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Abstract: The Ti-22Zr-9Nb-2Sn (at%) metastable -titanium alloy was manufactured by in 
situ laser powder bed fusion process from elemental powders. Mechanical characterization via 
cyclic tensile tests revealed an exceptionally high strain-hardening. Such a strain-
hardenability is induced by a massive stress-induced martensitic transformation from the  to 
the ’’ phase.  
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1. Introduction 

Metastable -titanium alloys are considered of great potential for biomedical applications, 
thanks to their low Young’s modulus, preventing stress-shielding effect, and their excellent 
biocompatibility due to the use of non-toxic alloying elements for the stabilization of the  
phase, such as Ta, Nb, Zr… [1-4]. These titanium alloys can also exhibit stress-induced 
martensitic (SIM) transformation from the bcc  phase to the orthorhombic ’’ phase, which 
can lead to superelastic behaviour and shape memory effect when the transformation is 
reversible [5-7], or TRIP (TRansformation Induced Plasticity) effect, that can be combined 
with TWIP (TWinning Induced Plasticity) effect, leading to alloys with large deformation and 
high strain-hardening capability [8]. etastable -titanium alloys obtained by usual melting 
techniques (cold crucible levitation melting, arc melting, etc…) have been widely studied and 
discussed since the last three decades, with a focus of interest on the mechanical properties 
induced by the SIM transformation. Additive manufacturing, and especially the laser powder 
bed fusion (L-PBF) technique, is of great interest for the medical fields, because of the 
capability of the process to manufacture very complex parts, and therefore patient specific 
biomedical devices. However, elaboration of metastable -titanium alloys by L-PBF process 
is challenging due to the poor diversity of pre-alloyed powders available for sale, which are 
mainly commercial alloys (Ti-6Al-4V, CoCr alloys, stainless steels, superalloys…). Some 
studies have investigated the manufacturing capability of the in situ technique, which 
promotes the manufacturing of parts with a blend of elemental powders instead of pre-alloyed 
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powders, achieving alloying operation during the scanning of the laser beam [9,10]. This 
technique seems more suited when it comes to the prospection of chemical compositions with 
desired mechanical properties, such as alloys that exhibit SIM transformation. However, this 
method can lead to the formation of unmolten alloying elements in the metallic matrix, such 
as -stabilizing elements with high melting point like Ta, Nb and Mo [11,12]. These 
inclusions can be detrimental to the local chemical homogeneity, and therefore shift the 
mechanical properties of the fabricated alloys. Consequently, design of experiments (DOE) 
must be used to optimize the manufacturing parameters, achieving parts with both low 
porosity and low unmolten particles for a limited number of tries. This optimization relies on 
the variation of the main parameters that drives the melt pool, which are laser power, speed of 
laser scanning and hatch distance between two laser tracks. Even though the in situ 
elaboration can lead to dense and homogeneous parts, the use of this technique to obtain 
biocompatible metastable -titanium alloys that exhibit SIM transformation has been rarely 
investigated.   

 

2. Materials and methods  

In this study, the Ti-22Zr-9Nb-2Sn (%at) metastable −titanium alloy was obtained by 
the in situ technique. An SLM 125 HL (SLM solutions Group AG, Germany) was used to 
carry out the fabrication of the different specimens. Elemental additive manufacturing grade 
powders of titanium, zirconium, niobium, and tin were used to achieve our powder mix. The 
blend of powders was performed using a T2F Turbula device, at a speed of 34 rpm, for 2h of 
blending. The average powder size of the blend of elemental powders used was between 15 
and 45 µm. Optimized building parameters presented in Table 1 were selected through a 
preliminary study by iterative DOE in order to obtain the highest density by using a 67° hatch 
strategy [13]. Those building parameters provided parts with a density of about 99.5%, with 
unmolten niobium fraction of less than 0.05% of the parts volume. Those two different 
quantities were characterized and measured by X-ray µ-Tomography. Regarding the parts 
manufactured for this study, two different types of specimens were elaborated: for 
microstructural characterization, 10x10x10 mm3 cubes were used, and 50x5x2 mm3 walls 
were built to extract by electrical discharge machining flat tensile specimens with a gauge 
section of 3x1 mm² and a gauge length of 15 mm. The tensile direction was taken orthogonal 
to the building direction. Additive manufacturing process are known to induce important 
residual stress [14,15]. As thermal treatments are an effective way to relieve this residual 
stress, the as-fabricated samples were stress-relieved at 700°C for 30 min, and then water 
quenched to maintain the fully- microstructure. Cyclic tensile tests were performed to 
characterize the mechanical behaviour of the alloy, with a strain rate of 10-4 s-1. Those cyclic 
tests consist in strain increments of 0.5% followed by stress unloading, up to the rupture of 
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the specimen. The unloading parts of the curve enable the identification of potential 
superelastic behaviour. An extensometer was used to measure the deformation of the sample. 
10 different specimens were tested and the mechanical performances are presented via the 
mean value measured along its standard deviation. The microstructure was characterized by 
X-ray diffraction (XRD), electron backscattered diffraction (EBSD) and transmission electron 
microscopy (TEM). EBSD analyses were carried out on a JEOL JSM 7100F scanning 
electron microscope with a step of 0.1 µm and an accelerating voltage of 20 kV. EBSD 
specimens were prepared by mechanical polishing using SiC papers with decreasing grid size, 
followed with colloidal silica suspension polishing mixed with H2O2 to get a “mirror finished” 
state. Optical microscopy specimens were prepared the same way, and then chemically etched 
with a 5% HF, 5% HNO3 and 90% H2O (vol) solution. TEM specimens were thinned by a 
three steps ion milling process with 4 keV, 2 keV and 0.5 keV argon ions using a Gatan PIPS 
II machine. Texture was investigated through {200} and {110} poles figures acquisition on 
a Rigaku SmartLab X-ray diffractometer using Cu-K1 radiation at 40 kV and 50 mA. 

 

3. Results and discussion  

Microstructural analyses of the Ti-22Zr-9Nb-2Sn alloy are presented in Fig.1. A fully 
 microstructure is expected after water quenching for this alloy. Fig.1a confirms this 
assumption, as it shows the XRD pattern of the specimen, indexed as  phase. Fig.1b details 
the microstructure of the alloy through EBSD analyses. The IPF-EBSD map exhibits 
columnar and elongated grains along the building direction. The grains are about 170 µm 
long, for an average 60 µm width. This microstructure is typical of parts built by L-PBF 
technique [9,16], due to the thermal gradient and the layer-by-layer building, promoting 
epitaxial growth along the building direction (BD). The EBSD analysis corroborates the XRD 
analysis (Fig.1a), as every grain of the microstructure is successfully indexed with  phase. 
Texture of the specimen is also investigated through EBSD, thanks to the inverse pole figures 
presented in Fig.1b. The alloy exhibits a strong <100> texture in the building direction, 
which is a consequence of the manufacturing conditions. This texture is characteristics of bcc 
materials elaborated by L-PBF process and was already reported, either by direct observations 
or by reconstitution from the room temperature phase [17-19]. However, the texture in the 
tensile direction (TD) does not exhibit preferential direction. As the EBSD analysis relies on a 
limited population of grains, the texture is also more accurately evaluated using XRD 
measurements. The pole figures (Fig.1c) and inverse pole figures (Fig.1e) obtained by XRD 
confirm the strong <100> texture in the building direction, and the absence of preferential 
direction in the tensile direction.  
Fig.2a shows the engineering stress-strain curve obtained on the Ti-22Zr-9Nb-2Sn sample 
after cyclic tensile test to rupture. The yield strength and the ultimate tensile strength reach 
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421±44 MPa and 1049±15 MPa, respectively. A total elongation of 10.4±0.3% is obtained, 
and the Young’s modulus is evaluated at 45±0.4 GPa. It can be noticed that the unloading part 
of the cyclic tensile curve shows no reversibility, and therefore no superelastic effect. The 
specimen exhibits very high strain-hardening, as the difference between yield strength and 
ultimate tensile strength is about 630 MPa. The strain-hardening rate was obtained by the true 
stress-strain curve, which is shown in Fig.2b. The strain-hardening curve is composed of three 
different stages, which are highlighted on the graph. During the early deformation domain 
(stage I), the strain-hardening rate decreases rapidly. Then, as the material undergoes plastic 
deformation, the strain-hardening rate increases until it reaches a peak (stage II). Finally, the 
strain-hardening rate decreases until the rupture of the material (stage III). In our case, the 
maximum strain-hardening rate is obtained at 753 MPa and its value is 14.6 GPa. A high 
strain-hardening is quite common in metastable -titanium alloys that exhibit TRIP and/or 
TWIP effects [8,20]. However, the present strain-hardening rate value is exceptionally higher 
than those obtained with other metastable -titanium obtained by conventional melting 
process such as Ti-12Mo [8], Ti-9Mo-6W [21], Ti-8.5Cr-1.5Sn [22] and Ti-10V-2Al-3Fe 
[23], where the maximum strain-hardening rate is about 2-2.5 GPa.  
The origin of such an outstanding strain-hardening rate is investigated from microstructural 
characterizations after rupture. Fig.2c displays the superposition of the XRD patterns of the 
specimens before deformation and after being strained until rupture. It shows a drastic change 
of microstructure in the deformed state, which is composed of both ’’ and  phases. The 
lattice parameters measured by XRD analysis are a = 0.338 nm, and a’’ = 0.309 nm, b’’ = 
0.518 nm and c’’ = 0.479 nm.  Despite the presence of some peaks of the original  phase, 
the relative intensity of these peaks indicates that the microstructure is mainly constituted of 
’’ phase after tensile test. This observation implies that the alloy undergoes stress-induced 
martensitic (SIM) transformation, and that a large volume fraction of  phase transformed 
into ’’ phase. This SIM transformation is most probably the cause of the high strain-
hardening observed on Fig.2a, as the nucleation of the ’’ martensitic phase hinders 
dislocation slip by the multiplication of interphase boundaries. 
Post mortem microstructural characterizations were performed to identify the stress-induced 
martensite responsible for the high strain-hardening observed during mechanical 
characterization. Fig.3 exhibits optical micrographs and TEM observations performed on 
specimens after rupture. The microstructure before deformation is shown in Fig.3a, and is 
composed of columnar  grains.  After deformation until rupture, numerous new black strips 
are clearly visible within the columnar  grains of the microstructure (Fig.3b). It should be 
stated that the formation of the stress-induced martensitic ’’ phase is similar to a 
germination/growth process [24] which can be described as followed. First, the martensite 
forms in the initial  grain, followed by a radial development until it come across an obstacle 
such as grains boundaries. Then, the martensitic laths growth along their thicknesses until an 
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energetic local equilibrium is reached. Fig.3b displays thin and numerous laths of martensitic 
’’ phase within the initial  grains, which implies that the thickening of those laths is 
limited, and that the formation of new ’’ laths is favoured in comparison to the thickening of 
previously formed ’’ laths.   
TEM bright field image of the specimen microstructure after rupture corroborates this result 
(Fig.3c), in which ’’ martensitic laths are clearly identified. The corresponding selected area 
electron diffraction (SAED) pattern is presented along the [113]/[1̅12]’’ zone axis (Fig.3d). 
In this diffraction pattern, the brightest diffraction spots belong to the martensitic ’’ phase 
and the weakest ones to  phase. The indexation of this diffraction pattern implies that the ’’ 
martensite observed was formed accordingly to the classical crystallographic relationship 
between the  and ’’ phase and shows no evidence of twinning during deformation. 
Considering that the average width of the observed martensitic laths is only about 400 nm, it 
seems that the local equilibrium that drives the growth of ’’ laths is quickly achieved, in 
opposition with the formation of new ’’ phase, which seems more significant. The evolution 
of the microstructure through deformation can explain the evolution of the strain-hardening 
curve (Fig.2b): The transition between stage I and stage II (Fig.2b) corresponds to the 
triggering of the SIM transformation, in which ’’ laths begin to form in the initial  grains. 
As the strain increases, more and more laths of martensite appear in the microstructure, 
generating interfaces, causing the stress to increase. The transition between stage II and stage 
III corresponds to a slow-down of the transformation rate of the martensitic phase, causing the 
strain-hardening rate to decrease until rupture as the number of new interfaces in the 
microstructure does not increase anymore. The formation of the martensitic laths can occur 
during stages II and III but does not contribute to the strain-hardening effect, as it does not 
hinder dislocation slip. The exceptional strain-hardening rate of the present Ti-22Zr-9Nb-2Sn 
alloy is then due to the SIM ’’ transformation without any contribution of twin formation, 
while both effects are mostly observed concomitantly in literature.   
Fig.4 displays the strain-hardenability (ultimate tensile strength – yield strength) as a function 
of maximum elongation of titanium alloys elaborated by the L-PBF technique. This diagram 
exhibits the highest strain-hardenability for the present Ti-22Zr-9Nb-2Sn alloy compared to 
other alloys. Only the heat-treated Ti-10V-2Fe-3Al (900°C/30min followed by water quench) 
[25] shows similar high strain-hardenability due to a combination of TRIP/TWIP effect. The 
strain-hardening of this latter is however lower than the one obtained in the present study. 
This implies that twinning does not affect the strain-hardenability as much as the stress-
induced martensite ’’.  

 

4. Conclusion  
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As a conclusion, the Ti-22Zr-9Nb-2Sn (%at) alloy was successfully manufactured 
from a blend of elemental powders thanks to the in situ L-PBF technique. After a stress-
relieved treatment at 700°C for 30 minutes followed by a water quench, microstructure is 
composed of fully- restored columnar grains, with a strong <100> texture along the 
building direction. The mechanical characterization of the alloy was achieved through cyclic 
tensile tests. The stress-strain curve displays a very high strain-hardening, with an outstanding 
maximal strain-hardening rate of about 15 GPa, which is greatly higher than those commonly 
observed in literature for such alloys. Post mortem characterization by XRD and TEM shows 
that the alloy undergoes a non-reversible stress-induced martensitic transformation during 
tensile test. As the SIM transformation triggers, the formation of new ’’ laths is shown to be 
important, as their growth is limited. This important formation of new interphase boundaries 
hinders the dislocation slip and increase the strain-hardening rate.  
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Table and figures: 

 

Table 1. Optimized elaboration parameters determined by DOE.  
Laser Power Scanning speed Hatching space Layer thickness 

200 W 303 mm.s-1 0.06 mm 20 µm 
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Fig.1. XRD pattern of the Ti-22Zr-9Nb-2Sn alloy (a), IPF-EBSD map of the 
specimen in the building direction and its inverse pole figures (b). Pole figures (c) 
and inverse pole figures (d) of the specimen obtained by XRD measurements. BD 
and TD stands for Building and Tensile Directions.  
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Fig.2. Engineering cyclic tensile stress-strain curve of the Ti-22Zr-9Nb-2Sn 
sample (a), the corresponding true stress-strain curve and strain-hardening rate 
curve (dash-line) of the sample (b) and XRD patterns of the sample before 
deformation and after rupture (c).  
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Fig.3. Optical micrograph of the specimen before being deformed (a), optical micrograph of the 
specimen after rupture showing the ’’ martensitic laths in the initial  grains (b), bright-field 
TEM image of the laths (c), and corresponding indexed diffraction pattern (d).  
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Fig.4. Strain-hardenability of titanium alloys 
elaborated by L-PBF process as a function of 
maximum elongation.  
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