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� The a’-martensite titanium produced
by laser powder bed fusion
technology isn’t intrinsically brittle.

� The ductility can be increased by
nearly 194% by inhibiting martensite
colony, and this method hardly
sacrifices strength.

� The less martensite-colony
microstructure can effectively reduce
stress concentration.

� The less martensite-colony
microstructure is mainly caused by
weak variant selection at a high
cooling rate by tuning hatching space.
g r a p h i c a l a b s t r a c t
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Generally, additively manufactured (AM) full martensitic titanium alloys (hexagonal-close-packed a’
phase) exhibits high yield strength (>1GPa) but poor elongation to failure (<8% usually). However, this
only a’-phase microstructure is not intrinsically brittle and exhibits high ductility under certain process
conditions. Therefore, it is crucial to unravel the mechanism of ductility fluctuation for process control.
Here, we found the less martensite-colony microstructures (LMCM) could effectively distribute stress
to variant interfaces and avoid strain localization. Therefore, it results in a 194% ductility enhancement
in the AM-produced a’-Ti-6Al-4 V (Ti64) compared with the rich martensite-colony microstructure
(MCM). At the same time, we also successfully improved the strength-ductility dilemma for Ti64 alloy
(yield strength, Ys0.2 = 1044 ± 10 MPa, elongation at break, EL = 15 ± 1.5%). We attribute the LMCM to
refined prior-b grain and a weak variant selection during bBCC to a’HCP by increasing hatch spacing.
What’s more, to rule out the possible influence of the b phase and demonstrate the generality of our con-
clusion, we further apply it on a-titanium alloy (Ti-6.5Al-2Zr-1Mo-1 V, TA15 alloy) and obtain the same
results.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The advantages of fusion-based metal additive manufacturing
include a high forming temperature, nearly maximal density, and
excellent mechanical properties [1–3]. Among numerous AM-
produced metal materials, titanium alloys are characteristics of
high strength, corrosion resistance, and good weight-reducing
effect [4], showing the prospective application in biomedical, aero-
space, automotive, and other industries [5]. Owning to the super-
high cooling rate (�106K/s) of metal pool solidification, the a’
(HCP) martensitic microstructures are easily accessible in Laser-
powder bed melting (L-PBF) [6,7]. The martensitic a’ phase is the
product of diffusion-free phase transformation and is known as
the non-equilibrium phase with a deformed lattice. Therefore, a’
martensite usually has a high dislocation density and supersatu-
rated V and Al [8,9]. For these reasons, the a’-martensite strength
is usually higher than that of the (a + b) dual-phase, but its ductil-
ity is generally low [10,11]. Previous attempts to improve the duc-
tility of AM-produced titanium alloy mainly involved the a’ phase
decomposition into the (a + b) dual-phase structure, which pos-
sesses higher ductility [11–16]. However, the main drawback of
this method is the loss of the yield strength [9,17,18]. Therefore,
an important question is raised: whether the full acicular a’
martensite microstructure in AM-produced Ti alloys is intrinsically
brittle?

Fig. 1 summarizes the literature data on the mechanical prop-
erty of L-PBF-fabricated a’-Ti64 alloy [10,11,17,19–27]. There is a
general inverse relationship between yield strength and ductility.
Besides, the elongation to failure usually falls between 4% and
8%. However, some works [23,27] reported that elongation to break
of a’-Ti64 can reach 14–15%, and they showed that the microstruc-
ture containing only a’/a’ or a’/a interfaces have more remarkable
deformation ability than the microstructure with b phase. And the
a’/b interface causes stress concentration and easily induces crack.
Matsumoto et al. [28] also reported that the interface in the only
hcp phase could distribute the stress homogeneously and lead to
superior ductility. Thus, AM-fabricated a’-Ti64 alloy have the abil-
ity to achieve high ductility, but what are the key factors that affect
the ductility change of the a’-microstructure?

The AM-fabricated Ti64 alloy contains hierarchical microstruc-
ture from outside to the inside: Prior-b grain ? a/a’ lath [12,29–
31]. The coarse columnar prior-b grain is an essential concern for
AM qualification because it tends to induce anisotropy in mechan-
ical properties. In addition, the prior-b grain boundary also plays a
vital role in strain localization [32]. Therefore, many works have
Fig. 1. Yield strength vs. tensile elongation to break for L-PBF-fabricated a’-Ti64
alloy.
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focused on refining the prior-b grain [5,33,34]. For example, the
high-intensity ultrasound was added to the substrate and fine
equiaxed prior-b grain was achieved in AM-produced Ti64 alloy
[33]. Though the strength is enhanced by 12%, the ductility is still
lacking (EL < 5%). This implies that the internal microstructure of
the prior-b grain may need to meet specific characteristics to pro-
mote ductility enhancement. Therefore, the morphology and orien-
tation of the martensite variant were mainly studied in this
research.

Our work found the martensite colony plays a crucial role in
weakening ductility in L-PBF-produced a’-titanium. The colony
means a series of parallel plates of the same variant of the Burgers
relationship [35]. What’s more, we optimized the process parame-
ters to obtain a distinct less colony martensite microstructure
(LMCM). The model alloys, Ti64 alloy, containing LMCM exhibit a
maximum of 194% ductility enhancement and excellent compre-
hensive mechanical properties (Ys0.2 = 1044 ± 10 MPa, EL = 15 ± 1.
5%). Therefore, the martensite colony engineering sheds new light
on large ductility fluctuations in AM-fabricated a’ titanium alloy. In
addition, to rule out the possible influence of the b phase, we fur-
ther verified our conclusion with a titanium alloy (TA15 alloy) and
obtained the same results.
2. Experimental methodologies

As shown in Fig. 2(a)-(b), the spherical gas atomized Ti64 pow-
der (C, 0.08%, Ni, 0.03%, O, 0.13%, H, 0.0125%, Fe, 0.21%, Al, 6.09%, V,
4.05%, Ti, balance, Canadian AP&C Co.) was used for the AM process
in this study. The powder particles range in diameter from 15 to
45 lm, and the average diameter (D50) is 31.5 lm. The powder
density was 2.45 g/cm3, and its flow rate was 50 g per 29 s. All
parts in the experiment were fabricated using an SLM-100machine
produced by the Guangdong Hanbang 3D Tech Co., Ltd, China. This
machine is equipped with an IPG-100 Yb: YAG fiber laser with a
laser wavelength of 1050 nm. The laser’s continuous mode could
provide the maximum power of 100 W. The laser intensity distri-
bution was close to Gaussian one, and the laser diameter is
70 lm. The laser scanning velocity can be varied from 10 to
10000 mm s�1, and its building and powder cylinders are protected
by argon gas. The oxygen content can be controlled below ten ppm.
The powder spreading is carefully conducted by a scraping
method, and the minimum layer thickness was approx. 10 lm.
The bars for tensile tests were produced directly by the L-PBF,
according to the ASTM-E8 standard. Also, all the surface of the bars
was polished to 3000 mesh with SiC sandpaper. The cross-sectional
dimensions of the tensile samples are 6 � 2 mm, the gauge length
is 25 mm, and the parallel length is 32 mm. The scan strategy (S-
type) is illustrated in Fig. 2(c), where the y-axis corresponds to
the sample tensile direction. Also, the insert in Fig. 2(d) shows
the overlap between tracks as observed via an optical microscope,
and the single track experiment indicates the width of the track is
approx. 96 lm. The printing parameters of tensile bars were opti-
mized and shown in Tabel 1. To release the residual stress without
forming the b phase, tensile bars were heat-treated at 500 �C for
2 h under vacuum conditions [36].

For the metallographic experiments, all surfaces of samples
were mechanically ground to 3000 mesh with SiC grinding papers
and then polished to a mirror with a SiO2 suspension. The Kroll
solution (HF: HNO3: H2O = 1:2:10) was used for the chemical etch-
ing. The fracture morphology observations were conducted using a
scanning electron microscope (SEM, S4700, Hitachi, Japan). The
electron backscatter diffraction (EBSD) analysis was conducted
via an Oxford Nordlys Max3 analyzer equipped with a TESCAN MAIA3
scanning electron microscope. The acceleration voltage is 20 kV,
and the step size is 0.2 lm. In addition, the Channel 5 software



Fig. 2. (a) Spherical morphology of Ti64 powder. (b) Powder size distribution. (c) Model of the laser scanning strategy. (d) ASTM standard tensile bars and the enlarged view
show the overlap between the tracks under an optical microscope (The arrows show the scanning direction). The inset shows a single track under the parameters of this
experiment.
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was used for data analysis. The microstructure and composition
were obtained using a transmission electron microscope (TEM,
Talos F200, FEI Co., US). The X-ray diffraction analysis was carried
out using XRD (D8, Bruker Co., US) with Cu Ka radiation to identify
the crystal structure of the bulk sample. Tensile tests were con-
ducted at the strain rate of 2.5 � 10�4 s�1 according to ASTM stan-
dard via an MTS test machine.

3. Results

3.1. Less martensite-colony microstructure

Fig. 3(a)(c) shows the h30 and h90 samples microstructure of
XY face, i.e., the top face defined in Fig. 2(c). By comparison, we
can easily find that the h30 sample has more martensite- colony
microstructure (MCM) than the h90 sample. Besides, the width
of the martensite colony in the h30 sample can be up to 135 lm,
significantly exceeding the hatch spacing. These martensite colo-

nies are close to (1
�

2 1
�

3) crystal plane (Fig. 3 (b)). The h90 sam-
ple has less martensite-colony microstructure (LMCM), and the
microstructure of h90 looks more uniform (Fig. 3(c)). In the IPF
(Fig. 3(d)), we can find the h90 sample has two preferred orienta-

tions, i.e., (1
�

2 1
�

1) and (1
�

2 1
�

3). Interestingly, most of these
two-orientation variants are symbiosis next to each other. In addi-
tion, it is worth noting that although the h30 sample has a stronger
preferred orientation (max = 4.26) than h90 sample(max = 2.09), it
is still a very weak texture.

For the h30 and h90 samples, the low-temperature stress-
relieved annealing was employed to maintain the a’ phase, and
the XRD data shown in Fig. 4 proved that parts hardly consist of
the b phase.

Fig. 5(a)(b) further shows the representative microstructure of
h30 and h90 by TEM bright-field image, and the h30 sample has
3

the thinner lath thickness. The h30 sample has a higher energy
density than the h90 sample due to the small hatch spacing, and
the b phase is likely to precipitate between the lath interface. So
the TEM specimen of h30 was tested to analyze the b phase at lath
interfaces (Fig. 5(b)(c)). In Ti64 alloy, the V element is the b stabi-
lizer, and the Al element is the a stabilizer. Thus, the b phase is
enriched V and depleted in Al. According to EDS mapping shown
in Fig. 5(d)-(f), there are no apparent V element partitions at the
interface of the lath. What’s more, the SAED in Fig. 5(g)(h) shows
that both adjacent laths are a’ phase, and Fig. 5(i) suggests that
no other phase exists at the interface.
3.2. Tensile properties

As shown in Fig. 6(a), the ductility of h90 is 194% higher than
that of h30 (EL = 5.11 ± 1.6%, Ys0.2 = 1110 ± 12 MPa). In addition,
the h90 sample combines a superb elongation to failure (EL = 15
± 1.5%) with a high yield strength (YS0.2 = 1044 ± 10 MPa) by reg-
ulating hatch spacing. Note that the h30 and h90 both show a
steady work-hardening ability, which means the dislocations are
mobile [37]. Moreover, both samples have a gradual decrease in
the work-hardening rate for dislocation-controlled plastic defor-
mation processes [38](Fig. 6(b)). However, some special reasons
lead to premature fracture of the h30 sample.
3.3. Fracture mechanism

The longitudinal section of the h30 tensile bar fracture is shown
in Fig. 7(a)(b), and the fracture face is nearly normal to the tensile
direction. The SEM images with low magnification indicate a frac-
ture alone the prior-b grain boundary. However, the longitudinal
section fractography of the h90 sample (Fig. 7(d)(e)) is significantly
different from that of h30. The most apparent feature is that frac-



Fig. 3. (a) and (b) are Inverse pole figures (IPF) of h30-sample Top face. (c) and (d) are Inverse pole figures (IPF) of the h90-sample Top face. (The white scale bar in (a) and (c)
is 100 lm).

Fig. 4. XRD patterns of h30 and h90 sample.
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ture faces of the former are oriented at �45� to the tensile direc-
tion. Besides, the fracture is precisely parallel to the primary a’
martensite lath (arrowed). Both findings suggest that crack propa-
gation mainly occurs at the neighboring a’ martensitic laths inter-
face in h90. On the cross-section, the ‘‘fiber region” (the central
region, i.e., the region where the break begins) of the h30 sample
is flatter than the h90, as shown in Fig. 7(c)(f). The morphology
characteristics of h30 are in good agreement with the fracture
4

along with the prior-b grain boundary [26]. Further enlargement
revealed some dimples with tiny diameters and shallow depth,
indicating that the dimples began to break without sufficient plas-
tic deformation. Instead, many large dimples on the cross-section
of the h90 and clear slippage lines can be seen inside the dimples
(Fig. 7(f)). The results imply that the fracture model along the
martensite lath interface provides more plastic deformation.

4. Discussion

4.1. High ductility caused by strain non-localization mechanism

As demonstrated earlier, the AM-produced Ti64 alloy shows
superior ductility (EL � 15%) and high strength (YS0.2 > 1GPa) by
regulating hatch spacing. What is the reason that significantly
improves the plastic deformation capability of the h90 sample?

The fracture mechanism shows that the h30 sample is fractured
along the prior-b boundary, which verifies the effect of the prior-b
boundary on stress concentration [33,39]. Therefore, how to reduce
the stress concentration at the prior-b grain boundary is the key to
avoiding premature fracture. The a/a’ macroscopic texture of AM-
Ti64 alloy is very weak and even random [19,40], e.g., the h30 sam-
ple with stronger textures than h90 only has an intensity of max
4.26. Therefore, martensite macroscopic texture may not be the
critical factor affecting ductility. For the martensitic-lath size, The
representative microstructure of h30 and h90 samples as shown
in the Fig. 5(a)(b), and the h30 sample has thinner lath thickness
than h90. The refined martensite microstructure generally gain
higher strength and ductility [4]. However, the h30 sample only



Fig. 5. (a)(b) Representative TEM bright-field image of the h30 sample. (c) is a partial enlargement of (b). (d)-(e) EDS mapping, Ti, Al, V. (g)-(i) Selected area electron
diffraction (SAED) of two adjacent martensite laths in (c).

Fig. 6. (a) The representative true stress–strain curves of h30 and h90 samples. (b) work-hardening rate curves of h30 and h90 samples.
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improves its strength, but the ductility is still poor., which shows
that the martensite size may not be the main factor causing the dif-
ference in ductility between h30 and h90 samples. In addition, the
relative density of h30 and h90 is close, as shown in Table 1, indi-
cating that internal defects may not be the main factor causing the
plastic difference between the two samples. Combined with the
microstructure of h30 and h90 samples, we found the ductility
optimization is related to the less martensite-colony microstruc-
ture (LMCM) in h90 samples, which can well explain the fracture
mechanism. As shown in Fig. 8(a)(b), the MCM zone in h30 sample
after tension exhibits more stress concentration. By comparison,
5

the h90 sample with LMCM presents uniform strain after the load-
ing process(Fig. 8(c)(d)).

The detailed TEM analysis of the h90 sample after the tensile
test shows the law of motion of dislocation (Fig. 9(a)-(d)). The
results indicate that the dislocation motion is hindered by the
martensite variants boundary, twins boundary, and prior-b bound-
ary. These three different interfaces work well to accommodate the
dislocation accumulation reducing the number of dislocations at
the prior-b grain boundary. Note that not all the interfaces of vari-
ants can pile up all the mobile dislocation. As shown in Fig. 9(b),
some mobile dislocation can penetrate them, attributed to



Fig. 7. Fracture mechanism. (a)-(c) Fracture morphology of h30 sample (low ductility); (d)-(e) Fracture morphology of h90 sample (high ductility).

Table 1
An overview of the process parameters during printing the Ti-6Al-4 V and TA15 tensile bars.

Sample Scanning strategy Laser power, P (W) Scanning velocity, v (mm/s) Hatch spacing, h (lm) Layer thickness, t (lm) Relative density (%)

Tensile bars of Ti-6Al-4 V alloy
h 30 S 100 1000 30 20 99.85
h 90 S 100 1000 90 20 99.81
Tensile bars of TA15 alloy
h39 S 95 1000 39 20 99.68
h59 S 95 1000 59 20 99.74
h79 S 95 1000 79 20 99.82
h99 S 95 1000 99 20 99.25
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variants’ crystal orientation. When the orientation difference
between adjacent variants is slight, the barrier of interfaces for dis-
location is weak [41]. The dislocation motion is more likely to
cause dislocation accumulation at the prior-b grain boundary.
Eventually, it leads to fracture along the prior-b grain boundary
and exhibits a low ductility. The h30 sample has many martensite
colonies with similar crystal orientation, and its fracture behavior
is consistent with the above mechanism. Instead, in the h90 sam-
ple, the orientation of the adjacent martensite variant is usually
different, as shown in Fig. 3(d), so the dislocation tends to plug into
the lots of variant interface (Fig. 9(a)). This effectively alleviates the
strain concentration at the prior-b grain boundary and allows the
h90 sample to obtain more opportunities for plastic deformation.
The fracture mechanism along the martensite variant interface is
also verified.

The HR-STEM image shown in Fig. 9(e) further displays the
atomic arrangement around dislocations. Besides, the inset depicts
the image of Fig. 9(e) subjected to the fast Fourier transform (FFT),
which provides a better visualization of the a’ phase.
4.2. LMCM induced by tuning hatch spacing

LMCM is the result of weak variant selection during the b to a’
phase transformation, and the process is mainly influenced by dif-
ferent factors, such as chemical compositon [42,43], the size of the
prior-b grain [42,44], and cooling rate [43]. For prior-b grain size,
martensite colony is part of one prior-b grain, and refining the
prior-b grains can reduce MCM. Quantitatively, the prior-b grain
diameter of the h30 and h90 samples was measured (Fig. 10(a)).
6

It can be seen that the h90 sample has smaller prior-b grains. Louw
et al.[45] attributed this to increased heat and decreased cooling
rates due to the smaller hatch spacing. In addition, we believe that
the epitaxial growth between adjacent tracks also plays a vital role
in the prior-b grain size. As shown in Fig. 3(c), we can observe the
outline of the tracks in the h90 sample. If the prior-b grain is not
affected by epitaxial growth, then the outline of tracks should be
blurred, as shown in the h30 sample (Fig. 3a). The mushy zone is
relatively narrow during the AM process for a steep thermal gradi-
ent in the melt pool [46]. Moreover, the Ti64 alloy has limited con-
stitutional undercooling due to its elements with high partition
coefficients. Therefore, nucleation ahead of the solidification front
is difficult, resulting in the epitaxial growth of prior-b grains
[47]. The crystal orientation of the prior-b grains is inherited by
the remelting zone between adjacent tracks during solidification.
Therefore, the size of the remelting area, the overlapped region,
plays a key role in grain epitaxial growth. According to Eq. (1),
the overlapped rate (g) is inversely proportional to the hatch spac-
ing, i.e. the larger the hatch spacing is, the smaller the overlapped
area is.

g ¼ W � h
W

ð1Þ

where W is the width of tracks and h is hatch spacing.
What’s more, the increase of h can reduce energy density (Ev)

based on Eq. (2), leading to a low peak temperature in the melt
pool [48]. As shown in Fig. 10(b), the peak temperature reduction
can also suppress the prior-b grain growth in the b single-phase
region [49].



Fig. 8. (a)(b) The IPF and Kernel Average Misorientation (KAM) of h30 sample after tension; (c)(d) The IPF and KAM of h90 sample after tension.
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Fig. 9. Dislocation movement of the h90 sample. (a) and (b) The interface of the martensite variant. (c) Twins boundary. (d) Prior-b boundary. (e) HR-STEM image displaying
the atomic arrangement around dislocations, and the inset is the FFT image of (e). (Arrow direction represents the direction of dislocation motion).
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Fig. 10. (a) Prior-b grain diameter vs. hatch spacing. (b) Phase diagram for Ti64 showing the sub-transit a + b and supertransus b fields.
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Ev ¼ P
h� v � t

ð2Þ

where P is the laser power, v is scanning velocity, and t is layer
thickness.

The refined prior-b grains determine the upper limit of marten-
site colony size, but it doesn’t mean eliminating MCM. The LMCM
of the h90 sample is also related to a weak variant selection for a
high cooling rate. We suppose laser heat source can be approxi-
mated with the Rosenthal equation as following:

T ¼ P=v
2pkt

exp� r2

4at
þ T0 ð3Þ

T is the temperature at a distance r from the center of the melt
pool, and t is time.

The cooling rate T ’ can be stated as below [45]:

T 0 ¼ ðv=PÞ2pkðTF �
Xi¼n

i¼1

P=v
2pkittrack

expð� ðihÞ2
4aittrack

Þ � T0Þ ð4Þ

where h is the hatching space, v is scanning velocity, P is laser
power, k is thermal conductivity, TF is freezing temperature, ttrack
is the time of scanning a track, and T0 is the temperature of sur-
rounding material.

In this work, the v/P and P/v are fixed. Therefore, the cooling rate
was positively correlated with the hatch spacing in Eq. (4). In other
words, the h90 sample has a higher cooling rate than the h30 sam-
ple. The high cooling rate can induce weak variant selection during
the martensite phase transition [40,45,50]. The transformations in
Ti alloys often follow particular relationships between parent
phase and martensite variant, and the Burgers orientation relation-
ship is the most commonly cited rule. Theoretically, a single b grain
can transform twelve possible variants during the b to a transfor-
mation [51]. However, not all the variants appear equally due to
the variant selection. It has been demonstrated that the marten-
sitic lath select variants in such a way as to self-accommodate
the shape strain [50], and it may be the essential reason for form-
ing muti-oriented lath in LMCM. Interestingly, we found the vari-
ant selection presents some new features in L-PBF-produced Ti64
alloy. For example, in Fig. 11(a), the LMCM microstructure mainly
contains two color /oriented variants. We define the green variant
as variant 1 and the orange variant as variant 2. The Euler angles of
two variants were obtained by MTEX toolbox, and variant 1@green
is (138.6, 60.2, 186.3) and variant 2@orange is (29.4, 150.2, 198).
Fig. 11(b) is the reconstructed parent phase map, and its Euler
angle is (191.1, 69.3, 252.6). Therefore, we can analyze the orienta-
tion relationship between the parent phase and the variant. Vari-
8

ant 1 (Fig. 11(c)) perfectly matches the Burgers orientation
relationship with the parent phase. According to the ‘‘self-
accommodate” mechanism in a’/a titanium, the variant1 tend to

be grouped with the (0001)//(101
�
), [112

�
0]//[11

�
1] or (0001)//

(1 1
�

0), [112
�

0]//[111
�
][52]. As shown in Fig. 11(d), the crystal

plane relationship between variant 2 and the parent phase is well

satisfied, i.e., (0001)//(101
�
), however, the [112

�
0] crystal orienta-

tion of variant 2 tends to be horizontal to the [141] crystal orien-
tation of the parent phase. This is most likely related to the
extremely high cooling rate during the printing process. In sum-
mary, two main factors affect the formation of LMCM: (1) Refined
parent grain: increasing the hatching space not only reduces
energy accumulation but also limits the epitaxial growth of parent
grain. The refinement of parent grain greatly limits the upper limit
of MCM size. (2) Weak variant selection: increasing the hatch spac-
ing increases the cooling rate and results in weak variation selec-
tion during b to a’ phase transition.

Fig. 12 systematically illustrates the mechanism of ductility dif-
ference between the h30 and h90 samples. The h30 sample has a
larger size of prior-b grain than h90 due to epitaxial growth and
high energy density. In contrast, the h90 sample has refined
prior-b grain because of small remelting regions. Notably, the
h90 sample obtained a unique less martensite colony microstruc-
ture (LMCM) for refining the prior-b grains and weak variant selec-
tion. Therefore, the h90 sample’s dislocation motion can be
obstructed by the massive interface of martensite variants with
alternative crystal orientations. This effectively reduces the strain
localization at the prior-b grain boundary, thus making the h90
sample more work-hardening capability. It is also wholly consis-
tent with the fracture mechanism of h90 along with the variant
interface.
4.3. Extension to further titanium alloy

To test the generality of our mechanism in other AM-titanium
alloys, we have similarly tuned the hatch spacing in TA15 alloy
(Ti-6.5Al-2Zr-1Mo-1 V). The TA15 alloy is pure a-Ti alloy and is
expected to exclude the possible influence of the b phase. This is
beneficial to reflect the effect of MCM on ductility directly.
Fig. 13(a)(b) shows that the ductility of L-PBF-fabricated TA15 alloy
increases with increasing hatch spacing. Besides, the ductility of
the h99 sample is reduced, which may be caused by an insufficient
overlap zone (Relative denstity is shown in Table 1). The IPF results
(Fig. 13(c)) show that the h79 sample possesses a more uniform
microstructure than the h39 sample, i.e., LMCM. Therefore, the



Fig. 11. (a) IPF map of the a’ martensitic microstructure. (b) IPF map of the reconstructed parent phase. (c) and (d) the orientation relationship between the a’ phase (HCP)
and b phase (BCC) during the phase transformation in variant 1 and variant 2, respectively.

Fig. 12. Schematic illustration of the mechanism of hatch spacing affecting ductility. (Different colors represent different crystal orientations in the prior-b grain, and the blue
arrow shows the direction of dislocation motion.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. L-PBF-produced TA15 alloy with different hatch spacing. (a) Stress–strain curve for different hatch spacing. (b) the relationship between elongation and hatch
spacing. (c) IPF of h39 and h79 sample (Top face of the sample).

Z. Yao, T. Yang, M. Yang et al. Materials & Design 215 (2022) 110445
elongation to break of h79 is increased by 82% than the h39 sam-
ple. The results further prove the relationship between the LMCM
and the ductility of AM-fabricated titanium alloy.
5. Conclusion

In summary, we addressed the dilemma of high strength but
low ductility in full a’ martensitic AM-titanium alloys. Our work
highlights the crucial role of adjusting hatch spacing to improve
ductility under the appropriate process parameters. When the
hatching space is 90 lm, we obtained the less martensite-colony
microstructure (LMCM), effectively distributing stress at the vari-
ant interface and reducing stress concentration. Therefore, it
results in a 194% ductility enhancement in the a’-Ti64 alloy com-
pared with the sample with MCM. What’s more, the synergy of
strength and ductility is greatly improved (yield strength, Ys0.2 =
1044 ± 10 MPa, elongation at break, EL = 15 ± 1.5%). The increase
of hatching space can restrain the epitaxial growth of the parent
grain and weaken the variant selection in b to a’ phase transition,
which are the main mechanisms of LMCM formation. In LPBF, some
variants are non-Burgers-oriented relationship with parent phase,

such as (0001)a’//(101
�
)b, [112

�
0]a’//[141]b. We expect the

unique LMCM to become an essential criterion for process control
of AM-fabricated titanium alloys.
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