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aids in developing new generation patient-specific, load-bearing orthopedic implants. In this work, we
investigate a wide range of LPBF parameter space to optimize the volumetric energy density, surface
characteristics and melt track widths to achieve a stable process and part density of greater than 99 %.
Further, optimized sample states were achieved via thermal post-processing using standard capability
Additive manufacturing (AM) aging, super'—transus (909 °C)and sub—Fransus (660 °C) heat treaFmgnt strategi'es with vgrying quenching
Laser powder bed fusion (LPBF) rr}edlums (all': water apd 1§e). Thg applied heat treatment strategies induce various fractions of o, marten-
Beta Titanium alloys site (o, o”) in combination with the B phase and strongly correlated with the observed enhanced
Corrosion mechanical properties and a relatively low elastic modulus. In summary, our work highlights a practical
strategy for optimizing the mechanical and corrosion properties of a LPBF produced near p-type Ti-13Nb-
13Zr alloy via careful evaluation of processing and post-processing steps and the interrelation to the cor-
responding microstructures. Corrosion studies revealed excellent corrosion resistances of the heat-

treated LPBF samples comparable to wrought Ti-13Nb-13Zr alloys.
© 2022 The Author(s). 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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ulus (50 - 80 GPa) close to bone (~30 GPa) [1-6]. In B-Ti alloys,
addition of Nb as an alloying element aids in stabilizing the g phase
[7]. The ideal range for Nb concentration varies between 10 and
20 wt% or 35-45 wt% for fabricating B-Ti alloys with a low elastic
modulus [5,7]. Deviation from this composition range increases the
elastic modulus. Addition of Zr to the binary Ti-Nb alloys, in pro-
portions of<20 wt%, is ideal for an enhanced solid solution
strengthening of the B phase and allows for further exploitation
of the martensitic phase fractions, to tune the microstructure, for
enhancing the mechanical response and reducing the elastic mod-
ulus [8-10]. Various Ti-Nb-Zr alloy systems has been explored ear-
lier [11-14]. However, the commercial Ti-13Nb-13Zr alloy, which is
biocompatible and certified for surgical applications in accordance
with the ASTM F1713 standards [15], is the focus of the present
study. When subjected to capability aging (CA) heat treatment,
the wrought alloy is expected to have a min. tensile strength of
860 MPa and a min. yield strength of 725 MPa coupled with a
min. elongation of 8 % [15]. The mechanical properties of wrought
Ti-13Nb-13Zr specimen are tailored using a combination of either
forging, globularization, swaging, rolling, caliber rolling, arc-
melting [16-18] and subsequent heat treatment. These approaches
have helped to devise strategies to provide a range of mechanical
properties including low elastic moduli of 50-80 GPa by tuning
the microstructure with various phase fractions of martensite (o’
(hexagonal), o” (orthorhombic)) and B (cubic) phase [19-25].
Specifically, enhancing the volume fraction of the o” phase (in
one study at 51 % [20]) is found beneficial to lower the Young’s
modulus [27,28].

The alloying elements and process-controlled microstructures
determine the corrosion behavior of Ti-13Nb-13Zr specimen in
body fluids [29]. In electrochemical studies of differently heat-
treated alloy specimens in Ringer’s solution, water-quenched sam-
ples (with o’ martensite) exhibited most stable oxide layers corre-
sponding to lowest passive current densities compared to air-
cooled and furnace-cooled samples. Their higher corrosion resis-
tance was attributed to the uniform distribution of alloying ele-
ments in the phases and resulting low number of predominantly
equiaxed B -grains. In a comparative wear and corrosion study
[30], Ti-6Al-4 V ELI alloys and Ti-13Nb-13Zr alloys, both water-
quenched after heat treatment, showed similar corrosion resis-
tance in Ringer’s solution at 37 °C in the open-circuit condition.
However, the Ti-6Al-4 V alloy exhibited a better anodic polariza-
tion performance than the Ti-13Nb-13Zr alloy despite the same
martensitic microstructure (single o’ phase). Furthermore, the
furnace-cooled two-phase (ao'+ B) Ti-6Al-4 V alloy possessed the
lowest corrosion resistance due to the uneven distribution of alloy-
ing elements in various phases resulting in the unstable passive
oxide film formation. In their more recent corrosion study on dif-
ferently thermo-mechanically processed Ti alloys [31], the oxide
film thickness and Nb,Os content were found to be dependent of
the thermomechanical state of the Ti-13Nb-13Zr alloy leading to
the distinct formation ability and corrosion resistance of the oxide
films on the cold rolled and hot rolled alloys. Hence, the formation
and stability of passive oxide film were determined by the
microstructural properties and the type of alloying elements as
well as their distribution in the oxide film layer, further influencing
the corrosion behavior of the Ti alloy surface.

However, recent advances in additive manufacturing (AM) have
opened opportunities not only for near-net shape fabrication of
complex specimen geometries, but also to tune the microstructure
and thus, resulting mechanical and corrosion properties of such -
type Ti alloys [32-35]. This paves the way to the design of new
patient-specific implants with an ideal combination of properties,
which are better adapted to the in vivo conditions. The laser AM
process (powder bed or powder fed) is capable of fabricating most
metallic alloys, polymers and ceramics, and usually operates in an
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inert gas atmosphere, without the need of a high vacuum chamber
unlike electron beam melting [36]. Laser powder bed fusion (LPBF),
also known as selective laser melting (SLM), is one of the most
important laser AM process, where a 3-dimensional component
is fabricated by using a laser beam to melt successive layers of
metal alloy powders. The laser melting process creates solidifica-
tion cooling rates in the order of 10%-10° K/s as a result of particu-
larly smaller melt pools [37]. These exceptionally high cooling
rates (compared to castings, water quenching and furnace cool-
ing < 102 K/s [38]) can be leveraged to obtain various non-
equilibrium microstructure states of Ti alloys. Microstructural enti-
ties such as grain size, precipitate size and volume fraction, crystal-
lographic texture, grain boundary solute segregation can be tuned
with suitable process parameters. Compared to the numerous LPBF
studies on classical alloys, e.g. Ti-6Al-4 V these aspects are so far
relatively unexplored for metastable, near B Ti alloys.

Earlier works on successfully fabricated AM B Ti alloys (for
implant applications) with high part density include binary alloys
Ti-X (Cr, Mo) [39,40], Ti-10Nb [41], Ti-42Nb [42], Ti-45Nb [43],
Ti-27.5Nb [44] and Ti-50Ta [32] or multicomponent alloys such
as TNZT and Ti2448 [45-48]. Most of these studies were focused
on optimizing the mechanical properties and understanding the
phase formation of the AM produced B Ti alloys with respect to
the conventionally produced alloys. For example, Duan et al. [49]
have shown that metastable p TMZF (Ti-12Mo-6Zr-2Fe) processed
using LPBF had a high yield strength of 1 GPa, with a low modulus
of 85 GPa coupled with a good ductility of 12 %. This was achieved
by a coupled effect of o” precipitation and controlling the growth
texture during solidification.

In this regard, Ti-13Nb-13Zr alloys have been studied specifi-
cally in the wrought condition. Extensive studies on processing,
microstructure and mechanical properties have been performed
to enhance the strength and lower the elastic modulus. However,
there are very limited studies on the effect of additive manufactur-
ing and post processing treatments on the microstructure and
mechanical properties of Ti-13Nb-13Zr. The first LPBF studies on
Ti-13Nb-13Zr alloys [18,50,51] have shown that varying the scan-
ning strategy and input energy density enhances the B volume
fraction from 18 to 52 %. The LPBF fabricated samples are free of
solidification cracks, that are typically observed in parts made from
other metallic materials such as Al alloys or nickel based superal-
loys [37]. Importantly, these studies also reveal the complex
microstructures of specimen made of this ternary alloy, consisting
of nano-sized precipitates of o’ martensite in the as-built samples,
which can enhance the mechanical response of such alloys.
Although the Young’s modulus (from tensile tests along the build-
ing direction (BD)) of the as-built specimens were around 64 GPa,
the presence of twins and preferentially oriented prior B grains in
the microstructure along the building direction resulted in an
enhanced mechanical response (tensile strength close to 1 GPa).
However, a very low ductility of 2 % along BD was observed irre-
spective of the applied heat treatment strategies. Solution treat-
ment with water quenching enhanced the yield strength by at
least 10 %, however, the elastic modulus reduced by 15 % and in
the range of 74-84 GPa [51]. Incidentally, the LPBF and subsequent
heat treatment strategies have realized a poor ductility (2-5 %) of
the Ti-13Nb-13Zr samples. Corrosion studies on LPBF-produced Ti-
13Nb-13Zr alloys (in aerated Ringer’s solution at room tempera-
ture) shows that the Nb and Zr oxides remains passive and aids
in the corrosion resistance, compared to LPBF fabricated CP Ti
and Ti-6Al-4 V [17]. However, the influence of the microstructural
phase constituents, in the as-built and heat-treated variants of the
LPBF-produced Ti-13Nb-13Zr alloy, on the corrosion resistance
behavior has never been studied.

The current state of research regarding the fabrication of Ti-
13Nb-13Zr specimen using LPBF reveals significant innovative
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potential coupled with challenges. Alloy specimen in the as-built
state exhibit better mechanical properties, i.e. lower elastic modu-
lus (~64 GPa) than several other B-type Ti alloys. However, the
heat treatment strategies used so far for LPBF-produced Ti-13Nb-
13Zr specimen yielded a strengthening effect, only increased the
elastic modulus by at least 15% [17,51]. Achieving the standard
high part density of up to 99 % poses another challenge for future
work. The samples produced so far via LPBF only showed a maxi-
mum relative density of 98 %, further reduced the ductility of these
alloys [18,51] and influenced the crack initiation under fatigue
loading. Until today, the available data base of the microstructural,
mechanical and corrosive response for LPBF-produced Ti-6Al-4 V
[52,53], a classical implant alloy, far supersedes that of other meta-
stable B Ti alloys, in particular Ti-13Nb-13Zr. Hence, the aim of our
work is to enhance the understanding of the relationship between
LPBF processing parameters, heat treatment conditions and the
corresponding microstructures. The mechanical and corrosion per-
formance of selected alloy states will be assessed and discussed in
comparison to that of commercial wrought Ti-13Nb-13Zr and sim-
ilarly heat-treated alloy specimens. This will enable the identifica-
tion of optimal LPBF operation conditions in a fully laser-based
processing chain for the fabrication of high performance Ti-
13Nb-13Zr bone implants with best adapted biomechanical and
surface biocompatible functionality [54].

In the current work, we perform a systematic exploration of the
process parameter space (laser power and scan speed) for the LPBF
of Ti-13Nb-13Zr alloy, to fabricate such near B-type alloys, to
achieve a relative density of more than 99 %. The relationship
between the input process parameter, especially the melt-track
width, and the evolution of the microstructure during LPBF of such
ternary near f -type alloys is analyzed. It was found that the
microstructure of the LPBF samples fabricated with the optimized
input energy parameter, is nearly martensitic (o’ phase) with <1 %
B. Additionally, we explore super-transus and sub-transus heat
treatment strategies to study the evolution of phase fraction during
fast quenching and its influence on the tensile and corrosion prop-
erties. The synchrotron XRD is used to determine the phase frac-
tions in the LPBF and heat-treated samples. Conventionally
produced Ti-13Nb-13Zr alloys (from here on known by wrought)
are also analyzed for the microstructure (wrought and heat-
treated state) and tensile properties, to provide the necessary
boundary condition to evaluate mechanical response of the LPBF-
produced and heat-treated alloys. The corrosion studies reveal that
all LPBF states exhibit an excellent corrosion resistance in
phosphate-buffered saline solution, comparable to that of the as-
received Ti-13Nb-13Zr samples without subsequent heat
treatment.

2. Materials and methods
2.1. Alloy states and processing

Commercial wrought Ti-13Nb-13Zr rods (ASTM F1713 standard
defined) of 50 mm diameter and 1500 mm length, were produced
by Shaanxi Yunzhong Industry Development, China. The material
was macroscopically homogeneous without any pores or cavities.
A disc of 7 mm thickness and two bars of
5 mm x 5 mm x 100 mm were extracted by electrical discharge
machining (EDM).

For the additive manufacturing process, gas atomized powders
were produced from the wrought alloy rods via the EIGA (Electrode
Induction melting inert gas atomization) (at Eckert TLS Technik
GmbH, Germany). The powders (of size range between 20 and
60 pwm) were characterized for their particle size distribution and
particle morphology using the Camsizer X2 with X-Jet module
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(Microtrac Retsch GmbH). The X-Jet setup disperses particles
through a nozzle which produces a constant particle flow, that is
characterized using a high resolution ultrabright LED and digital
cameras, that captures real time images at 300 frames per second.
The images are post processed using the DIMENSIONS software.
For statistical relevance, around 3 million powder particles were
measured.

The chemical analysis of the commercial rod (wrought) mate-
rial, the powders (three samples from different bottles of the same
batch) as well as the LPBF parts was conducted using ICP-OES (in-
ductively coupled plasma-optical emission spectroscopy, IRIS
Intrepid II XUV from Thermo Fischer Scientific GmbH) regarding
metal constituents. Carrier gas hot extraction (TC-436DR, LECO)
was used for oxygen analysis.

All the LPBF samples were fabricated using a Realizer SLM 50
machine (DMG Mori) equipped with an infrared fiber lase source
(1070 nm wavelength and maximum laser power of 125 W). The
samples were built on a Ti-6Al-4V (grade 5) base plate and the base
plate temperature was maintained at 50 °C. The entire process was
performed under Ar atmosphere (O, content maintained below
1000 ppm). For LPBF process parameter optimization, cylindrical
samples of 3 mm diameter and 6 mm height were fabricated. An
additional and separated hollow a contour exposure (a thin hollow
cylinder of rod 7 mm diameter, 11 m height fabricated concentri-
cally to the main cylinder, with the same process parameter) was
introduced for individual cylinders to investigate the influence of
the line energy input on the final track/contour width [55,56].
The three important parameters that were employed in the SLM
50 Realizer, for the Ti-13Nb-13Zr alloy, are the point distance
(10-60 pnm), exposure time (20 — 120 ps) inside the scan vector,
and the input laser power translates to 106 W - 125 W. Other LPBF
parameters such as hatch distance (100 pum) the layer thickness
(30 wm) were kept constant. To explore the process parameter
window, the volumetric energy density (E, in J/mm?), estimated
as P/(v*h*1), where, P: the input laser power (W), v: scanning speed
(mmy/s), h: hatching distance and I: layer thickness (pm), was
strategically varied over 5 build jobs. The scanning vectors (stripe
scanning) were rotated by 67° in adjacent layers. In total, 108 sam-
ples were fabricated (over 5 build jobs) and after removal from the
base plate (using electrical discharge machining). All the samples
were analyzed for their relative density (in %) by the Archimedean
principle, using a Sartorius balance (MSA 225S). The relative densi-
ties were calculated using the theoretical density (5.005 g/cm?) of
Ti-13Nb-13Zr alloy with negligible solidification defects [57]. Addi-
tionally, all the samples were screened for surface quality.

Solution and ageing treatments for all samples were performed
in a furnace (capsuled within a quartz tube under Ar atmosphere),
to avoid surface oxidation. The samples after heat treatment were
directly water or ice water quenched to room temperature. An
overview of the different samples as well as the heat treatment
strategies are summarized in Table 1. For identifying suitable heat
treatment conditions, the B transformation temperature was deter-
mined using differential scanning calorimetry (DSC). Specimens
with a weight of about 50 mg were measured at a heating/cooling
rate of 10 °C/min in a Perkin-Elmer DSC 8500 between 27 and
950 °C. The specimens were cooled (- 10 °C/min) to room temper-
ature using liquid nitrogen. Exemplary DSC heating and cooling
curves for a LPBF-produced sample are shown in Supplementary
1. The exothermic peaks show that the o to p transformation dur-
ing heating commences below 600 °C and peaks at 680 °C, finally
ending at 770 °C. Hence, the B transition temperature is at
770 °C. The B transition temperature for LPBF-produced alloy states
is ~ 40 °C higher than that for the wrought Ti-13Nb-13Zr state (re-
ported in [4,20]) and nearly 90 °C more than reported values for
LPBF-produced alloy [18]. Therefore, two super-transus and one
sub-transus heat treatment strategies were designed, as schemat-
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Table 1
Overview of the heat treatment strategies for the wrought and LPBF-produced Ti-
13Nb-13Zr alloy samples.

Label Sample preparation method

CA Wrought alloy and heat-treated at 800 °C for 30 min with
subsequent furnace-cooling, then heat-treated at 500 °C for 6 h
with subsequent air-cooling (also known as capability aging (CA))

LCA LPBF-specimens, heat-treated at 800 °C for 30 min with subsequent
furnace-cooling, then heat-treated at 500 °C for 6 h with
subsequent air-cooling

900WQ LPBF-specimens, heat-treated at 900 °C for 1 h, then water-

quenched (WQ)

LPBF-specimens, heat-treated at 900 °C for 1 h, then ice-quenched

(1Q)

660WQ LPBF-specimens, heat-treated at 660 °C for 1 h, then water-
quenched (WQ)

9001Q

ically presented (Supplementary 1.). Additionally, the CA heat
treatment (as prescribed by the ASTM F1713 standard [15]) was
performed to wrought and LPBF alloys, as elucidated in Table 1.

2.2. LPBF part, microstructural and mechanical characterization

Optical micrographs of all LPBF samples were initially screened
for the surface quality by using the digital confocal microscope
Keyence VHX-6000. For microstructural analysis of various speci-
mens, Cross-sections from the as-fabricated parts were prepared
and subjected to standard metallographic techniques. Selected
samples were polished with colloidal silica solution and etched
with Kroll reagent (2 ml HF, 5 ml HNOs, and 50 ml distilled water)
for 10 s. Scanning electron microscopy (SEM) of the samples was
conducted using a Zeiss Gemini Leo 1530 system.

Selected samples were investigated using X-ray computed
tomography (p-CT, Phoenix Nanotom, General Electric) The p-CT
analysis was conducted at 130 kV and 100 pA using a voxel size
of 3 um to analyze the volume fraction and distribution of pores.
1000 projections (1000 ms scanning time) were used for 3D-
reconstruction of the sample volume, along with a beam collimator
and a copper filter of 0.3 mm thickness. The volume analysis was
performed using VG-Studio max 2.2 (Volume Graphics).

For X-ray diffraction (XRD), samples with a thickness of 300 pum
were cut from the cylinders and manually ground to a thickness
0f<100 pm. X-ray diffraction (XRD) for powder and sample was
carried out on a STOE STADIP diffractometer (STOE & Cie GmbH)
with Mo-Koi; radiation (A = 0.07093187 A) in transmission mode.
20 scans were made in the range of 10° to 60° with a step size of
0.01°. X'Pert High-Score Plus software and an ICSD PDF-2 plus
database (ICSD, The Inorganic Crystal Structure Database, FIZ Karl-
sruhe) was used for indexing and post processing of the XRD data.

Synchrotron XRD (SXRD) experiments were conducted at the
High Energy Materials Science (HEMS) beamline PO7B operated
by the Helmholtz-Zentrum Hereon at PETRA III, DESY. The wave-
length of the synchrotron X-ray was 0.14235 A, corresponding to
X-ray energy of 87.109 keV. An incident beam size of 0.7 x 0.7 m
m? was used. A PerkinElmer XRD 1622 flat panel detector with
2048 x 2048 pixels and a pixel size of 200x 200 um? was utilized
for diffraction pattern acquisition. The sample to detector distance
(1426 mm) was calibrated using LaBg powder standard. The cali-
bration, background subtraction and azimuthal integration (over
360°) of the 2D patterns were performed with Fit2D [58]. The
X’Pert HighScore Plus software was used to quantitatively analyze
the Fit2D-prepared data by means of the Rietveld refinement.

Ultrasonic measurements for precise determination of the
Young’s modulus were carried out on of wrought, LPBF and heat-
treated samples, on cylindrical slices, with a diameter of 12 mm
and thickness of 1.0 mm. The samples were prepared co-planar
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by grinding down to grade P4000 SiC paper. An Olympus 5900
PR (Hamburg, Germany) sender-receiver unit combined with a
transducer V22-BC-RM (for transversal measurements) and type
2012 (for the longitudinal wave velocity measurements) was used.
For the LPBF samples, the longitudinal axis of the test specimen
was parallel to the LPBF building direction (BD).

Vickers microhardness tests were performed on polished sam-
ples using an HMV Shimadzu Microhardness tester with a pyrami-
dal diamond indenter and a load of HMV 0.1 for 10 s. A matrix of 10
indentations was programmed at specific coordinates of the sam-
ple surface. The regions for the hardness testing were carefully
selected so that the indentations were at least 0.1 mm away from
the pores and defects in the microstructure. Room-temperature
tensile tests were performed with a constant crosshead velocity
corresponding to an initial strain rate of 10> s~! in an Instron
5869 equipment. The tensile specimens (directly fabricated by
LPBF) had a gauge length of 12.0 mm, width of 2.0 mm and thick-
ness of 1.5 mm. The samples were mechanically polished until
P4000 SiC paper. The strain was directly monitored at the sample
using a video extensometer AVE2. The LPBF tensile samples were
prepared with the tensile axis parallel to the building direction
(BD) and transverse direction (TD). The samples for the wrought
alloys were prepared with the tensile axis (loading direction) par-
allel to the longitudinal direction.

2.3. Corrosion studies

LPBF-fabricated and additionally heat-treated Ti-13Nb-13Zr
cylinders of 15 mm length and 5 mm diameter were used as work-
ing electrodes in electrochemical corrosion studies. After attaching
the electrical contact, the cylinders were embedded in epoxy resin
to offer only a base surface, representing a sample cross section
perpendicular to the SLM building direction, as the free electrode
area to be exposed to the electrolyte during the corrosion measure-
ment. For comparison, the wrought Ti-13Nb-13Zr sample with the
same geometry was employed as a reference material. These stud-
ies were also performed on the heat-treated samples.

A thermostat-controlled double-wall glass cell with three elec-
trode arrangement was employed for electrochemical measure-
ments. Phosphate-buffered saline (PBS) solution (140 mM Nadl,
10 mM phosphate buffer, 3 mM KCl, pH 7.4 (at 25°); Merck Milli-
pore), was used as electrolyte and was kept at a constant temper-
ature of 37 £ 1 °C. A saturated calomel electrode (SCE = 0.241 V vs.
SHE) combined with a Luggin capillary and a large area semi-
cylindrical platinum mesh served as a reference electrode and a
counter electrode, respectively. The corrosion cell setup was con-
nected to the Solartron SI 1287 Electrochemical Interface. All
potential values are given in Volts versus reference electrode (V
vs. SCE).

Before each corrosion measurement, the working electrode sur-
face was ground with abrasive SiC 1200-grade and subsequently
2500-grade paper, treated in an ultrasonic bath of water for a
few minutes after each grinding procedure and finally rinsed with
ethanol as well as pure water and air-dried. The freshly prepared
electrode samples were stored in air for 20 h prior to immersion
in the PBS solution to naturally passivate the surface in a defined
manner.

Open circuit potential (OCP) measurements were carried out for
up to 2 h to evaluate the corrosion behavior of the Ti-13Nb-13Zr
surface under free corrosion conditions in the simulated body solu-
tion. Immediately after that, a potentiodynamic polarization mea-
surement was conducted starting from an initial potential of
50 mV below the final OCP potential and the working electrode
potential was scanned in the positive direction up to 2 V vs. SCE
at a scan rate of 0.5 mV/s. Results were plotted in terms of current
density as a function of the applied potential.
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At least five corrosion measurements were performed for each
sample type for reproducible evaluation and the corresponding
electrochemical properties were either extracted from the mea-
surement data or estimated by extrapolations (e.g. Tafel extrapola-
tion). Arithmetic mean values and standard deviations were
determined from the measurement data.

3. Results and discussion

The present study aims to analyze the relationship between
LPBF process parameters with the microstructure and resulting
mechanical and corrosive response of additively manufactured
Ti-13Nb-13Zr parts. Firstly, a process optimization was performed
to evaluate the impact of parameter windows on the morphology
and part density of the LPBF specimen. Further, the most suitable
parameter was used to fabricate the samples, which were sub-
jected to an in-depth microstructure, mechanical and corrosion
performance analysis. The results were compared with those
obtained for wrought and capability aged (CA) Ti-13Nb-13Zr alloy
samples.

3.1. Influence of LPBF process parameters on part morphology and
density

Table 2 shows the chemical composition according to ASTM
standard of the powders, wrought and the LPBF-produced Ti-
13Nb-13Zr alloy. The composition of the samples produced in LPBF
was found to be in very good agreement with the nominal alloy
composition at all processing stages and within the limits defined
in ASTM F1713 [15] including the dissolved oxygen content.

The as-received Ti-13Nb-13Zr alloy powders were evaluated for
their chemical composition, particle size distribution and particle
morphology. Fig. 1 (a and b) show typical SEM images of the pow-
der particles revealing a high sphericity and smooth surface with
minor signs of ‘satellites’. This suggests good flowability and
homogenous layer of the raw powders, which can ensure a high
apparent density of the powder bed during the LPBF process.

Fig. 1 (c) is the particle size distribution (PSD) plot of the pow-
ders. The PSD of the powders from the analysis are d;g = 25.0 pm,
dsp = 43.8 um, dgp = 61.0 pm respectively. The mean particle size
from the analysis was found to be around 42 pm. The anisotropy
mean value (defined as the width-to-length ratio of the atomized
powder particles) was 0.90, which further confirms good sphericity
of the powder particles. The XRD plots shown in Fig. 1 elucidate
that the phase fraction of the powders is predominantly the o’
phase, as reported previously [18].

Fig. 2 (a) shows an optical image of a series of cylindrical and
cube samples of LPBF Ti-13Nb-13Zr. All the samples were fabri-
cated without any macroscopic cracks or delamination defects.
Fig. 2(b) is the plot of the relative density of the LPBF-produced
Ti-13Nb-13Zr samples measured by means of the Archimedean

Table 2
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principle and plotted as a function of the volumetric energy density
(Ev).

The plot clearly shows that the relative density of the samples
varied from 92.5 % to 99.7 % (+0.2 %), as the input energy density
was varied from 50 to 380 J/mm?®. To further investigate the defect
density in the microstructure, three samples with decreasing rela-
tive densities were chosen. Fig. 2 (c-e) show the SEM micrographs
of the cross sections of 3 selected samples along with the E,, used
for their fabrication. The sample (c) fabricated with a low energy
input of ~ 12 J/mm? had the least part density of 93.5 %. The sam-
ple shows typical solidification defects from the LPBF process such
as porosities and lack of fusion. The sample in Fig. 2 (d) showed the
highest part density of 99.7 %, which is 1.5 % higher than reported
for other LPBF-produced Ti-13Nb-13Zr alloys [18]. Most impor-
tantly, from this systematic process parameter analysis, a lower
laser energy density input (25 - 50 J/mm?) during the LPBF process
resulted in at least 5 % of the Ti-13Nb-13Zr samples with part den-
sities greater than 99 %.

Fig. 3 (a-b) are plots which show the variation of the track width
and the corresponding average relative densities of the bulk sam-
ple, as a function of laser scanning speed and input laser powers
(106 W, 116 W and 125 W respectively). The track widths were
analyzed at four regions (that are diametrically opposite) as shown
in the schematic inset. Fig. 3 (a) shows that for samples fabricated
with laser scanning speed of 800 to 2000 mm s~ !, the track widths
were in the range of 200-250 pm and the sample density values
were at least 99 %. The sample with the highest part density of
99 % has a track width of 245 um (highlighted with green arrow).
The variation of track width and average relative density, as a func-
tion of the laser scan speed, is nearly constant. Plot (b) is the influ-
ence of the laser power on the track widths of samples fabricated
with a scanning speed of 1250 mm s~ ! (the laser scan speed used
for fabricating the highest part density (99.7 %)). As the laser power
increases, the track width fluctuates by 16 %, from the mean value
of 240 pum. However, the part density reduced from 99.7 % to
around 98.0 %. Additionally, process parameters which could even-
tually affect the surface quality of the parts were also eliminated,
although the achieved part density was higher than 98 % (see Sup-
plementary 2: (a-f)). Hence, this detailed process parameter analy-
sis can further aid in developing an optimized process window for
complex implant shapes, porous and lattice structures.

To further evaluate the 3D volume densities, X-ray pn-CT scans
of 6 cylindrical samples, with an avg. relative density > 99 % (from
Fig. 3 (a)) were exclusively performed. Fig. 4 (a-e) are the optical
images of the top surface of all the cylinders and their outer hollow
contour scan with the corresponding 3D reconstruction images of
the CT analysis arranged in the ascending order of their void frac-
tion. Sample (a) and (b) showed the best surface finish with the
percentage of voids (from pu-CT) being < 0.05 %. The sample (f) fab-
ricated with the lowest energy density, albeit having an acceptable
void fraction, has a poor surface quality with incomplete melting of
the powders, especially in the outer layers of the cylinder.

Summary of the chemical analysis (ICP-OES, carrier gas hot extraction) of the gas atomized powders.

Chemistry Other trace elements
(wt.%) Ti Nb Zr Oxygen
Nominal composition Bal. 12.5-14.0 12.5-14.0 <0.15 Negligible
ASTM F1713
Wrought Bal. 13.8 £ 0.04 13.11 £ 0.1 < 0.055 Negligible
Ti-13Nb-13Zr
(commercial grade)
Bal. 13.8 £ 0.05 13.11 £ 0.3 < 0.06 Negligible
Gas atomized raw powder
LPBF Bal. 13.78 £ 0.15 13.16 + 0.09 0.12 + 0.03 Negligible

Ti-13Nb-13Zr
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Fig. 1. SEM images of (a) the gas atomized powder particles of Ti-13Nb-13Zr (b) Satellites on powder particles. (c) Plot of the particle size distribution of the powder in as-
received state. The particle size is characterized as the width of the powder. (d) The XRD pattern of gas atomized Ti-13Nb-13Zr powders.
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Fig. 2. (a) shows the cylindrical and cube specimens of Ti-13Nb-13Zr fabricated on a Ti base plate. (b) Plot showing variation of relative densities of all the samples fabricated
with different Ev during LPBF. (c-e) SEM micrograph of selected specimens fabricated with Ev of<100 ] / mm3. Sample (c) exhibits typical LPBF defects such as porosities and
lack of fusion. Sample (d) has the highest density of 99.7 % with minimum solidification defects.

For all the subsequent studies in this work, the LPBF process
parameter set of sample (a) was used. The process parameters
and the corresponding sampled densities and track width values
are summarized in Table 3. Subsequent LPBF build jobs (~40 sam-
ples) using the process parameter in Table 3, were analyzed for
their relative density using the Archimedes principle. All the sam-
ples had an average density of ~ 99.7 %.

3.2. Microstructure analysis of LPBF and heat-treated samples vs.
wrought

Fig. 5 summarizes SEM micrographs comparing the microstruc-
tures of Ti-13Nb-13Zr specimen in the wrought (a-b) and in the as-
built LPBF condition (c-d). In the wrought condition (a), a two-
phase microstructure of o needles in a matrix of B grains is
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Fig. 3. Plot (a) shows the variation of track width (measured from the contour rings) and the corresponding average relative densities of the sample, as a function of laser
scanning speed for samples fabricated with an input laser power of 106 W. Plot (b) is the influence of the 3 input laser power (106 W, 116 W and 125 W) on the track widths
of samples fabricated at 1250 mm s~'. The schematic inset illustrates the 4 measurement points on the contour rings for the track width analysis.

Void % 0.06 %

Fig. 4. (a-f) show the top view of the cylindrical sample and the corresponding outer scan and the corresponding 3D reconstruction images obtained via X-ray computed
tomography (CT) for selected samples fabricated with the energy densities between 15 and 40 J/mm?>. The energy density values and the corresponding void % (from CT) are
marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observed, corresponding to the slower cooling rate during the con- the order 10® - 10° K/s [36,37,55]. As a result, fine scale laths, that
ventional process (10! - 102 K/s). Fig. 5 (d) shows a higher resolved are typical for the o martensite [16,51] in such Ti alloys are
SEM image, where fine o phase laths (<100 nm) are detectable. observed in LPBF microstructures of Ti-13Nb-13Zr (Fig. 5 (c-d)).
LPBF processing is typically known to have faster cooling rates of Coarse prior B grains (marked in Fig. 5 (c)), are oriented along
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Table 3
Summary of the LPBF parameters for samples (a) that was selected after a comprehensive process parameter analysis.
Point Exposure Laser scanning Laser Power  Vol. Energy Avg. relative density from Void density from  Track width
Sample distance Time speed (W) Density Archimedes method CT (%) (pm)
(um) (ps) (mms™) (J/mm?) (%)
(a) 50 40 1250 106 28.27 99.70 0.04 2425+ 2.05

(a) Wrought [\

(c) As-built LPBF

Fine o \
laths

Fig. 5. SEM micrographs of (a-b) wrought and (c-d) as-built LPBF microstructures of Ti-13Nb-13Zr.

the build direction. The coarser grain structure (more than 30 pum,
greater than the size of the layer thickness) and the overlapping
prior B grains, typically seen in LPBF of Ti based B alloys, are due
to the remelting phenomenon during the layer-by-layer solidifica-
tion process [59].

Exemplary SEM-EDS maps in Fig. 6, shows the elemental distri-
bution of Ti, Nb and Zr in an LPBF-produced samples, specifically
along the build direction. No preferential solute segregation of
Nb and Zr (due to the non-equilibrium solidification) in this length
scale was observed. Similar observations have been reported in
such LPBF-produced alloys [16]. The theoretical partitioning coeffi-
cients of Zr (0.86) and Nb (1.33) in Ti alloys obtained from the bin-
ary phase diagrams [60,61] clearly indicate that the B stabilizing
Nb solute enriches the dendritic cores more than the interdendritic
regions. Although the LPBF process is associated with the layer-by-
layer heating cycles and subsequent phase transformations, a
rather homogenous solute profile is observed at this length scale.

The XRD analysis, in Fig. 7, is focused on the wrought and CA
samples. The XRD peaks exhibit primary o and B phases in both
the wrought and CA samples respectively. To further evaluate the
evolution of phases and the corresponding volume fraction, due
to the various heat treatment procedures, synchrotron XRD mea-
surements (SXRD) and analyses were performed (Fig. 8) for the
as-built, and the heat-treated LPBF samples. The estimated volume
fractions as well as the estimated lattice parameters of the associ-
ated phases (for all samples), weighted profile R-factor (Ry,,) and
the goodness of fit (y2) values are listed in Supplementary 3.

The SXRD peaks for an as-built sample correspond primarily to
the o phase and relatively small intensities of B peaks are observed
(at 88°). The estimated volume fraction of the o phase for the as-

built samples are close to 99 % and with 1 % of B phase. This is a
significantly high-volume fraction of o’ martensite in comparison
to values reported for other LPBF-produced Ti-13Nb-13Zr alloy
specimen, [18,50]. The studies have shown that the microstructure
constitutes of acicular o’ martensite in a matrix of . Additionally,
the volume fraction of o’ varied in the range of 18-52 %, and that
for B between 48 and 82 % respectively, when the scanning rotation
between individual layers were modified from 0°, 45° and 90° [50].
The evolution of these phases in Ti alloys is primarily dependent on
the input laser energy density, which affects the time-temperature
profile that a single layer experiences during solidification. Studies
on LPBF-produced Ti alloys have shown that this “intrinsic heat
treatment” (IHT) affects the formation and evolution of the o’
martensitic structures within the prior B grains [53,62]. Therefore,
it is highly plausible to get a nearly complete fine acicular o’
martensitic microstructure in LPBF-produced Ti alloys, with a lean
content of B stabilizers [53,62]. The “intrinsic” heating and cooling
cycles are more pronounced in samples with higher energy inputs
[62]. However, weaker “intrinsic” heating cycles, typically in low
energy density input processing of B Ti alloys (<90 ] mm™3), almost
exclusively exhibit such fine martensitic microstructures [53,62].
In the present study, the optimized energy density input for the
as-built sample (28 ] mm>) which falls well below the regime of
a weaker IHT, leading to such a high-volume fraction of the o’
martensitic microstructure, with less driving force for the transfor-
mation of the o’ phase to B or g formed due to the decomposition of
o’ phase. The input laser energy density of 28 ] mm~2 used to fab-
ricate the current LPBF samples, is nearly 66 % lower than the input
energy samples fabricated in previous works [18,50]. This
decreased energy input leads to a weaker intrinsic heat treatment,
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Fig. 6. (a) shows the CT image of the optimized sample, showing the region of interest for the EDS measurements (with respect to the building direction (BD)) and (b) are the
SEM images and the corresponding EDS results showing the elemental distribution of Ti, Nb and Zr in LPBF-produced Ti-13Nb-13Zr sample.
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Fig. 7. XRD patterns of the wrought and CA samples of the Ti-13Nb-13Zr alloy.

hence leading to a complete martensitic microstructure with
reduced B fraction.

The peaks for the LCA sample exhibit the familiar primary o and
B phases, similar to both the wrought and CA samples respectively.
The volume fractions of o (74 %) and B (26 %) phases in the LPBF
LCA samples are similar to those in the wrought CA samples.
Hence, the phase transformation from a complete martensitic
microstructure in the LPBF fabricated samples, to an (a + B)-type
(as a result of thermal equilibrium) occurs in similar lines to the
wrought CA samples. The XRD peaks of samples subjected to the
two super-transus heat treatment cycles namely 900WQ and
900IQ, exhibit the influence of the quenching rates on the
microstructural evolution. Samples which were water quenched
from 900 °C, exhibit a “composite” microstructure of the hexagonal
o’ (41.6 %), the orthorhombic o” (40 %) phases and a subsequent
increase in the P fraction to 18.4 % relative to the as-built
microstructure. Ice quenching potentially enhances the cooling
rate relative to the room temperature water quenching process.

The effect of this quenching mode is observed to enhance the frac-
tion of the o” phase to ~ 46 %, with a slight reduction in the o’
(41.6 %) and B (16.6 %) fractions.

Similar heat treatment strategies have been employed to
wrought Ti-13Nb-13Zr, and the formation of the martensitic o’
phase was observed in all the water quenched specimens, after
the super-transus solution heat treatment [4,20]. Additionally, in
Ti-Nb type alloys, the B — o” martensitic phase transformation
can be observed when the alloy composition of Nb is between
13.1 wt% — 39.9 wt% coupled with a sufficiently fast cooling rate
until room temperature (greater than the critical cooling rate)
[63-65]. The martensite-starting temperature (M;) for Ti-13Nb-
13Zr is at 873 K and the martensite-finish temperature (Mg) is
around 758 K [66]. For the Ti-Nb system, the Nb composition at
which the M (o) equals that of the M (o”) phase, occurs at
13.1 wt% [64,67]. Hence, it is plausible to obtain a mixed
microstructure of the two martensitic phases in the quenched LPBF
alloys post heat treatment. Since, the critical cooling rate of ice
quenching is relatively higher than during water quenching
(~1500 K/s [68]), it is a reasonable inference that this could have
led to a difference in the fraction of o” of ~ 5 %. The increase in
the volume fraction of the o” martensite for the ice quenched sam-
ples is consistent with the sub-zero quenching treatment reported
for the wrought alloy [20]. The fraction of the B phase (presumably
retained) varies by ~ 2 % between the 900IQ and 900WQ. Interest-
ingly, in another study a super-transus treatment with water
quenching of the LPBF-produced alloy showed o phase precipi-
tates [51]. However, the SXRD peaks (at 900WQ and 900IQ) in
our work did not reveal any peaks for @ phase precipitates. Typi-
cally, such o precipitates are formed in high B alloyed systems
where a transition from o” to athermal ® occurs during quenching
[69].

For the sub-transus heat treatment at 660 °C, the samples were
water quenched from the o + B regime. The SXRD peaks reveal 3
phases, of the o, «” and B. The volume fraction of the B phase is
nearly 2 times more than that in the 900WQ and 900IQ samples.
However, the fraction of the o phase reduced to 15 % and the
microstructure has predominantly a high fraction of the o’ phase
(52.5 %) when compared to the 900WQ and 900IQ samples.
Quenching of the samples from the o + B phase field region,



A. Hariharan, P. Goldberg, T. Gustmann et al.

Materials & Design 217 (2022) 110618

. - . . : - : - - . - - . - - - - : -
(a) B3B3
. 3 3 N .
Q . N g =
3 g g 3 58 3 B
3 3 B 33
B S 666WQ
(e}
. [
o o v o
o o o 9001Q
‘@
c
g )OOWQ
] Vo N ™ ]
LCA
‘ A A A_M
as-built
L 1 1 L [l 1 1 1 1 [l 1 1 1 1 1 1 1 1 1
2 - 3 4 5 | 6
“~._Qvalue (A™)
(b) . ()
T T T T T Py T gy ";‘
-~ o N
g = g e
] - o ~ =4 T
—~ N s, N .
o NN 3 o 3B
s 9 g o < 3 < 3=
(=) 3 3 = 3 ; . 3 3
o 3 .~
= = & ISEN ¥:“:
. 3 = N O <
3 g SN
A\ N ‘5 N ad
o3 = 3 <: N
T & 33 3
- o
: e
2 U"cs —~ 2
7] vy [7]
c o e
[ s [
- gkt -
[ . [=
£ 3 =
3

P SRS S S S S ST ST S S S S S RS S S S S

26 2.7 238
Qvalue (A™)

2.3

5.0

. 4f5 ‘
Qvalue (A™")

Fig. 8. SXRD patterns of the as-built and heat treated LPBF Ti-13Nb-13Zr samples. (a) The full intensity range of the XRD patterns, (b) and (c) are the magnified regions of the

peaks for different samples and phases.

depending on the temperature, can result in a mixed microstruc-
ture [4,70], with a low volume fraction of the o phase [20].

Fig. 9 comprises a series of SEM images that show the effect of
heat treatment strategies on the microstructure of wrought (along
the longitudinal direction) and LPBF-produced Ti-13Nb-13Zr alloys
(along BD). Fig. 9 (a1-a2) are the wrought and CA samples respec-
tively. A typical lamellar microstructure of the dark o phase in a
bright B matrix for titanium alloys is observed here. The grain size
of the prior B grains was in the range of 200 - 1000 pm. The pri-
mary o laths are 100 nm in width. In addition, the secondary o
laths are also visible, which are around 10 nm wide and 100 nm
in length. In the CA samples, a similar lamellar type microstructure
was observed. However, the widths of the o laths are 10 times lar-
ger than that in the wrought sample. It is a reasonable assumption
that the as-received wrought alloy was processed with a higher
cooling rate compared to the relatively slow cooling conditions
during the CA heat treatment process.

Fig. 9 (b1-b4) are the SEM micrographs of the LPBF as-built and
heat-treated specimens (LCA, 900WQ, 900IQ, 660WQ). As dis-
cussed previously (Fig. 5 (c)), the as-built microstructure is com-
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posed of nano-sized o laths and precipitates. Figure (b2) is the
microstructure of the LCA samples, exhibiting a similar o + p lamel-
lar microstructure compared to that of the wrought CA samples
Fig. 9 (a2).

Micrographs in b2 and b3 are the LPBF samples subjected to a
super-transus heat treatment and water quenched to room tem-
perature. They exhibit a martensitic microstructure, that is
expected due to the higher cooling rate realized by water quench-
ing, as compared to the relatively slower air cooling in the capabil-
ity aging treatment, in a2 and b2 respectively [4]. The sub-transus
(or the o + B regime) treatment of LPBF alloys (b5) also depicts a
martensitic microstructure in a matrix of g grains.

3.3. Mechanical properties

Vickers microhardness testing was performed on the cross sec-
tion of all the samples to understand the effect of LPBF process
parameters on the microstructure and subsequent mechanical
properties. The regions for the hardness testing were carefully cho-
sen such that the indentations were at least 0.1 mm away from the
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(b5) 660WQ

Fig. 9. Shows the SEM images of the effect of different heat treatment strategies on the microstructure of (a1) wrought, (a2) CA samples. The microstructures of the as built

(b1) and the heat treated LPBF samples (b3-b4) are sequentially shown.

pores and defects in the microstructure. Fig. 10 (a) shows the vari-
ation of the Vickers hardness of all samples as a function of the
input energy density. Interestingly, a strong scatter in the hardness
values is observed and the range of the hardness varies from 240
Hv to 380 Hv. This scatter can be correlated to the inherent evolu-
tion of the residual stress within the microstructure, as a function
of the input energy density coupled with the inherent phase trans-
formations during the process that can alter the phase fractions at
room temperature. Fig. 10 (b) is a summary plot that shows the
effect of LPBF process parameters on the relative densities and
Vickers microhardness of the Ti-13Nb-13Zr alloy, respectively.
The critical region where the part density is more than 99 %, lies
at energy density values between 20 and 50 J/mm? and a Vickers
hardness value between 250 and 260 Hv. Although, samples at
the top right of Fig. 10 (b) also show relative densities more than
99 %, due to the high input energy, the surface of these samples
are oxidized. Hence, they were not considered.

With this comprehensive understanding of the microstructural
phase fractions in the wrought, as-built LPBF samples, and their
respective heat-treated counterparts (900WQ, 660WQ, and
900IQ), the mechanical responses of these microstructural states
were evaluated. The mechanical properties for the wrought and
LPBF alloys are evaluated along the build direction (BD) and longi-
tudinal axis respectively.

Fig. 11 (a) are the plots that show the engineering stress-strain
curves for all the samples subjected to uniaxial tension. Fig. 11 (b)
shows the yielding behavior for the wrought, LPBF, and heat-
treated samples in greater detail. As a result of the capability aging
treatment, the CA alloys exhibit a higher yield strength and tensile
strength compared to the wrought alloys. For the LPBF samples, the
as-built samples (along BD) showed the highest elongation of ~ 17
% when compared to all the other LPBF heat treated samples. Thus,
the ductility of the as-built sample state obtained in the present
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work is 70 % higher than those reported for LPBF Ti-13Nb-13Zr
in other studies [16,18,71]. This significant improvement in the
elongation values is due to the high sample density and reduced
detrimental defects such as lack of fusion pores and local stress
concentrators in the microstructure of the LPBF produced alloys.
Zhou et al. reported that in their study for samples in the as-
built state [16,18,71], the fraction of B phase is in the range of 18
- 52%, depending on the process parameters. Although the
microstructure of the as-built sample exhibits a higher fraction of
the B phase compared to our work, they attribute the reduction in
ductility in the LPBF produced alloy to the lack of fusion pores and
sharp defects at melt pool boundaries which acts as stress concen-
trators. Additionally, the presence of the grain boundary o’ phase
at interfaces of these p phase regions acts a nucleation point for
fracture in Ti based alloys, hence reducing the ductility [16].
However, the yield strength and the ultimate tensile strength of
the BD samples in the current work, is lower than the values
reported [16,18,71]. This is attributed to the differences in the
phase fractions observed in the microstructure, post-
solidification. Although, the LPBF-processed alloys have a finer
grain size [16], the enhanced mechanical response is once again
attributed to the mixed microstructure of the grain boundary o’
phases that decorate the B grains, which creates an enhanced resis-
tance to deformation, specifically along the build direction, thereby
increasing the yield strength [16]. However, in the current BD sam-
ples, the microstructure comprises a uniform o’ martensitic phase,
which is a softer phase when compared to a o’ + B configuration.
This could lead to a reduced tensile strength response in the BD
samples. A similar yielding behavior of a completely o’ martensitic
Ti-13Nb-13Zr was observed relative to the other dual phase
microstructures with g [19]. However, in the present work, the cur-
rent optimized LPBF parameters, resulted in a part density of 99.70
%, which is higher compared to previous works. Hence, the
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Fig. 11. The engineering stress strain curves for (a) samples subjected to tensile tests at an applied strain rate of 10 s~! (b) shows the difference in the yielding behavior for

the samples tested under tension.

microstructural state of the LPBF-produced samples is in an opti-
mized condition.

Considering only the LPBF samples, the yield strength (YS)
response can be categorized in the order, as-built < 900WQ < 660W
Q < LCA < 900IQ. However, the tensile strength (UTS) of the sam-
ples follows a similar order, with an exception that 900IQ has a
UTS value 8 % lower than LCA. With regard to the ductility, all
the heat treatment strategies resulted in a total elongation to fail-
ure (%) in the range of 9-13 %.

Figure 12 (a-c) are the plots that show the influence of phase
evolution due to the various heat treatment strategies on the
mechanical properties of wrought and LPBF-produced alloys. The
values are also summarized in Supplementary 4. Considering the
wrought samples and CA samples, the fraction of o and B vary by
5 % after the CA heat treatment. As a result, the YS and the tensile
strength of the CA samples increases by 10 % to the wrought sam-
ples. For the as-built sample, the fraction of o’ is nearly 99 % with a
small fraction of retained B. Hence, the tensile and yield strength
are at least 10 % and 25 % less than the AR and CA samples. This
can be attributed to the reduced B fraction and the formation of
an elastically softer phase such as o’. With further CA heat treat-
ment of the LPBF sample, the fraction of o + B phase increases,
leading to an increase in the tensile and yield strength, at levels
similar to the wrought and CA samples. However, the prior B grain
size of the wrought and CA samples is in the range of 20 -
1000 pm, which is more heterogenous than the LCA samples.
Therefore, the UTS and YS of LCA are at least 14 % higher. Similar
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variations in the values of the Vickers hardness for the wrought
and CA samples were observed as a result of the changes on the
phase fraction. However, the hardness of the as-built samples is
higher than wrought and CA, as a result of evolution of residual
stress in the microstructure, post solidification.

The higher Vickers hardness (greater than 500 Hv) reported in
[18] for LPBF Ti-13Nb-13Zr is attributed to the high residual stres-
ses and grain refinement. However, the higher p volume fraction in
their work also contributes to the increased hardness. The Vickers
hardness of the as-built samples in our study was evaluated at 257
Hv. The hardness of martensite is significantly lower than that of B
in such Ti based alloys [72]. The acicular martensite in the as-built
samples, is a supersaturated solid solution of o’. This contributes to
the increase in the hardness. This mechanism of the hardness
enhancement is also reported in previous studies in LPBF processed
Ti alloys [62].

For the 900 WQ samples, the tensile strength, relative to the
LCA decreases, as the phase fraction of the o and o” increases.
Although, quenching from the solution temperature can enhance
the solid solution strengthening, the presence of the softer o’ and
o’ martensite, of around 80 %, lowers the yield strength of the alloy
[73]. For the 660WQ samples, a slight increase in the yield and ten-
sile strength was observed. However, the 900IQ samples with the
highest fraction of the o” shows a further increase in the tensile
and yield strength. Importantly, the yield strength of the LPBF
heat-treated alloys is higher than that of the as-built sample. With
further heat treatment the Vickers hardness in the fast quenched
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alloys show a constant reduction, due to the enhanced formation of
martensite phases, which have a lower hardness than the g phase
[72]. Similar trends in the reduction in Vickers hardness were
observed in the conventionally produced and heat treated Ti-
13Nb-13Zr alloys [20].

Typically for martensitic microstructures the deformation pro-
ceeds under various mechanisms that are simultaneously activated
[74,75]. The formation of martensite from the high temperature
quenching process from the B phase involves differently oriented
twins that are the variants of martensite [74,75]. In particular,
the o” has 6 equivalent invariants [76,77]. Therefore, multiple
and different deformation twinning modes are activated to accom-
modate the plastic deformation [76,77]. In general, the deforma-
tion mechanism in the B phase of Ti-Nb-Zr alloys is dependent
on the stability of the B phase [78]. However, the macroscopic
stresses are accommodated by either slip, twinning or strain
induced martensitic transformation of g to o” [74]. These com-
bined deformation mechanisms enhance the ductility of the Ti-
Nb-Zr alloys. The shape memory effect and the super elasticity of
these alloys is driven by the reversible stress induced martensitic
transformation from B to o” [79]. For fully martensitic microstruc-
tures of Ti-Nb-Zr alloys, the deformation mechanism is governed
by elastic deformation of the martensite, reorientation of the
martensitic variants as a result of deformation twinning and plastic
deformation due to dislocation motion under macroscopic tensile
deformation [80-82]. The activation of the different twinning
modes is strongly dependent on the lattice parameters of the B
and o”. In addition to the twinning modes of deformation, the
deformation induced reverse martensitic transformation, i.e. from
o’— B, can also occur [78]. Therefore, such complex strain accom-
modation paths in the current microstructures, esp. in 900WQ,
660WQ and 900IQ samples, which contain varying amounts of o”
phase need to be decoupled, in order to understand the enhance-
ment of the yield strength from 900WQ to 900IQ. In-situ mechan-
ical tests have been performed using the synchrotron XRD, to
understand the microstructural texture and deformation behavior
of the three water quenched specimens of LPBF Ti-13Nb-13Zr
alloys. This will be a subject of another future study.

The elastic modulus of all the samples evaluated using ultra-
sonic testing and tensile testing have been summarized in Fig. 12
(c) as a function of the phase fraction evolution. The elastic modu-
lus values obtained from both testing methods are consistent for
all samples. Studies on the strong Nb compositional dependence
of the elastic modulus and its subsequent effect on the phase frac-
tion of o’ and the B, in quenched binary B Ti-Nb alloys reveal that
the variation in the modulus values is given by B < a” < o’ < o < ®
[27,28,32,83]. The as-built Ti-13Nb-13Zr alloy, consisting of a
nearly complete martensitic microstructure, exhibits the lowest
elastic modulus. Previous investigations have shown that the
quenched martensite (o) in Ti-Nb alloys exhibit a low Young's
modulus due to a maximum internal friction, inherent in the
microstructure, due to the presence of defects such as twins and
dislocations [84,85]. Additionally, the supersaturated (o') marten-
site exhibits an enhanced volume change which could further
lower the elastic modulus [84,85].

Therefore, a combination of a microstructure with o” + B, which
in the current scenario applies for the 900IQ samples, exhibits the
lowest Young’s modulus of 73 GPa, followed by the 900WQ sam-
ples with 78 GPa. As the oo’ phase increases in the 660WQ sam-
ples, an increase in the elastic modulus is observed. However, the
CA and LCA samples that possess the highest fraction of the o
phase exhibit the highest elastic modulus close to 93 GPa.

The mechanical properties of B Ti alloys, esp. Ti-13Nb-13Zr in
the wrought state, are designed using a combination of process
optimization techniques (PO) such as powder metallurgy, globular-
ization, swaging, rolling, caliber rolling, arc-melting [ 16-18] or heat
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treatment optimization process (HPO) that includes super-transus
or sub-transus temperatures with varying cooling rates [20], or
using alloy design approaches that involves increasing or reducing
the content of Nb and Zr, to fabricate other variants (OV) [86] of the
Ti-Nb-Zr alloys. There approaches have helped devise strategies to
provide a range of mechanical properties by tuning the microstruc-
ture. Recently, additive manufacturing of B-type Ti alloys have
shown opportunities to design new compositions with biocompat-
ible mechanical properties [32]. Fig. 13 (a-d) shows the UTS, YS and
% elongation of PO, HTO, OV, and LPBF-produced Ti-13Nb-13Zr
specimen. The mechanical properties of the wrought and LPBF
Ti-13Nb-13Zr, and heat treated samples evaluated in this work
are compared with all the above samples from literature
[16,17,20,32,50,51,86,87]. The dashed line are the upper and lower
bound of the mechanical properties reported for other composi-
tions of additively manufactured B-type Ti alloys [32].

The UTS and YS values (a-b) obtained for the wrought, LPBF-
produced and HT samples are comparable to most of the Ti-
13Nb-13Zr and Ti-Nb-Zr alloy samples processed under various
conditions. The present work clearly shows that the LPBF-
produced Ti-13Nb-13Zr specimens, processed with a most suitable
LPBF parameter set, requires further optimization, specifically to
enhance the yield strength of the alloy. The capability ageing heat
treatment of the wrought alloy samples and nearly martensitic
LPBF alloy parts provided a similar enhancement in the mechanical
properties. 3 different heat treatments were introduced to tune the
microstructure with various phase fractions of martensite (o', o)
and B phase. Hence, these heat treatment strategies to obtain a
mixed microstructure, to trigger various deformation mechanismes,
has resulted in an enhancement of the tensile and yield strength of
the LPBF-HT alloys, in the range of other B-type Ti alloys, of
wrought and LPBF fabricated alloys reported in literature. Addi-
tionally, the LPBF and HT variants have a pronounced ductility rel-
ative to most conventionally produced alloys (Fig. 13 (c)).
Importantly, as-built alloys possess a lower elastic modulus com-
pared to the heat-treated LPBF alloys (Fig. 13 (d)) and to other
PO, HTO and OV alloys. Hence, the 900WQ and 900IQ heat treat-
ment for LPBF-produced Ti-13Nb-13Zr provides a good strategy
to enhance the tensile properties of the as-built alloy, while main-
taining a good ductility and a lower Young’s modulus of ~ 73 GPa.

3.4. Corrosion behavior

In earlier studies, the corrosion behavior of conventionally (cast
and thermo-mechanically processed) fabricated Ti-13Nb-13Zr
alloys states was analyzed and the effects of phases and grain mor-
phologies on the electrochemical response was discussed [23,88].

Here, for the comparative evaluation of the corrosion properties
of both sample types, i.e. LPBF-processed and wrought states, elec-
trochemical studies were conducted in a simulated body fluid. Fur-
ther, heat-treated samples were tested in order to assess the effect
of heat-treatment related microstructure, as described in section
3.2, on the corrosion behavior.

Therefore, a Ti-13Nb-13Zr electrode sample (20 h air-aged) was
immersed in a phosphate-buffered saline (PBS) solution at 37.5 °C,
and firstly the open circuit potential (OCP) was monitored. The
plots in Supplementary 5 shows exemplarily OCP transients for
the Ti alloy sample types in the time range of 2 h. The shift of
the OCP to positive values with time for both Ti alloy sample types,
commercial and LPBF, indicates that the naturally air passivated
surfaces were continuously further passivated. This behavior is
very common for titanium-based materials and valve metals [89-
96]. Depending on the specific surface state after sample pre-
conditioning (e.g. grinding, air-aging and time after immersion
(several seconds up to a few minutes)) the initial OCP values varied
between the different samples. Specifically, heat-treated samples
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Fig. 12. (a-c) Plots showing the variation of the mechanical properties as function of the evolution of phases in the wrought, LPBF-produced and heat-treated samples of Ti-
13Nb-13Zr.
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Fig. 13. (a-d) shows the UTS, YS and % elongation and elastic modulus properties of process optimized (PO), heat-treatment optimized (HTO) of conventionally produced Ti-
13Nb-13Zr, other variants of Ti-Nb-Zr alloys (OV), LPBF-produced Ti-13Nb-13Zr. The mechanical properties of LPBF Ti-13Nb-13Zr and heat treated samples evaluated in this
work are compared with all the above samples from literature [16,17,20,32,50,51,86,87]. The dashed line is the upper and lower bound of the properties from additively
manufactured B Ti alloys (of different compositions) reported in [32]. For the elastic modulus of the alloys in this work (d), the values obtained from ultrasonic testing (UT)
and tensile test (Exp) are highlighted.

showed a decrease in OCP within the first 30 min before the curve and the formation of a mixed oxide layer [90]. The subsequent shift
slope reversed and OCP shifted in the positive direction (Supple- of the OCP potential towards positive values implies the oxide film
mentary 5). This may be indicative of the instability of the native recreation/restoration and thickening. The typical steady state end
oxide layer at early stage of the OCP measurement, associated with value, Eqcp, of slightly below —0.3 V vs. SCE after 2 h was obtained
the change of the oxidation state of the titanium oxide in the film for the wrought and LPBF-processed samples (see Table 44). For
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heat-treated samples this potential was in the range between —0.3
and —0.55 V vs. SCE.

Examples of subsequent potentiodynamic polarization mea-
surements are shown in Fig. 14, revealing the typical behavior of
Ti-based alloys with strong passivation ability. Mean values of cor-
rosion parameters, as determined from at least 5 repeated polar-
ization measurements for each sample type, are summarized in
Table 4. The electrochemical value range obtained in this corrosion
study is within the general range or in the order of magnitude of
literature values for Ti-13Nb-13Zr alloy samples [29,97-99]. In
the present study owing to all sample’s history, i.e. long-term air
aging and OCP immersion with related surface pre-passivation,
the current density level in the vicinity of the corrosion potential
E.orr Was always extremely low indicating very low surface reactiv-
ity. Typical mean corrosion current density values range between
icorr = 86 + 32nA/cm? for wrought states, icorr = 51 + 22nA/cm? for
LPBF samples and lowest iy = 30 + 29nA/cm? for additionally heat
treated (900IQ) states. For all samples, the current density
increased linearly with anodic potential scanning from the corro-
sion potential, and then remained nearly unchanged, indicative
for the passive plateau. The passive regime started at absolutely
about 0.4 V above the corrosion potential E., and the passive cur-
rent densities measured at 0.5 V vs. SCE potential were slightly
below 3 pA/cm? which indicates a high corrosion stability. Further,
only insignificant increases in the anodic current density level
were detected near and above 1.2 V vs. SCE potential, which may
be attributed to the oxygen evolution reactions. Such a behavior
is indicative of the strong barrier-type nature of the growing pas-
sive film on the valve metal-based alloy [29].

Regarding the influence of the specific microstructural state of
the differently processed Ti-13Nb-13Zr alloys, the corrosion poten-
tial Ecorr appears to be the most relevant parameter. Fig. 15 high-
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Fig. 14. Potentiodynamic polarization curves for as-cast and LPBF-processed Ti-
13Nb-13Zr alloys in PBS solution at 37.5 °C. The inset shows the magnification in
the potential range near the corrosion potential E,,. Horizontal error bars indicate
the standard deviation range around the averaged corrosion potential.
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lights the relationship between the phase composition of
wrought, LPBF built and additionally heat-treated samples as sum-
marized in Table 4, and the corrosion potentials derived from
polarization measurements shown in Fig. 14.

Noteworthy, is that the E., values of the wrought and LPBF-
processed samples have the smallest variation around the aver-
aged potential value from at least 5 measurements per sample
type. This implies an appearance of locally, more uniform electrode
surface textures and therefore, a more homogeneous microstruc-
ture of the bulk sample. In contrast, as seen by the length of the
error bars in the inset of Fig. 14 and in Fig. 15, the relatively larger
deviation around the averaged E . of the heat-treated samples
indicates locally, rather non-uniform surface textures with possi-
bly some irregularities on the microscale. Despite significantly dif-
ferent microstructural states, the fine-grained as-built LPBF state
(Figs. 6 and 10) mainly comprising o/o’ phase fractions and the
coarser grained o + B phase containing wrought state, reveal sim-
ilar corrosion potential values in the range of about —0.350 V vs.
SCE.

Additional heat treatment of LPBF samples leading to the LCA
state yields the coarsest microstructure (Fig. 9) and a o + B phase
composition which is similar to that of wrought states. The LCA
state exhibits the most negative mean E.,, Vvalue, i.e. about
160 mV more negative than that of the wrought and LPBF states.
This is typically indicative of a higher oxidation activity of the sur-
face. However, other heat treatments of LPBF samples leads to neg-
ative but less pronounced shifts of the mean E,,, values, i.e. a shift
of about 75 mV for samples annealed at 900 °C and of
about ~ 110 mV after 600 °C annealing. Besides an increase of
the B phase fraction, the heat-treatments mainly trigger the forma-
tion of significant o” phase fractions and some structural coarsen-
ing (Fig. 9).

As shown in Fig. 9, the microstructures of different samples are
distinct and thus the relative contents of oo’ and B phases. From
the analysis of the temporal OCP evolution within 2 h (Supplemen-
tary 5) and by comparing the corrosion potential E,, values of the
different samples, the microstructural features, in particular the
size distribution of the both oo’ and B phases on the surface, are
considered as the most influential factor on the corrosion resis-
tance. The sample in the LCA state showed the lowest corrosion
potential out of all samples (Fig. 14 and Table 4) indicating the
lowest corrosion resistance. The low corrosion resistance is corre-
lated to the relatively high o phase content of the o + B microstruc-
ture, since a depletion of Nb and Zr oxides over the o/o’ phase was
found to decrease the stability of the oxide film in an electrolyte
[100]. Furthermore, the difference in elemental composition
between the two phases and thus the electrochemical activity,
can cause the galvanic effect leading to an increased dissolution
of the oo’ phase at the o/B phase boundary [101]. The ultrafine
lamellar ot/ot” and B phases (as shown in Fig. 9) act as effective buf-
fer layers to reduce the galvanic effect. Additionally, their ultrafine
lamellar structures enable a pronounced formation of passive lay-
ers during the corrosion process due to their higher densities of

Table 4

Arithmetic means and standard deviations of the measured electrochemical values of the as-cast and LPBF-processed Ti-13Nb-13Zr alloys in PBS solution at 37.5 °C.
Ti-13Nb-13Zr Eocp Ecorr fcorr ip (at 0.5 V)

(V vs. SCE) (V vs. SCE) (nA/cm?) (nA/cm?)

wrought —0.347 £ 0.022 —0.355 + 0.022 86 + 32 2.93 + 031
as-built —-0.334 £ 0.017 —0.348 £ 0.016 51 +22 2.81+0.11
LCA —0.486 + 0.109 —0.509 + 0.100 36+ 14 2.88 £ 0.18
900WQ —0.399 + 0.104 —0.425 + 0.104 37+29 2.81 £ 0.09
9001Q —0.391 + 0.064 —0.425 £ 0.048 30+29 2.89+0.17
660WQ —0.442 £ 0.073 —-0.462 £ 0.077 46 £ 19 291 +0.12
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Fig. 15. Relationship between corrosion potential E, and volume fraction of the o/o’, p ando” phase for the different LPBF Ti-13Nb-13Zr samples.

nucleation sites [102,103]. The low corrosion resistance is attribu-
ted to the uneven distribution of alloying elements in various
phases resulting in the unstable passive oxide film formation
[23,26]. Thus, the formation and stability of passive oxide film
were determined by the microstructural properties and the type
of alloying elements as well as their distribution in the oxide film
layer, which further influences the corrosion behavior of the Ti
alloy surface.

In summary, the as-built LPBF sample state exhibits the most
positive corrosion potentials and thus, lowest surface reactivity
out of all LPBF-processed samples. This is probably due to its most
uniform microstructure consisting of very fine-grained o/o’ phase
fractions and (nearly) absence of the B phase. Additional heat-
treatments of those samples not only induce coarsening effects,
but lead also to more heterogeneous structural states with phase
mixtures of o’ and B phases as well as o” phase fractions. The
resulting differently pronounced negative potential shifts may be
related to a laterally less homogeneous oxide film growth with
local differences in charge transfer rates and ion mobility [23].

However, when considering also corresponding corrosion cur-
rent densities as well as anodic passive current densities (Fig. 15
and Supplementary 5), it can be stated that all LPBF states have
an excellent corrosion resistance in PBS under the given conditions.

4. Conclusions

The near B-type Ti-13Nb-13Zr alloy is processed with the laser
powder bed fusion (LPBF) additive manufacturing (AM) process
and subjected to different heat treatment strategies. A detailed
microstructure (in the as-built and heat-treated state) and
mechanical properties analysis was performed. Additionally, the
conventionally produced (wrought) Ti-13Nb-13Zr is treated and
analyzed using the same techniques to provide the necessary
boundary conditions to evaluate the LPBF-produced alloys. The
synchrotron-based XRD technique was used to determine the
phase fractions in the LPBF and heat-treated samples. Corrosion
studies were conducted on wrought and LPBF samples to analyze
their corrosion resistance.

Based on our studies, the following conclusions can be drawn:

1) The input laser power (<50 ] mm~>) and a subsequent lower
melt track width of 240 pm aids in achieving part densities
greater than 99 %. The low input energy parameter affects
the as-built microstructure such that it forms a near fully
martensitic o’ state with <1 % B.

2) The B transus of the LPBF samples was 770 °C, which
is ~ 40 °C higher than that of the wrought alloy and nearly
90 °C more than reported values for same LPBF-produced
alloy. The wrought and LPBF samples, when subjected to

capability ageing heat treatment, reveal the classical 2 phase
o + B microstructure. The super-transus (900 °C) and sub-
transus (660 °C) heat treatment strategies reveal that the
solution-treated LPBF samples have a mixed microstructure
of B, o', a” due to the fast cooling (water (WQ) and ice (IQ)
quenching). The highest volume fraction of the o” phase
(46%) exists in the 900IQ specimens. The fraction of o” phase
decreases from 900IQ > 900WQ (40 %) > 660WQ (15 %). The
fraction of B reduces from 660WQ (32 %) >900WQ (18.4
%) >900IQ (16.6 %).

3) The as-built LPBF alloys revealed a lower yield strength of
430 MPa, however had the maximum ductility of 17 %. For
the solution treated and quenched samples, the presence
of a three-phase microstructure, consisting of B, o, o”,
enhances the mechanical strength of the LPBF-produced
alloys while retaining the level of ductility between 9 and
12 %. The yield strength varies as as-built < 900WQ < 660W
Q < LCA <900IQ. The presence of higher o content in 900I1Q
and its subsequent deformation induced reverse martensitic
transformation (i.e. from o”—p) could have enhanced its
yield response. A combination of a microstructure with o”
+ B, which in the current scenario applies for the 900IQ sam-
ples, exhibits the lowest Young’s modulus of 73 GPa, fol-
lowed by the 900WQ samples with 78 GPa. Hence, the
900WQ and 900IQ heat treatment for LPBF-produced Ti-
13Nb-13Zr provides a good strategy to enhance the tensile
properties of the as-built alloy, while maintaining a good
ductility and a lower Young’s modulus.

4) The wrought and as-built LPBF samples showed the smallest
deviations of the corrosion potential after at least 5 mea-
surements, indicating the uniform distribution of the both
phases and thus uniform oxide film growth during the spon-
taneous passivation. All heat-treated LPBF samples exhibited
locally non-uniform microstructure containing different
phases resulting in large variations of the corrosion poten-
tial. Despite their lower corrosion potentials compared to
the wrought and as-built LPBF counterparts, all heat-
treated LPBF samples showed passive current densities of
about 3 pA/cm? similar to those of the wrought and as-
built states which indicates an excellent corrosion resistance
for all the investigated samples.
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