
200 �C to 600e850 �C) can lead to a decrease in both cooling rate
and temperature gradient thereby improving microstructural
anisotropy and reducing residual stress.
ufacturing. (a) a0 martensite in SLM as-built Ti-6Al-4V using 30 mm layer thickness and
A2 with layer thickness of 50 mm and platform temperature of 730 �C [18].

dy. (b) A micrograph of a support structure with AS=AP ¼ 0:25.



Fig. 3. Microstructure variation in SLM as-built Ti-6Al-4V with diameter of 12 mm. (a) AS=AP ¼ 0:125, ti ¼ 1 s, t ¼ 60 mm. (b) AS=AP ¼ 0:25, ti ¼ 1 s, t ¼ 60 mm. (c) AS=AP ¼ 0:4, ti ¼ 1
s, t ¼ 60 mm. (d) AS=AP ¼ 1:0, ti ¼ 1 s, t ¼ 60 mm. (e) AS=AP ¼ 0:4, ti ¼ 5 s, t ¼ 60 mm. (f) AS=AP ¼ 0:4, ti ¼ 8 s, t ¼ 60 mm. (g) AS=AP ¼ 0:4, ti ¼ 10 s, t ¼ 60 mm. (h) AS=AP ¼ 0:4, ti ¼ 1
s, t ¼ 90 mm. (i) AS=AP ¼ 0:4, ti ¼ 8 s, t ¼ 90 mm. (j) AS=AP ¼ 0:4, ti ¼ 1 0 s, t ¼ 90 mm.
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Fig. 4. Width of a laths (La) of the lamellar (aþb) in SLM as-built Ti-6Al-4V. (a) La
dependency on support/part area ratio, ti ¼ 1 s, D ¼ 12 mm, t ¼ 60 mm. (b) La de-
pendency on inter-layer time and layer thickness, AS=AP ¼ 0:4, D ¼ 12 mm. (c) La
dependency on part dimension, AS=AP ¼ 0:4, ti ¼ 1 s. (d) La dependency on part
dimension, AS=AP ¼ 0:4, ti ¼ 5 s.
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Presented here are our latest research findings on microstruc-
tural control of additively manufactured Ti-6Al-4V by SLM. We
show that, by designing innovative SLM processing routes, it is
practical to attain significant in-situ a0 martensite decomposition to
produce lamellar (aþb) microstructures with a tuneable a lath
width ranging from 0.15 mm to 0.8 mm. Another distinct benefit
arising from the innovative SLM processing routes is the transition
from columnar to equiaxed prior-b grains. Consequently, an
excellent combination of strength (yield strength: 1020e1110 MPa)
and ductility (total elongation to failure: 11e15%) was achieved in
SLM Ti-6Al-4V in the as-built state. Furthermore, significant in situ
martensite decomposition also leads to a reduction of residual
stress, which will be addressed elsewhere together with results of
post heat treatment.

2. Experimental procedures

Spherical gas atomized Ti-6Al-4V powder (25e45 mm, ASTM
Grade 23, ELI, 0.1% O, 0.009% N, 0.008% C, 0.17% Fe, <0.002% H, TLS
Technik GmbH & Co.) was used for SLM processing in this study. A
series of cylindrical rods with a diameter of 0.8e12 mm and a
height of 30 mmwere vertically fabricated using SLM 250 HL (SLM
Solutions GmbH; flow Ar; oxygen level < 0.1%; chamber tempera-
ture, 200 �C). Table 1 presents the SLM processing variables used in
this study to understand the role of support structure (Group 1),
inter-layer time (Group 2), layer thickness (Group 3) and part
dimension (Group 4) in microstructure control. All samples were
produced by using a chessboard scanning strategy.

For microscopic studies, longitudinal and transverse sections of
the as-fabricated Ti-6Al-4V were prepared by conventional me-
chanical grinding and polishing (without chemical etching).
Microstructure analysis was performed using FEI's extreme high-
resolution scanning electron microscopy (SEM, FEI Verios 460L)
and transmission electron microscopy (TEM, JEOL 2100F, 200 kV)
equipped with high-angle annular dark field detector (HAADF,
scanning TEM mode, STEM) and energy dispersive X-ray spec-
trometer (EDS). STEM/EDS was used for elemental analysis of a and
b phases by means of mapping, line scan and single spectrum
(point). Samples for TEM analysis were prepared by the conven-
tional method of slicing and grinding, followed by Ar ion milling
(Gatan 691 PIPS). Data for phase identification were acquired using
X-ray diffractometry (XRD, Bruker D8, Cu Ka) and analysed using
the MAUD program. Quantitative image analysis was conducted
using ImageJ for the measurement of the width of a and b laths.

Cylindrical Ti-6Al-4V rods (diameter: 12 mm; height: 100 mm)
were fabricated using SLM and then machined into dog-bone
shaped tensile specimens with a gauge diameter of 6 mm, gauge
length of 24 mm, and length of reduced section of 30 mm (ASTM
Standard E8/E8M-09). Quasi-static uniaxial tensile testing with an
initial strain rate of 2.5 � 10�4s�1 was performed at room tem-
perature on three specimens per processing condition using an
MTS universal testing facility (MTS 810, 100 kN) equipped with a
non-contact laser extensometer.

3. Results and discussion

3.1. Role of some SLM variables in microstructural control of Ti-6Al-
4V

Owing to rapid cooling (103e105 K/s) and high temperature
gradient (104e105 K/cm) in themelt pool [15,16], the salient feature
of the microstructure in SLM Ti-6Al-4V is acicular a0 martensite
(Fig. 1a) contained within columnar prior-b grains (Fig. 1aec in
Ref. [8]). This is in contrast to Ti-6Al-4V built by electron beam
melting (EBM) whose thermal environment is in favour of the
lamellar (aþb) microstructure (Fig. 1b) for better ductility and
lower residual stress [17,18]. To challenge such an unfavoured
microstructure, one needs to dramatically reduce cooling rate and
temperature gradient. Without raising platform temperature to
above 600 �C (like the case for EBM), optimising SLM process var-
iables becomes the only feasible option to promote in-situ trans-
formation from a0 martensite into (aþb). Our recent progress [8,14]
has corroborated that this approach is practically feasible via a
proper selection of focal offset distance and energy density.
The major drawback of FOD is its limited adjustable range in favour
of a0 martensite decomposition. Here we introduce several SLM
variables which play important roles in microstructural control of
Ti-6Al-4V but are often readily overlooked by the majority of
studies.

3.1.1. Support structure
Support structures with a variety of area ratios between support

structure and part (AS=AP: 0.125e1.0, Fig. 2) were used to clarify
their effect on microstructure achieved in SLM Ti-6Al-4V.
AS=AP ¼ 1:0 represents the case that the part is directly built onto
the platformwithout support structure, whereas AS=AP ¼ 0:125 has
the least contact area between the support structure and the part.
Under the selected processing conditions (Group 1 in Table 1), a full
lamellar (aþb) microstructure (Fig. 3aed) was achieved in all parts
irrespective of AS=AP. The increase in AS=AP from 0.125 to 1.0 led to
finer lamellar microstructure, indicative of more significant in-situ
decomposition favoured in the case of smaller support/part contact
area. The width of a lath in the lamellar microstructure increased
from 0.30 ± 0.11 mm to 0.59 ± 0.21 mm while reducing AS=AP from
1.0 to 0.125 (Fig. 4a). This dependency of microstructure on AS=AP
implies that thermal environment of the overhanging sections or
the vicinity of pores in a part is in favour of in-situ a0 martensite
decomposition.

3.1.2. Inter-layer time
Fig. 3c, eeg shows the variation in microstructure as a function

of inter-layer time (ti ¼ 1, 5, 8, 10 s; Group 2 in Table 1). For the



Fig. 5. Effect of part dimension on microstructure in SLM Ti-6Al-4V fabricated using layer thickness of 60 mm and AS=AP ¼ 0:4. (a) ti ¼ 1 s, D ¼ 12 mm. (b) ti ¼ 1 s, D ¼ 5 mm. (c)
ti ¼ 1 s, D ¼ 1 mm. (d) ti ¼ 1 s, D ¼ 0:8 mm. (e) ti ¼ 5 s, D ¼ 12 mm. (f) ti ¼ 5 s, D ¼ 5 mm. (g) ti ¼ 5 s, D ¼ 3 mm. (h) ti ¼ 5 s, D ¼ 2 mm.
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shortest inter-layer time of 1 s, a relatively coarse lamellar (aþb)
microstructure (Fig. 3c) was produced as a result of extensive in-situ
martensite decomposition. Increasing ti led to refined lamellar
microstructure in the case of 5 s (Fig. 3e) and 8 s (Fig. 3f), and a
microstructure comprised of mixed lamellar (aþb) and a0

martensite while using 10 s (Fig. 3g). The retained a0 martensite is
direct evidence of limited/incomplete in-situ decomposition. This
indicates that longer inter-layer time is not beneficial to achieve the
lamellar (aþb) microstructure. The width of a lath in the lamellar
microstructure was strongly influenced by the inter-layer time.
With an increase in ti from 1 s to 10 s, the width of a lath sub-
stantially decreased from 0.52 ± 0.22 mm to 0.18 ± 0.07 mm (Fig. 4b).
Compared to support structure, it is clear that the inter-layer time is
a more influential and decisive factor in promoting in-situ
martensite decomposition for the achievement of a lamellar (aþb)
microstructure.

3.1.3. Layer thickness
Fig. 3hej presents the microstructure variation as a function of

inter-layer time when a layer thickness of 90 mm is selected (Group



Fig. 6. X-ray diffraction patterns of SLM as-built Ti-6Al-4V. (a) Dependency on sup-
port/part area ratio. (b) Dependency on inter-layer time for layer thickness of 60 mm,
AS=AP ¼ 0:4, D ¼ 12 mm. (c) Dependency on inter-layer time for layer thickness of
90 mm, ti ¼ 1 s, D ¼ 12 mm. (d) Comparison between different microstructures in SLM
and EBM as-built Ti-6Al-4V.

Fig. 7. c/a ratio of a/a0 vs. b lattice parameter a for SLM and EBM as-built Ti-6Al-4V
with different microstructures. Data for SLM as-built Ti-6Al-4V and some EBM as-built
Ti-6Al-4V were obtained in our work. Some data (open diamond symbol) for EBM as-
built Ti-6Al-4V were acquired from Refs. [17,18,27e30].
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3 in Table 1). Analogous to the layer thickness of 60 mm (Fig. 3c,
eeg), increasing inter-layer time also led to finer lamellar (aþb)
microstructure in the case of 90 mm. The width of a lath decreased
from 0.75 ± 0.27 mm to 0.51 ± 0.18 mmwith increasing ti from 1 s to
10 s (Fig. 4b). Compared with layer thickness of 60 mm, increasing
layer thickness to 90 mm resulted in much coarser lamellar (aþb)
microstructure, indicative of more significant in-situ martensite
decomposition. Furthermore, with increasing ti the decrease in
average a lath width is much less in the case of 90 mm layer
thickness, implying that in-situ martensite decomposition is less
sensitive to inter-layer time at larger layer thickness. This enables a
broader processing window to achieve the desired lamellar (aþb)
microstructure.

3.1.4. Part dimension
To reveal the effect of part dimension, cylindrical rods of

diameter ranging from 0.8 mm to 12 mmwere produced (Group 4
in Table 1). At a given inter-layer time of 1 s, Fig. 5aed shows the
microstructure variation as a function of part diameter. It is clear
that the part with a large diameter of 12 mm presents a coarse
lamellar (aþb) microstructure (Fig. 5a) after experiencing extensive
in-situ martensite decomposition. As the diameter decreased, the
(aþb) lamellae became finer (Fig. 5b) until the emergence of
retained a0 martensite in the part of 1 mm in diameter. Below
1 mm, a0 martensite was predominant and the overall quantity of
detectable b phase was minimal. In the case of inter-layer time of
5 s, the resultant lamellar (aþb) microstructures (Fig. 5eeh) were
much finer than that of 1 s. The minimum diameter required to
achieve a full lamellar (aþb) microstructure was 4 mm, which is
larger than that of 2 mm for 1 s. Below 4 mm, a0 martensite
appeared (Fig. 5g) and was largely retained in the 2 mm part due to
very limited martensite decomposition (Fig. 5h). Fig. 4c and d pre-
sents the variation in a lath width as a function of part diameter. For
inter-layer time of 1 s, the a lath width decreased from
0.52 ± 0.22 mm to 0.15 ± 0.09 mm as part diameter decreased from
12 mm to 1 mm (Fig. 4c). On the other hand, for inter-layer time of
5 s the variation of a lath width is marginal (from 0.29 ± 0.13 mm to
0.19 ± 0.08 mm) with decreasing diameter from 12 mm to 3 mm
(Fig. 4d). This further corroborates the decisive role of inter-layer
time in facilitating in-situ martensite decomposition.

3.2. Microstructural signature of lamellar (aþb) in SLM Ti-6Al-4V

The transformation of acicular a0 martensite into lamellar (aþb)
is thermally activated and diffusion-controlled [19,20]. The
achievable microstructure depends on the transformation tem-
perature and its residence time. As the decomposition of a0

martensite takes place in situ during SLM processing, V (b stabilizer)
partitions to the b phase and Al (a stabilizer) tends to segregate to
the a phase. The b phase is thus enriched in V and depleted in Al,
and its lattice parameter is strongly correlated with the content of
V. Higher V usually results in smaller lattice parameter in b [21].
Thermodynamically, the V content in b phase is determined by the
transformation temperature at which b phase nucleates and grows.
Higher temperature leads to lower V content in b phase [22].

Based on the above correlation between transformation tem-
perature, V content and lattice parameter in b phase, it is possible to
predict whether significant a0 martensite decomposition takes
place during SLM processing and estimate the temperature range
leading to such an in situ decomposition. Fig. 6aec presents X-ray
diffraction profiles corresponding to microstructures shown in
Fig. 3aej. The appearance of (110)b peak at 39.5� and (200)b peak at
57.5� verified the presence of a certain amount of b phase in those
as-built Ti-6Al-4V samples. Fig. 6d compares XRD profiles of several
typical microstructures, near full a0 martensite (Fig. 1a), a mixture
of a0 and lamellar (aþb), and full lamellar (aþb) achieved in SLM Ti-
6Al-4V (Fig. 3h), and full lamellar (aþb) in EBM Ti-6Al-4V (Fig. 1b).
The full lamellar (aþb) microstructures in SLM and EBM Ti-6Al-4V
are analogous in morphology (Fig. 3h and 1b) but the later has a
slightly larger amount of b phase. For SLM Ti-6Al-4V with near full
a0 martensite, even though b phase is hardly revealed from the
microstructure (Fig. 1a), a tiny peak close to 56.5� can be detected,
indicating the presence of a small amount of b phase. Its b lattice
parameter of 3.26 Å is noticeably larger than that in the full lamellar
(aþb) microstructure. This implies that the b phase present in SLM
Ti-6Al-4V with near full a0 martensite has formed at higher tem-
perature and a lower V content is thus expected.

We summarize, in Fig. 7, c/a ratio of a/a0 vs. b lattice parameter a
after fitting the XRD profiles of both SLM and EBM as-built Ti-6Al-
4V. Four types of microstructures were present for comparison,
near full a0 martensite, a mixture of a0þ(aþb) dominated by a0, a
mixture of (aþb)þa0 dominated by (aþb), and full lamellar (aþb).
There is a clear correlation between resultant microstructures and



Fig. 8. STEM/EDS mapping, line scanning and point analysis on the lamellar (aþb) microstructure achieved in SLM as-built Ti-6Al-4V (Fig. 3a, AS=AP ¼ 0:125, ti ¼ 1 s, t ¼ 60 mm). (a)
STEM image. (bed) EDS mapping, V, Al, Fe. (e) EDS line scanning along a-a0 in (a). (f) Frequency distribution of V presented in b based on EDS point analysis. (g) Calculated V content
of b phase as a function of temperature [22] with dashed line showing a shift for the non-equilibrium case. (h) Frequency distribution of b forming temperature converted from (f).

Fig. 9. Dependency of b lath width (Lb) on (a) inter-layer time, AS=AP ¼ 0:4, D ¼ 12
mm, t ¼ 60 mm and (b) support/part area ratio, ti ¼ 1 s, D ¼ 12 mm, t ¼ 60 mm.
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lattice constants of b and a/a0 phases. In the case of near full a0

martensite with minimum decomposition, the lattice parameter of
the detectable b phase is 3.26 Å and the c/a ratio of a/a0 is 1.580. As
decomposition of a0 martensite becomes more significant, the lat-
tice parameter of b phase decreases and the c/a ratio of a/a0 in-
creases, until reaching a regime where a full lamellar (aþb)
microstructure is usually observed. After significant in-situ
martensite decomposition, the lamellar (aþb) achieved in both
SLM and EBM as-built Ti-6Al-4V has exhibited b lattice parameter
near 3.18e3.21 Å and c/a ratio of a close to 1.590e1.600. The lattice
parameter of b phase can thus be treated as a microstructural
signature so that one can predict whether a lamellar (aþb)
microstructure is achieved in SLM as-built Ti-6Al-4V.

3.3. Compositional analysis of lamellar (aþb) in SLM Ti-6Al-4V

To determine the temperature range for the achievement of the
full lamellar (aþb), we analysed the composition in a and b phases
using STEM/EDS with special attention made to the V content in b
phase (Fig. 8). The STEM/EDS mapping (Fig. 8aed) and line scan-
ning (Fig. 8e) analyses clearly revealed the partitioning of V (up to
30 wt%) and Fe (up to 3.5 wt%) to the b phase. Furthermore, the EDS
point analysis on a large number of b laths provided a frequency
distribution of V presented in the b phase. In the case shown in
Fig. 8f, the V content in b phase varied from 5e10wt% to 25e30wt%
with the majority of b laths having V in a broad range of 5e25 wt%.
The presence of such a large variation in V is the direct consequence
of repetitive heating and cooling arising from the layer-wise
fabrication. Considering the correlation between V content and b
forming temperature (Fig. 8g), we can convert the compositional
frequency distribution (Fig. 8f) into a frequency distribution of b
forming temperature (Fig. 8h). In reality, because of the rapid
heating-cooling nature of SLM processing there is a shift of the V
content from its equilibrium in the b phase. Limited by the
incomplete diffusion, a lower V content (marked by the dashed line
in Fig. 8g) is usually present in b than that of equilibrium value. In
this case, the predicted b forming temperature shown in Fig. 8h by
the direct conversion from Fig. 8f is higher than the actual tem-
perature. We expect a maximum shift of 30e50 �C toward the
lower side. Taking this possible shift into account, we can semi-
quantitatively predict a temperature range of 600e850 �C at
which the majority of the b laths are formed as a result of signifi-
cant in-situ a0 martensite decomposition. In turn, this indicates that
during SLM processing the temperature of the preceding solidified
layers is raised to such a range and maintained for a sufficiently
long residence time to produce the lamellar (aþb) microstructure.
The predicted temperature range is also consistent with that re-
ported for a0 martensite decomposition [19]. Below 600 �C the
decomposition is very limited and above 800 �C a complete
transformation can be achieved. However, the temperature needs
to be controlled below 900 �C because above it a0 martensite re-
forms upon rapid cooling [21].

Another characteristic length scale requiring special attention is
the width of b laths, which is directly associated with the diffusion
of V. The b lath width measured from the STEM images is presented
as a function of inter-layer time (Fig. 9a) and support/part area ratio
(Fig. 9b). Shorter ti and smaller AS=AP produced coarser b laths. For
instance, in the case shown in Fig. 9a the width of b laths decreased



Fig. 10. STEM/EDS analysis on the lamellar (aþb) microstructure achieved in SLM as-built Ti-6Al-4V (Fig. 3a, AS=AP ¼ 0:125, ti ¼ 1 s, t ¼ 60 mm), showing that finer b laths have
higher V content. (a) STEM image. (bed) EDS mapping, V, Al, Fe. (e) EDS line scanning along a-a0 in (a).
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from 63 ± 32 nm to 12 ± 6 nm with increasing ti from 1 s to 10 s.
This is analogous to the trend for a laths (Fig. 4a and b) and is
another evidence to support our earlier claim that shorter ti and
smaller AS=AP promote in-situ martensite decomposition. Further
looking into this phenomenon, a shorter inter-layer time leads to a
shorter overall duration of processing. To produce coarser a and b
laths, a sufficiently high temperature (but below 900 �C) needs to
be quickly reached for significant martensite decomposition. This is
consistent with the thermal environment of shorter ti and smaller
AS=AP under which the limited heat dissipation facilitates a rapid
temperature rise due to heat build-up. As the width of b laths is
correlated with diffusion length of V, b laths of different width
nucleate and grow at different temperatures so that their
Fig. 11. Longitudinal section showing equiaxed prior-b grains of 50e200 mm present in SLM
micrograph, the total distance along the building direction is 1.08 mm, about 18 layers. (b
martensite. Continuous a layer is absent at the boundary of prior-b grains.
compositions differ substantially. Fig. 10 presents such an example
that finer b laths exhibit much higher V content than the coarser
ones. The EDS point analysis (wt.%) indicated that b1: 26.61 ± 2.08%
V, 1.47 ± 0.28% Al, 3.31 ± 0.48% Fe; b2: 13.96 ± 4.87% V, 3.17 ± 0.78%
Al, 1.50 ± 0.64% Fe; b3: 6.04 ± 0.52% V, 4.75 ± 0.07% Al, 0.43 ± 0.06%
Fe. We can thus predict that finer b laths form at lower
temperatures.

3.4. Columnar to equiaxed transition in SLM Ti-6Al-4V

During SLM processing, a temperature rise to 600e850 �C in the
preceding solidified layers reduces cooling rate and results in heat
build-up in the vicinity of the melt pool due to limited heat
as-built Ti-6Al-4V (AS=AP ¼ 0:125, ti ¼ 1 s, t ¼ 60 mm). (a) Low magnification. In this
) High magnification. (c) Equiaxed prior-b grains contain lamellar (aþb) instead of a0



Fig. 12. Engineering tensile stress-strain curves of SLM as-built Ti-6Al-4V comprising
a0 martensite, ultrafine lamellar (aþb), and coarse lamellar (aþb). Conventional mill-
annealed Ti-6Al-4V with equiaxed (aþb) is present for comparison.
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dissipation. This further leads to substantial reduction of temper-
ature gradient within the melt pool of forming the subsequent
layer. The direct consequence of reduced temperature gradient is a
possible transition from columnar to equiaxed grains (CET) [23]. A
typical example shown in Fig. 11 clearly presents the production of
equiaxed prior-b grains of 50e200 mm in one SLM as-built Ti-6Al-
4V that experiences significant in-situ a0 martensite decomposition.
Note that the commonly viewed a0 martensite was completely
replaced by a fine lamellar (aþb) with a lath width of
0.59 ± 0.21 mm and b lath width of 63 ± 32 nm (Fig. 11c).
Fig. 13. (a) Engineering tensile stress-strain curves of SLM as-built Ti-6Al-4V with a lamella
relationship between yield strength and the width of a laths.

Table 2
Tensile properties of SLM as-built Ti-6Al-4V with a lamellar (aþb) microstructure produ

Inter-layer time ti (s) Width of a lath La (mm) Yield strength s0.2 (MPa

1 0.52 ± 0.22 1022 ± 10
5 0.29 ± 0.13 1093 ± 15
8 0.25 ± 0.10 1112 ± 3
Furthermore, the absence of continuous grain boundary a makes
the lamellar (aþb) microstructure more crack resistant when
subjected to mechanical load.
3.5. Mechanical performance of AM Ti-6Al-4V

The unfavoured microstructure of a0 martensite leads to inad-
equate ductility (total elongation to failure < 10%, e.g. curve 2 in
Fig. 12) and low toughness (16e67 MPa√m), the major de-
ficiencies of SLM as-built Ti-6Al-4V relative to its conventional or
EBM as-built counterparts [6]. Transforming a0 martensite in situ
into an ultrafine lamellar (aþb) microstructure has overcome the
deficiency of poor mechanical performance to achieve both high
strength and good ductility (curve 3 in Fig. 12) [8,14]. In this study,
we further extend the capability to tailor microstructure in situ
and produce equiaxed prior-b grains containing lamellar (aþb).
The width of a laths is tuneable in a broad range of 0.15e0.8 mm.
This achievement allows for the direct fabrication of Ti-6Al-4V by
SLM with a broad range of mechanical properties. For example, a
relatively coarse lamellar (aþb) microstructure in SLM as-built Ti-
6Al-4V (Fig. 3c, AS=AP ¼ 0:4, ti ¼ 1 s, 60 mm) resulted in an
excellent combination of high strength (yield strength:
1022 ± 10 MPa; ultimate tensile strength: 1090 ± 10 MPa) and a
decent elongation to failure up to 15% (curve 4 in Fig. 12). Even
though the attained strength is slightly lower than that of the
ultrafine lamellar (aþb) (curve 3 in Fig. 12), its uniform elongation
of 7e8% that is comparable to that of the mill-annealed Ti-6Al-4V
(curve 1 in Fig. 12), is much higher than 5% of the ultrafine
lamellar (aþb) and 4% of the a0 martensite microstructure.
Considering the effect of inter-layer time, in Fig. 13 and Table 2 we
summarize tensile properties achieved in SLM as-built Ti-6Al-4V
with a lamellar (aþb) microstructure produced using different
inter-layer time (Group 2 in Table 1). Note that the achievable
r (aþb) microstructure produced using different inter-layer time. (b) A Hall-Petch type

ced using different inter-layer time (AS=AP ¼ 0:4, t ¼ 60 mm, D ¼ 12 mm).

) Ultimate tensile strength sUTS (MPa) Elongation to failure EL (%)

1090 ± 10 12.7 ± 2.1
1149 ± 11 11.3 ± 0.5
1165 ± 2 11.6 ± 1.2



Fig. 14. Yield strength vs. total elongation to failure for Ti-6Al-4V fabricated by
different AM methods. The curve of best fit excludes data on SLM as-built Ti-6Al-4V
with lamellar (aþb) microstructure. Data for the as-built EBM, HIPped EBM, as-built
SLM (a0) and as-built DED Ti-6Al-4V were obtained from Refs. [6,18,25]. Data for
post heat treated/stress relieved SLM Ti-6Al-4V and HIPped SLM Ti-6Al-4V were
adopted from Refs. [5,6,9].
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yield strength is relevant to the width of a laths and its de-
pendency is analogous to the Hall-Petch relationship [24]. All
three lamellar (aþb) microstructures result in a total elongation to
failure above 11%, but the microstructure containing coarser a
laths in the case of 1 s leads to an elongation of 12.7 ± 2.1% which
has never been achieved in SLM as-built Ti-6Al-4V.

Based on tensile property data available in the literature
[5,6,9,18,25], we present in Fig. 14 a comparison of yield strength
vs. total elongation to failure for the as-built Ti-6Al-4V made by
both PBF (SLM, EBM) and direct energy deposition (DED) pro-
cesses, post heat treated/stress relieved SLM Ti-6Al-4V, EBM Ti-
6Al-4V post-treated by hot isostatic pressing (HIP), and HIPped
SLM Ti-6Al-4V. Tensile data of total elongation less than 4% are
excluded as such low ductility is primarily caused by the presence
of defects such as lack of fusions and porosity. Relative to its EBM
as-built counterparts, SLM as-built Ti-6Al-4V with a0 martensite
exhibits higher strength but noticeably lower ductility. Post heat
treatment and HIP processing greatly improves ductility of SLM Ti-
6Al-4V at the expense of strength [5,6,9,26] but it has marginal
effect on EBM Ti-6Al-4V [18]. This is not surprising because for
SLM as-built Ti-6Al-4V HIP (usually at 920 �C with a pressure of
100 MPa) not only eliminates the defects such as porosity and lack
of fusions but also transforms a0 martensite into lamellar (aþb).
While for EBM as-built Ti-6Al-4V, the major role of HIP is for
defect elimination even though the coarsening of the lamellar
microstructure takes place at the same time. Ti-6Al-4V built by
DED has shown a high degree of data scatter of tensile properties
but the majority fall into the regime of low ductility with mod-
erate strength. In contrast, the creation of lamellar (aþb) micro-
structure in SLM as-built Ti-6Al-4V overcomes the deficiency of a0

martensite and offers mechanical performance well exceeding
ASTM standards (ELI Ti-6Al-4V, ASTM F136-13, F3001-14). Ac-
cording to the standards, here we artificially set the performance
of minimum 10% elongation with yield strength of 800e900 MPa
as “acceptable” while above 900 MPa as “superior”. Note that the
mechanical performance of our newly developed SLM Ti-6Al-4V
with lamellar (aþb) microstructure outperforms the majority of
EBM and DED as-built Ti-6Al-4V.
4. Conclusions

In summary, our results show that

� A proper combination of SLM processing variables can enable
significant in situ a0 martensite decomposition to produce a
series of lamellar (aþb) microstructures whose characteristic
length scale can be tuned from 0.15 to 0.8 mm. From the range of
processing variables, the inter-layer time and layer thickness are
more influential and decisive in promoting in-situ martensite
decomposition. Shorter inter-layer time, larger layer thickness,
less contact between support structure and part, and larger part
dimension are in favour of martensite decomposition.

� As a0 martensite decomposition is diffusion-controlled, all
characteristic features of the achieved lamellar (aþb) micro-
structures depend on transformation temperature and its resi-
dence time. More quantitatively, we find that the b phase has a
lattice parameter in a specific range of 3.18e3.21 Å, which al-
lows for a better prediction whether significant martensite
decomposition takes place in situ in the duration of SLM
processing.

� The V content in the b laths is another indicator of the occur-
rence of martensite decomposition. More specifically, the
measured range of 5e25 wt% V corresponds to a temperature
range of 600e850 �C at which the majority of the b laths form.

� Meanwhile, one of the direct consequences of the temperature
rise (from the operating temperature of 200 �C to 600e850 �C) is
the reduction of temperature gradient within the melt pool and
equiaxed rather than columnar prior-b grains are thus favoured.

� A great combination of strength and ductility is achieved, thanks
to the production of lamellar (aþb) contained in equiaxed prior-
b grains. We expect that this study will have implications in the
development of high performance Ti-6Al-4V by additive
manufacturing.
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