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The laser-engineered net-shaping (LENSTM) process was employed for direc-
ted energy deposition (DED) of Ti-35Nb-7Zr-5Ta (wt.%) or TNZT, a low
modulus metastable b-Ti alloy for biomedical applications. The laser power
was varied in the range of 400–600 W, while keeping all other parameters
constant. A change in the overall grain morphology was noted in the sample
with an increase in the laser power. The higher laser power samples showed
more columnar grains compared to the equiaxed grains observed in the 400-W
condition. The DED-processed TNZT alloys exhibited a combination of high
tensile yield strength (� 500 MPa) and ductility (� 25%). Moreover, the alloys
also exhibited excellent corrosion resistance in Ringer’s solution. Overall, the
results indicate that the LENS-deposited TNZT alloy could be a promising
candidate for biomedical applications.

INTRODUCTION

Over the last few years, (metastable) b-Ti alloys
have been widely explored for various structural
applications due to their lower elastic modulus,
higher specific strength, enhanced fracture tough-
ness, and enhanced fatigue resistance compared to a
or a+b Ti alloys.1–5 Their improved corrosion resis-
tance as well as higher hydrogen tolerance makes
them perform better than the a/a+b Ti alloys in
particular environments.6–8 Ti-6Al-4V, an a+b alloy,
commercially known as Ti-64, has been employed
for biomedical implant applications for decades.9

However, the presence of vanadium (V) in this alloy
can lead to toxicity upon reaction with the physio-
logical environment.10 Furthermore, a relatively
high elastic modulus of Ti-64 compared to human
bone can cause stress shielding effects, adding to
the challenges during orthopaedic applications.11–14

In light of this, a variety of low-toxic and low-
elastic modulus b-Ti alloys have been explored to
promote the load sharing between the bone and the
metal-based implant.15,16 Among them, Ti-Nb-Zr-Ta
alloys are quite attractive due to their lower elastic
modulus (� 55 GPa compared to � 40 GPa of
structural human bone) and excellent biocompati-
bility. The Ti-35Nb-7Zr-5Ta (TNZT) alloy has been
well established as a biomedical alloy, and is
currently being commercially used in the conven-
tionally processed form (cast + forged) for biomed-
ical applications as ‘‘TiOsteum�’’, including for
stems in hip implants.13,17 Conventionally pro-
cessed TNZT alloy in its solution-treated condition
exhibits a strength of 530 MPa and an elongation of
20%.14 These authors also reported15 an enhance-
ment in the yield strength of TNZT to 1288 MPa,
accompanied by an increase in modulus, either by
increasing the oxygen content or by artificial aging.
These improvements make them attractive candi-
dates for other biomedical applications, such as
screws. Chan et al.16 in their study claimed that
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laser processing on surface of the TNZT alloy led to
an improvement in wear and corrosion resistance
over the untreated alloy. On the other hand,
preliminary in vitro studies performed on the TNZT
alloy fabricated by laser-engineered net-shaping
(LENSTM, a powder-fed laser additive manufactur-
ing technique) indicate substantial enhancement in
bone cell differentiation of bone marrow stem cells
as compared with Ti-64.18 Furthermore, by intro-
ducing a homogenous distribution of ceramic phases
like borides into the TNZT matrix via the LENS
process, the wear resistance has been shown to
improve.19 DED processing techniques, such as
LENS, can also be employed for processing func-
tionally graded alloys, with varying elastic moduli,
to reduce the effects of stress shielding associated
with the modulus mismatch.20 Although, AM tech-
niques are quite promising for processing b-Ti
alloys, as discussed in the previous sections, other
challenges associated with AM, like optimizing the
laser power parameters, growth of columnar grains,
development of <001>b texture along the build
direction, porosity, and compositional control, still
need to be addressed.21–25 The principal objectives
of this study are to investigate the influence of laser
power on mechanical and corrosion properties of
LENS-processed TNZT, and to investigate the effect
of laser power on the evolution of porosity, b texture
along the build direction, grain size, and
morphology.

MATERIALS AND METHODS

An Optomec LENS-750 was used for fabricating
TNZT alloys on a Ti-64 seed plate. Pre-alloyed
TNZT powder obtained from Tosoh SMD was used
during DED. A 1500-W Nd: YAG laser that pro-
duces near-infrared radiation at a wavelength of
1.064 lm was used for the deposition. Three differ-
ent laser powers, 400 W, 500 W, and 600 W, were
used for fabricating TNZT. All the other processing
parameters were kept constant and were 0.5 mm
laser beam size and 12.7 mm/s laser linear scanning
rate. These combinations of laser parameters pro-
vided input energy densities of 51.95 9 103 J/mm2,
64.94 9 103 J/mm2 and 77.92 J/mm2 for the fabri-
cation of TNZT. Each layer was fabricated by laying
down consecutive multiple linear laser track depos-
its. The laser track (hatch) deposit width was
maintained at 0.381 mm and the laser track (hatch)
deposit spacing (center to center distance between
two consecutive tracks) was 0.254 mm. A cube of
dimensions of 25.4 9 25.4 9 25.4 mm was fabri-
cated for each condition. The oxygen level in the
build chamber was kept below 10 ppm during all the
DED experiments with the aid of a 99.99% pure Ar
atmosphere.

The deposited builds were then separated from
the seed plate and subsequently sliced into two
sections along the build direction using a KENT
USA (WSI-200) electrical discharge machine. One of

the two sections were finely polished to 0.02 lm for
microstructural analysis and the other section was
utilized for machining tensile specimens with gauge
length � 5mm, width � 1 mm, and thickness � 0.7–
1 mm. The tensile specimens were machined per-
pendicular to the build direction and the tests were
performed at a strain rate of 10�3 s�1. At least three
tensile specimens were tested for each condition,
and the plots with median values of tensile strength
and ductility were reported.

X-ray diffraction (XRD) studies were performed
on the polished samples (along the cross-section)
using a Cu-Ka Rigaku Ultima III diffractometer.
The microstructure was characterized using a FEI
Nova NanoSEM 230, equipped with electron
backscattered diffraction (EBSD) and energy dis-
persive spectroscopy detector. OIMTM software was
used for generating texture plots from the EBSD
data.

Anodic polarization tests were carried out on all
the three conditions of the LENS-deposited TNZT
samples. Specimens of 15 mm diameter were
machined from the TNZT deposits and polished to
an average surface finish of 0.2 lm for this purpose.
The samples were then cleaned ultrasonically and
employed as the working electrode in the test cell.
The tests were carried out in a simulated body
solution known as Ringer’s solution, which has a
composition of NaCl 9 g/L, KCl 0.43 g/L, CaCl2 0.24
g/L, and NaHCO3 0.2 g/L. Open circuit potential
(OCP) of the alloys was then monitored. The room-
temperature anodic polarization tests were per-
formed from an initial potential of � 0.5–9 V with
respect to the OCP. A scan rate of 0.166 mV/s and
the current density was recorded continuously. A
saturated calomel electrode was used as a reference
electrode and a platinum wire as a counter elec-
trode.26 The tests were repeated to ensure the
reproducibility of the data obtained.

RESULTS AND DISCUSSION

Analysis of Pre-alloyed TNZT Powders

Figure 1a shows the gas-atomized TNZT powders.
As can be seen, the powders are spherical in shape
which leads to good flowability, a very important
factor for DED processing. The powder size distri-
bution in Fig. 1b, obtained using a Microtrac
SPC3500 powder particle analyzer, shows d90 to be
in the range of 65 ± 55 lm, which is close to the
ideal size range for DED processing. The powder
particles seem to have a dendrite-like structure,
based on scanning electron microscope (SEM) obser-
vations. The XRD pattern obtained from the powder
shows single-phase bcc b-Ti peaks, confirming pre-
vious reports in the literature.27,28
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MICROSTRUCTURE AND PHASE ANALYSIS

Following the deposition, as mentioned before,
the samples were sectioned into two halves. The
XRD analysis and SEM micrographs of all the three
conditions, i.e., 400 W, 500 W, and 600 W, are
shown in Fig 2. While the sample which was
processed under 400 W showed only b-peaks in the
XRD studies, the 500-W and 600-W samples also
showed the presence of a peaks. This is probably due
to the higher energy densities obtained by using the

higher processing wattages.9,22 Similar observa-
tions were also noted in the SEM images of the
three different conditions. The images shown in
Fig. 2b, c, and d represent the low, medium, and
high magnification SEM backscattered images,
respectively, obtained from the 400-W condition.
Fig. 2e–g and h–j represent the same obtained from
500-W and 600-W conditions, respectively. The
microstructure in all three cases consist of coarse
b grains. The low magnification SEM images (Fig. 2b
and h) obtained from the 400-W and 600-W condi-
tions reveal the presence of two types of porosities,
process-induced porosity (PIP) and gas-induced
porosity (GIP), based on the dimensions and the
morphology of the pores.9,22 Typically, the pores
formed due to the processing PIP are non-spherical
in nature, and their size can range from sub-
microns to macroscopic, in contrast to the micron-
level GIP which are spherical, as shown in Fig. 2b
and h, respectively. The inert gas (Ar) employed in
the LENS system is insoluble in liquid metals and

Fig. 1. (a) SEM of pre-alloyed TNZT powder with inset showing the
higher magnification image, (b) particle size distribution, (c) XRD of
TNZT powder showing single phase b-bcc peaks.

Fig. 2. (a) XRD plot identifying b anda phases present in the three
conditions of LENSTM manufactured TNZT alloy. SEM backscattered
images showing the microstructures of (b–d) 400 W, (e–g) 500W
and (h–j) 600 W conditions of the same alloy.
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therefore can be easily trapped creating intralayer
porosity in the solidified pool. The remelting of the
previously deposited layers during the laser pro-
cessing has been shown to release the trapped gas,
reducing the porosity.29,30 Therefore, with the
increase in laser power from 400 W to 500 W, the
effect of remelting/reheating of the previously
deposited layers increases, leading to an overall
reduction in intralayer porosity. However, a further
increase in laser power to 600 W might have led to
the formation of the interlayer porosity. Kumar et
Al. have shown that the viscosity of the molten
metal increases with the increase in energy density,
resulting in poor spreading of the liquid metal over
the previously deposited layers, leading to inter-
layer porosity or a lack of fusion porosity.29,31 No
signs of micro-segregation of any beta-stabilizing
elements is observed in the backscattered SEM
images. However, faint cellular like sub-grain struc-
tures can be clearly observed in all the conditions.
Furthermore, the high magnification SEM images
(Fig. 2d, g, and j) reveal the presence of fine-scale a
precipitates in all the cases.

It is also important to understand the nature of
the grain growth in these DED-processed samples,
as they affect the mechanical behavior by leading to
anisotropy,22–25 and, as such, the EBSD analysis
was carried out on all the three conditions along the
build direction. Figure 3 shows the inverse pole
figure (IPF) maps with corresponding texture plots
(on the right) from top, middle, and bottom regions
(along the build direction) of the 400-W, 500-W, and

600-W conditions. The microstructures correspond-
ing to the 400-W condition (Fig. 3a–c) appear to
consist primarily of equiaxed grains along the build
direction. An average grain size of � 40 lm was
noted in the bottom region and it increased to �
60 lm in the middle regions. The grain size further
increased to about � 100 lm in the top-most region.
This trend seemed to continue for the samples
processed at 500 W and 600 W. While the
microstructures from the 500-W, and 600-W condi-
tions (Fig. 3d–i) appear to have more columnar
grains, there was also an overall increase compared
to the 400-W sample. This is to be expected, as an
increase in the overall wattage leads to an overall
increase in the energy density. Some micro-textur-
ing along the <001>b build direction is also
observed for all three conditions. EBSD was also
performed on the top surface of the build and is
presented in Fig. 4. A slight increase in the micro-
texture and a noticeable increase in the grain size is
observed with an increase in laser power for the top
surface. This is also noted in the XRD analysis, in
which an increase in the laser wattage showed an
increase in the<001>b texture.

Another important aspect of this study was to
better understand the composition–processing–mi-
crostructure relationships of the as-deposited alloys.
The composition of the alloy, along with the pro-
cessing conditions, plays an important role in the
final microstructure. In our previous studies on
another b-Ti alloy,21 Ti-20V exhibited columnar
grains, in the range of 2–3 mm, along the build

Fig. 3. Inverse pole figure (IPF) maps with corresponding texture plots (on the right) obtained from top, middle and bottom regions along the build
direction of (a–c) 400 W, (d–f) 500 W and (g–i) 600 W conditions of LENSTM manufactured TNZT alloy.
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direction. Even though all the processing conditions
were kept the same, there is an incremental change
in the overall grain size of the binary Ti-20V alloy,
compared to the present TNZT. An EBSD IPF map
and corresponding texture plot are shown in Fig 5.
In an attempt to understand this difference between
the two alloys, the solidification curves for the TNZT

and Ti-20V systems have been simulated, based on
Scheil equations, using the solution thermodynam-
ics-based PANDATTM software.32

The solidification curves for the TNZT and Ti-20V
alloys are shown in Fig. 5a and b, respectively. The
calculated solidification range for TNZT is � 220�C,
which is significantly more than the value

Fig. 4. Inverse pole figure (IPF) maps with corresponding texture plots and XRD plots obtained perpendicular to the build direction of 400 W,
500 W, 600 W conditions of LENS manufactured TNZT alloy.
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calculated for Ti-20V (� 10�C). Based on the funda-
mentals of solidification in metal/alloy systems, a
critical level of undercooling (DTc) is required for the
formation of a stable, spherical, solid nucleus inside
the liquid metal/alloy. The solidification process can
only take place when certain regions within the
liquid overcome the critical free energy barrier
(DG*). This nucleation barrier, based on homoge-
nous nucleation theory, can be described as
follows33:

DG� ¼
16pðcSLÞ3ðTmÞ2
h

�

3 DTcð Þ2ðDHmÞ2

N � A� exp
�DG�

KT

� �

where DG* is the critical nucleation barrier; cSL is
the liquid solid interfacial free energy per unit area;
Tmis is the melting temperature; DTc is the critical
undercooling; DHm is the latent heat of fusion; N is
the nucleation rate, A is a constant based on
diffusivity, K is the Boltzman constant, and T is
the temperature of the liquid metal/alloy

Based on the above expressions, it can be realized
that increasing the level of undercooling (DTc)
decreases the critical nucleation barrier (DG*),

which in turn increases the rate of nucleation (N).
A higher nucleation rate results in a higher number
density of simultaneously growing nuclei, suppress-
ing the extent of grain growth (growth of the
stable nuclei) due to hard impingement with the
neighboring grains, resulting in a finer equiaxed
microstructure. The large solidification range in
TNZT (Fig. 5a) allows the alloy melt to attain higher
levels of undercoolings prior to the onset of nucle-
ation and therefore increases the tendency to form
an equiaxed microstructure, as compared to Ti-20V
(Fig. 5b).

CORROSION STUDIES AND MECHANICAL
TESTING

To investigate the corrosion behavior of these
DED-fabricated TNZT alloys, anodic polarization
tests were conducted in a simulated body fluid
(SBF) solution known as Ringer’s solution. Prior to
performing the tests, the OCP were monitored for
all three conditions (Fig. 6a). The OCP in all the

Fig. 5. Solidification curves for (a) TNZT and (b) Ti-20V alloys
simulated based on Scheil equations using PANDATTM software. (c)
Inset shows IPF and texture plot of Ti-20V sample.

Fig. 6. (a) Open Circuit Potential & (b) Anodic Polarization curves for
the three conditions of LENSTM manufactured TNZT alloy that were
tested in simulated body fluid (SBF) solution.
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cases appeared to stabilize within a short time for
all the samples. However, the sample processed
with 500 W appeared to have highest stabilized
OCP followed by 400 W and 600 W, respectively.
Notably, the difference in OCP of 500-W and 400-
samples was small (0.025–0.05 V), whereas the OCP
of the 600-W sample was lower by 0.1 V compared to
the 500-W sample. The higher value of OCP is
considered to be better for corrosion resistance. In
addition, a stable OCP as a function of time
indicates an adherent and fully covered passive
film. In view of this, although the 500-W sample had
the highest value of OCP, the OCP experienced
frequent ups and downs, suggesting the breaking
and re-passivation of the film in this case. The 600-
W sample had similar drops and rises in the OCP.
However, the sample processed with 400-W laser
power showed the best combination of OCP values
and a stable nature of the OCP curve as a function
of time (Fig 6a).

The corrosion potential and the corrosion current
for the LENS TNZT alloys were measured using
potentiodynamic polarization. The corrosion poten-
tial decreased with an increase in laser power from
400 to 500 W (Fig. 6a; Table I). However, the
corrosion potential increased again with a further
increase in the laser power to 600 W. On the other
hand, the corrosion current steadily increased with
an increase in the laser power (Fig. 6b; Table I). The
higher corrosion potential for 400 W can be related
to the predominant presence of GIP and PIP during
the fabrication process (Fig. 2b–d). However, the a
phase was lowest in the case of 400 W, leading to a
lower corrosion current due to reduced galvanic
coupling (Fig. 2b–d). With an increase in the laser
power, although the porosity reduced, an a phase
was formed in the increasing amount (Fig. 2e–g).
This would have resulted in a lowering of the
corrosion potential, but an increase in the corrosion
current, due to micro-galvanic activity. For the
highest laser power condition corresponding to
600 W, the microstructure consisted of a higher
fraction of PIP and the a phase compared to the 400-
W condition. Such a microstructure resulted in the
highest corrosion current and a highest corrosion
potential. It has been reported in the case of b Ti
alloys that localized microstructural features, such
as porosity and a precipitates, can lead to a material
exhibiting the lower corrosion potential but a higher
corrosion current.34,35 Furthermore, for Ti alloys, it
has been observed that the corrosion potential

decreases with a reduction in pore content.36 Elon-
gated pores such as PIP have a deleterious effect on
the corrosion compared to the spherical pores.36 The
corrosion potential reflects the thermodynamic pos-
sibility for the process of corrosion to occur, whereas
the corrosion current reflects the kinetics/rate
aspects of the corrosion reaction.

Another important observation was regarding the
active to passive transition, which corresponds to
the formation of a passive protective oxide film on
the surface of the alloy. The integrity of the passive
oxide film formed is critical for biomedical implants.
In the case of stainless steels and Co-Cr-Mo alloys,
the passive oxide film formed breaks down at
approximately 300–500 mV (Ebp, breakdown poten-
tial), which can easily be attained in the body
during an inflammation.37 In the present study,
none of the three conditions of LENS-deposited
TNZT exhibited any breakdown of the protective
oxide film formed on the surface, even at potentials
as high as 9 V. The substantially higher values of
Ebp (> 9V) indicate that all the three conditions of
the LENS-processed TNZT have superior corrosion
resistance in SBF. Based on these observations, the
best combination of corrosion properties was
obtained for the 500-W condition, which possessed
the lowest corrosion potential among all the condi-
tions and a relatively low corrosion current. More-
over, this condition also had the lowest amount of
porosity which is expected to show a better set of
mechanical properties. In light of this, the mechan-
ical behavior of the 500-W TNZT sample was
evaluated using tensile tests.

The engineering stress–strain curves for the
bottom, middle, and top sections of the 500-W
condition are shown in Fig 7. This was carried out
in order to check if there would be any discrepancies
based on the location of the build, and also due to
the observed changes in the microstructure (Fig. 2).
The bottom section exhibits a yield strength of �
520 MPa, while the middle and top sections show
slightly lower values (� 480 MPa). On the other
hand, the highest ductility of � 30% is observed in
top section, followed by the middle (� 27%) and the
bottom (� 17.5%) sections. The values for the yield
strength and ductility are listed in Table S1. The
bottom section, which has the highest amount of a
precipitation, has the highest strength and lowest
ductility.21 Moreover, the yield strength values
obtained for the LENS-processed TNZT alloys in

Table I. Open circuit potential and corrosion current density values for all the conditions of LENS-
manufactured TNZT alloy

Laser power (W) Corrosion potential (mV) Corrosion current (nA/cm2)

400 � 200 25.61
500 � 140 38.61
600 � 225 51.12
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the present study are in excellent agreement with
the values reported for the conventionally processed
TNZT, which is � 530 MPa.13,17

CONCLUSIONS

A biomedical b-Ti alloy, Ti-35Nb-7Zr-5Ta, was
processed using the directed energy deposition
technique of laser-engineered net-shaping. A
change in the energy density brought about by a
change in the laser power led to a change in the
overall grain morphology and microtexture. Going
from 400 W to 500 W and subsequently 600 W
resulted in an increase in the grain size from
40 lm to 100 lm. Precipitation of secondary phases
(mainly a) was noted in the samples which used
higher laser powers. The 500-W sample, which had
the least amount of porosity, showed good corrosion
resistance in Ringer’s solution. A good combination
of corrosion resistance, high strength, and phenom-
enal ductility makes the DED-processed TNZT alloy
an ideal candidate for load-bearing biomedical
applications.
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