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a b s t r a c t 

This work reports simultaneous achievement of high strength and large tensile ductility in a beta titanium al- 

loy manufactured by selective laser melting (SLM). The SLM-produced samples present a unique microstructure 

and great mechanical behavior due to fast cooling in SLM process. Simultaneous improvement in yield strength 

( ∼592 ± 21 MPa), ultimate tensile strength (716 ± 14 MPa) and ductility (37 ± 5%) of SLM-produced sample results 

from the combination of fine columnar grains and sub-grains, strong texture and the transformation-induced plas- 

ticity (TRIP) and “hard-wraps-soft ” effects. The large amount of sub-grain boundaries and strong texture delay 

the initiation of martensitic transformation in the SLM-produced sample, thereby increasing its yield strength. 
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Titanium alloys have been widely used in biomedical industries

hanks to their great mechanical properties and good corrosion resis-

ance [1–5] . Recently, metastable 𝛽-type titanium alloys are reported

o exhibit low elastic modulus, shape memory property, superelastic-

ty, high biocompatibility and excellent corrosion resistance; therefore

hey have been received considerable attention as biomedical alloys

6–9] . Several metastable 𝛽 titanium alloys have been developed in Ti-

b, Ti-Nb-Ta, Ti-Nb-Sn, Ti-Nb-Ta-Zr alloys for biomedical applications,

ut most of them still exhibit low strength, low ductility or higher elas-

ic modulus, which makes them unfavorable for hard tissues implants

7,9–12] . Thus, it is challenging to develop a 𝛽 titanium (and other

etallic materials as well) that simultaneously exhibits a high strength

nd a large ductility. Interestingly, TLM alloy (Ti-25Nb-3Zr-3Mo-2Sn)

as reported to possess high strength and low elastic modulus and hot

olling can increase its ductility by scarifying its strength but without

hanging its elastic modulus due to the transformation-induced plastic-

ty (TRIP) effect and/or the well-known intrinsic trade-off relationship

etween strength and ductility [13] . 

It is well know that the mechanical properties of an alloy are sensi-

ive to its microstructural characteristics in terms of phase constituents,

hase/grain size and orientation (i.e. texture) [14] . Usually, grain re-

nement for bulk samples is realized through plastic deformation tech-

iques such as rolling, drawing, forging, equal channel angular pressing

ECAP), and so on [15–17] . The formation of, and interactions among,

ub-boundaries or transformation of crystal orientations are commonly

eported in the process of plastic deformation [18] . However, these tra-
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itional methods have difficulty to refine grains for the samples with

omplex shape. As one of common metal additive manufacturing tech-

ologies, selective laser melting (SLM) has received increasing atten-

ion owing to its capability of manufacturing complex parts with near-

ull relative density and excellent mechanical properties [19] . More

mportantly, besides sub-grains, strong texture, nano-sized segregation

nd much finer microstructure are formed in SLM-produced parts com-

ared to their cast and/or rolled counterparts as a result of the high

ooling rate [7,14] . This indicates that SLM can refine grain size for

oth solid and porous samples. Some metastable 𝛽 titanium parts in

olid and porous structures have been produced by SLM, and their frac-

ure mechanisms were studied in relation with the processing parame-

ers and the resultant microstructure (in terms of grain size or texture)

20–22] . For example, Zhang et al. [6] revealed that both the hardness

nd tensile properties of SLM-produced 𝛽 Ti-24Nb-4Zr-8Sn components

re enhanced by optimal laser scan speed. Interestingly, the samples

ith the same relative density but produced at different scan speeds

isplay different ductility. This is mainly caused by the difference in mi-

rostructure, resulted from the different processing parameters and the

ooling rates in SLM process. Such a unique microstructure created in

he SLM-produced 𝛽 titanium parts would affect their mechanical prop-

rties. Yang et al. [23] reported that the good ductility of SLM-produced

titanium parts is attributed to the effect of “hard-wraps-soft ” structure

aused by the melt pool boundaries. However, TRIP effects has not been

onsidered in these cases, and there is no study on the TRIP effect in

LM-produced metastable 𝛽 titanium parts. Actually, the deformation
gimr@gmail.com (L.C. Zhang). 
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Fig. 1. (a) EBSD mapping of SLM-produced TLM sample on the X–Z cross-section along Z-direction, where a strong texture can be found in inverse pole figure (IPF), 

(b) EBSD mapping of hot-rolled TLM sample, (c) XRD patterns for the TLM powder used, SLM-produced and hot-rolled samples. All the samples mainly consist of a 

single 𝛽 phase, (d) the hardness value at the points 1–6 in the (a) and (b) for SLM-produced and hot-rolled TLM samples. 
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rocess in SLM-produced metastable 𝛽 titanium parts is more compli-

ated than in the conventional parts. As such, this work concentrates

n the comparison between SLM-produced and hot-rolled TLM parts in

erms of the microstructures and tensile properties to shed light into

imultaneous improvement in strength and ductility of SLM-produced

LM sample. 

The TLM alloy (Ti-25Nb-3Zr-3Mo-2Sn) powder used in this work

as gas atomized and with analyzed chemical composition of 24.98Nb,

.92Zr, 2.92Mo, 1.86Sn, 0.010 N, 0.0028H, 0.12O, and Ti balance

wt.%). The size of spherical powder ranged between 30 μm and 55 μm

ith a Gaussian distribution centered ( d 0.5 ) on about 42 μm. Rectangu-

ar TLM samples with size of 80 ×10 ×10 mm 

3 were produced using a

LT-S300 SLM machine with the following optimized processing param-

ters: input laser power of 300 W, laser scanning speed of 1000 mm/s

nd layer thickness of 50 μm. The scanning strategy with a zigzag pattern

as used to reduce thermal stress in SLM-produced parts. For compari-

on purpose, hot-rolled samples, which were prepared from a TLM ingot

ith the rolling temperature of 800 °C followed by a water quenching,

ere used because of their great combination of mechanical properties

24] . The tensile bars were prepared by wire cutting from the SLM-

roduced rectangular and hot-rolled bulk samples. The loading direction

f SLM-produced tensile bar was along the X axis (the build direction

as Z axis), and the loading direction of hot-rolled tensile bar was along

he rolling direction. Phase identifications of the samples in as-received

ondition (i.e. before tensile testing) and after tensile testing were ex-

mined using a Panalytical Empyrean X-ray diffractometer (XRD) with

u K 𝛼 radiation ( 𝜆= 1.5406 nm). The microstructural characterization

nd chemical composition were conducted on Olympus PMG-3 Optical

icroscope (OM), JSM-6301F field emission scanning electron micro-

cope (SEM) and JEOL-2100 transmission electron microscope (TEM;

00 kV). SEM-based electron back scatter diffraction (EBSD) analyses

ere conducted in the above mentioned SEM equipped with an Aztec

BSD system with a step size of 0.5 μm. The samples for OM and SEM

icrostructural observations were etched by a reagent composed of 5%

F, 10% HNO 3 , and 85% H 2 O (vol.%) for 10 s. The TEM sample was

ade from the plastic deformation zone near the fracture surface for
oth samples. The EBSD samples were produced only by grinding and

lectrolytic polishing. The tensile tests were carried out using an Instron

869 machine at a strain rate of 0.5 mm/min. The reported tensile prop-

rties were averaged from three individual samples. 

Fig. 1 a and b shows the EBSD inverse pole figure (IPF) result of

he SLM-produced TLM sample on the X–Z cross-section along the Z-

irection (i.e. the building direction). The SLM-produced TLM sample

isplays a microstructure with fine columnar grains having a direction

ith respect to the building direction and a strong texture aligned along

he < 001 > direction (i.e. building direction) with a columnar shape.

uch a texture has been extensively reported in different alloy systems

nd is mainly affected by the heat flow direction and gradient tempera-

ure during laser processing [25] . The columnar grains have an average

idth of ∼30 μm and length of more than 1000 μm. The high density

f sub-grains and low-angle sub-grain boundaries are evenly distributed

n the 𝛽 columnar grains. The low-angle sub-grain boundaries consist-

ng of dislocation entanglement are related to thermal stress caused by

apid cooling in SLM process [15,18] . By contrast, the hot-rolled sam-

le presents a microstructure comprising coarse equiaxed grains with

he average size of ∼200 μm. No sub-grains or sub-grain boundaries are

bserved in the single 𝛽-Ti equiaxed grains, and the uniform grain ori-

ntation is evident in the IPF result for hot-rolled TLM sample ( Fig. 1 b).

ig. 1 c compares the typical XRD patterns for the TLM powder, SLM-

roduced and hot-rolled samples. All the samples mainly consist of a

ingle body-centered cubic (bcc) 𝛽-Ti phase. Fig. 1 d shows the hardness

alue at the points 1–6 in the SLM-produced ( Fig. 1 a) and hot-rolled

LM samples ( Fig. 1 b). The hardness values near the melt pool bound-

ries (223–230 HV) are higher than that in the melt pool core region

202 HV) of SLM-produced sample, while the hot-rolled sample presents

 uniform hardness distribution. 

Fig. 2 a shows the typical tensile stress-strain curves for the SLM-

roduced and hot-rolled samples. Although both SLM-produced and hot-

olled TLM samples have the same constituent phase, they exhibit very

ifferent tensile mechanical behavior. The SLM-produced TLM sample

as an ultimate tensile strength (UTS) of ∼716 ± 14 MPa and a ductil-

ty of ∼37 ± 5%, while the hot-rolled sample exhibits a lower UTS of
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Fig. 2. (a) The typical tensile stress-strain curves for SLM-produced and hot-rolled TLM samples. The inset shows the tensile bars before and after tests, where the 

SLM-produced sample exhibits a good strength and ductility with an apparent necking effect. (b) XRD patterns of SLM-produced and hot-rolled samples after tensile 

tests. Both samples present a TRIP effect (i.e. the 𝛽 to 𝛼’’ phase transformation). 

Fig. 3. The microstructural features of (a)–(c) SLM-produced and (d)–(f) hot-rolled TLM samples after tensile tests. OM: optical microscopy; SEM: scanning electron 

microscopy; TEM: transmission electron microscopy. (g) an HRTEM image of lath martensite plates in SLM-produced sample and the corresponding FFT diffraction 

patterns in (h) “h ” and (i) “i ” areas indicated in (g). 
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622 ± 21 MPa and a slightly lower ductility of ∼32 ± 4%. A prominent

ecking effect is observed near the fracture region of the SLM-produced

LM tensile bar, but the scenario is not noted for the hot-rolled counter-

art ( Fig. 2 a inset). Apparently, the hot-rolled sample exhibits double

ielding effect (where the two yield points are arrowed by “1 ” and “2 ”

n Fig. 2 a), while the SLM-produced TLM sample shows only one yield-

ng point. The SLM-produced TLM sample exhibits a much higher yield

trength ( ∼592 ± 21 MPa) compared with the hot-rolled TLM counterpart

 ∼308 ± 13 MPa). It is well known that the martensitic transformation-

nduced plasticity (TRIP effect, 𝛽→𝛼”) effect can reduce local stress

oncentration, delay crack formation and prevent crack propagation,

hereby improving the ductility of titanium alloys during plastic defor-

ation [24,26-29] . The previous study reported that the hot-rolled TLM

amples presented large ductility during tensile testing due to the gener-

tion of lath martensite 𝛼” [24] . The XRD observations on tensile tested

amples near the fracture region indicate that the martensitic transfor-

ation can be triggered for both SLM-produced and hot-rolled samples

 Fig. 2 b). The high yield strength with only one yielding point in SLM-

roduced samples should be caused by the generation of fine colum-

ar grains and sub-grain boundaries. Previous studies revealed that the

ucleation of martensite is sensitive to the grain size; the smaller the

ize of grains, the later the nucleation of the martensite phase [30,31] .

oreover, the martensitic transformation is sensitive to the orientation

f the metal sample [32] ; a strong textured polycrystalline usually lead

o strain-induced martensitic transformation caused. The SLM-produced

ample contains strong texture, high density of fine columnar grains and

ub-grain boundaries, which would impede the martensitic transforma-

ion nucleation. Such the delayed TRIP effects can result in a higher

ield strength in the SLM-produced TLM samples. 

Fig. 3 illustrates the microstructural characteristics of SLM-produced

nd hot-rolled TLM samples after tensile testing. It is hard to find the

ath martensite plates in the SLM-produced sample in OM image ( Fig.

 a), where only the melt pool boundaries are apparent. By contrast, lath

artensite plates are evident in OM image for the hot-rolled counterpart

 Fig. 3 d) and the size of most martensite plates reaches the full length

f 𝛽 grains. In SEM and TEM images, the lath martensite can be found

nside 𝛽 grains for both samples. Due to the occurrence of sub-grains and

ow-angle sub-grain boundaries, the length of lath martensite in SLM-

roduced TLM samples ( Fig. 3 b) is much shorter in size than that in

he hot-rolled sample ( Fig. 3 e). For the hot-rolled sample, in the early

tage of plastic deformation, the initially nucleated lath martensite 𝛼”
lates would grow to the whole 𝛽 grains, which produces considerable

train increments [33] . However, due to the presence of fine columnar

grains and sub-grains, the growth path of lath martensite 𝛼” plates in

he SLM-produced sample are deflected and hard to extend to the whole

grains. During plastic deformation in tensile testing, the deformation

ands start to form in the beginning of plastic deformation process. 

Fig. 3 g shows a TEM micrograph near the fracture surface of a

LM-produced TLM sample, illustrating the strain-induced martensite

” phase. The “h ” region contains the single 𝛽 phase ( Fig. 3 h) and

he formation of strain-induced 𝛼” phase can be identified by the fast

ourier transform (FTT) diffraction pattern in Fig. 3 i. The presence of

ath martensite 𝛼” phase is also showed in XRD patterns ( Fig. 2 b). Sun et

l. [34] stated that most lath martensite 𝛼” plates in 𝛽 grains are formed

rom a one-step direct mechanism, i.e. 𝛽→𝛼”, while the remaining plates

re produced through a two-step mechanism, i.e. 𝛽matrix →𝛽twinned →𝛼”.

n this work, only the process of 𝛽→𝛼” is observed, but the twinning

ffect is not detected in the TEM specimen. Thus, it can confirm that the

ood ductility of SLM-produced sample should be significantly affected

y the strain-induced TRIP effect. Furthermore, the ductility of TLM

ample could also be affected by the “hard-wraps-soft ” structure; such a

nique structure is formed in the laser melting process [23] . The higher

ardness of the region near melt pool boundaries (223–230 HV) than

hat of the melt pool core region (202 HV) in SLM-produced TLM sam-

les is ascribed to easy formation of ultra-fine grains or sub-grain bound-

ries near melt pool boundaries ( Fig. 1 d); such a phenomenon is called

he “hard-wraps-soft ” structure [23] . During plastic deformation, due to

heir different flow stresses at yielding point, the flow stress is higher in

he hard region than in the soft region. As such, plastic deformation is

till undertaken by the soft region, and the mismatch dislocations would

ccount for the plasticity mismatch. As the strain increases, the geomet-

ically necessary dislocations would increase because of the difference

n flow stress between the hard and soft regions. Therefore, the back

tress in the “hard-wraps-soft ” structure increases with the strain. As

uch, combined with the strain-induced TRIP effect and “hard-wraps-

oft ” effect, the SLM-produced TLM sample exhibits good tensile ductil-

ty. Fig. 4 shows the tensile fracture surface of the SLM-produced and

ot-rolled samples. Although dimples are prominent in both samples,

he SLM-produced sample has more dimples and the dimple size is finer

ompared to the hot-rolled sample, which results from the finer grains

nd the sub-grain generation in SLM-produced sample. The fractograph-

cal results reveal that the ductility in the SLM-produced sample, with
Fig. 4. The tensile fracture surface of the (a) and (b) 

SLM-produced and (c) and (d) hot-rolled TLM sam- 

ples. The size of the dimple in SLM-produced sample 

is more and finer than that of the hot-rolled counter- 

parts. 
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ner grain size and hence more dimples generation, is greater than that

f the hot-rolled sample [35] . 

In summary, the microstructures, yield strength, ultimate tensile

trengths and ductility of the selective laser melting produced (SLM-

roduced) and hot-rolled 𝛽-type TLM (Ti-25Nb-3Zr-3Mo-2Sn) parts have

een systematically compared. The SLM-produced TLM part consists

f the unique microstructure in terms of strong texture, the strain-

nduced martensitic transformation and “hard-wraps-soft ” structure,

hich makes the SLM-produced TLM part more ductile than the conven-

ional hot-rolled counterpart. Simultaneously, both the yield strength

nd ultimate tensile strength are increased, which are attributed to

he formation of fine columnar grains, sub-grains and sub-grain bound-

ries. The excellent combination of mechanical properties (simultane-

usly high strength and large ductility) of SLM-produced metastable 𝛽

itanium part would shed insight into future applications in biomedical

eld. 
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