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ABSTRACT

The present study reports on additive manufacturing of a Ti-30Ta (at.%) high-temperature shape
memory alloy (HT-SMA) using electron beam powder bed fusion (PBF-EB/M) technique. Detailed
microstructure analysis was conducted to reveal the microstructural evolution along the entire
process chain, i.e. from gas-atomised powder to post-processed material. PBF-EB/M processed
structures with near full density and an isotropic, B-phase stabilised microstructure, i.e. equiaxed
B-grains of around 20 pm in diameter with no preferred crystallographic orientation, are
reported. As revealed by differential scanning calorimetry, post-process heat-treated Ti-Ta
demonstrates a reversible martensitic phase transformation well above 100°C. Although partly
unmolten Ta-particles after both gas atomisation and PBF-EB/M remain a challenge towards
robust processing, PBF-EB/M appears to show significant potential for fabrication of Ti-Ta HT-
SMAs, especially when functional metal parts and components with complex shapes are
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required, which are difficult to fabricate conventionally.

1. Introduction
1.1. Shape memory alloys

Shape memory alloys (SMAs) represent a class of smart
materials and have received significant scientific
attention over the past decades. Their unique func-
tional properties, i.e. shape memory effect (SME) and
superelasticity (SE), are based on a reversible solid-
state phase transformation between a high-tempera-
ture parent austenitic phase and a low-temperature
product martensitic phase [1,2]. Due to large reversible
transformation strains, SMAs are very attractive for
designing compact and efficient solid-state actuators
and damping devices [1,3]. To date, binary Ni-Ti
alloys are the most widely employed SMAs. As it is
highly biocompatible, this system is currently the
material of choice for biomedical applications,
such as orthodontic wires and stents. However, the
inherent application temperature limit of about 80°C
hinders its technological breakthrough in fields like
the aerospace and energy sectors or the chemical
industry, where operating temperatures often exceed
100°C [1-5].

1.2. The Ti-Ta high-temperature shape memory
alloy system

Alloy systems with phase transformation temperatures
above 100°C, referred to as high-temperature (HT-)
SMAs, have been introduced in recent years [6]. Today,
most of the HT-SMA systems with promising shape
memory characteristics comprise ternary Ni-Ti based
alloys [6-8]. Unfortunately, these alloys rely on high con-
tents of highly expensive noble metals like Pd and Pt (e.g.
30 wt.%) or are inherently brittle [6]. In this regard, Ti-Ta
alloys represent a promising alternative to overcome
these issues: this alloy system features good ductility
and workability [9,10] and only contains reasonably
prized constituents, even though it should be noted
that Ta is not a low-cost metal. Furthermore, these B-Ti
based alloys show shape memory properties at elevated
temperatures. Their functional performance is based on a
martensitic transformation between the austenitic
B-phase with body-centered cubic (bcc) lattice structure
and the martensitic a”-phase (orthorhombic). Exploitable
transformation strains of up to 3.6% can be obtained [11].
The transformation temperatures, in turn, show a strong
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dependence on the chemical composition, i.e. they
increase by roughly 25-30 K/at.% with decreasing Ta con-
centration [12,13], and can exceed 400°C when the Ta
content is reduced to 20 at.% [14].

Unfortunately, binary Ti-Ta HT-SMAs do not comply
with all demands of robust industrial application.
Previous studies indicate that this alloy system
suffers a lack of functional/microstructural stability
under thermal and thermo-mechanical cycling
[9,11,13,15-17]. This behaviour is primarily linked to
the precipitation of the hexagonal w-phase, which is
also found in similar alloys like Ti-Nb [18,19]. The for-
mation of the Ti-rich w-phase leads to the stabilisation
of the austenitic B-phase, consequently causing a loss
of the functional properties. The kinetics of the w-
phase evolution and, thus, the rate of functional degra-
dation have been reported to be strongly dependent on
the time-temperature profile during thermo-mechan-
ical loading, i.e. applied heating/cooling rates and
maximum test temperatures [15,16]. Interestingly, the
addition of ternary alloying elements such as Al and Sc
can suppress w-phase formation [13,20-25]. Likewise,
short-time recovery heat treatments to dissolve precipi-
tated w-phase particles were shown to be a promising
approach to qualify Ti-Ta based alloys for stable high-
temperature actuation responses [11,15].

1.3. Additive manufacturing of (high-
temperature) shape memory alloys

Nowadays, metal additive manufacturing (AM) technol-
ogies, especially powder bed fusion (PBF) processes and
directed energy deposition (DED), are widely adopted in
academia and industry. In contrast to traditional metallur-
gical processing routes, functional metal parts and com-
ponents of unprecedented geometrical complexity can
be fabricated by melting successive layers of a metallic
feedstock material [26,27]. In recent years, a variety of
alloys and classes of materials were qualified for these
technologies to open up new industrial markets [28,29].
In case of SMAs, the possibility for a tool-free design
allows for realisation of new and innovative actuator
designs by AM technologies. Consequently, extensive
research activities in the field of AM of SMAs are currently
ongoing and substantial progress has been already made.
The majority of work focused on Ni-Ti [30,31], but also
ternary Ni-Ti alloys such as Ni-Ti-Hf [32,33], Cu-based
[34,35], Ni-Mn-based [36,37], and Co-Ni-Ga [38,39] were
examined. In contrast, work on additively manufactured
Ti-Ta HT-SMAs bulk structures is still completely missing.
Only the synthesis of Ti-Ta shape memory surface coatings
by an electron beam based additive technology has been
reported recently [40]. In order to tackle this prevailing

gap in literature, pre-alloyed Ti-Ta HT-SMA powder was
processed for the first time by electron beam powder
bed fusion (PBF-EB/M). In comparison to laser beam
powder bed fusion (PBF-LB/M), the PBF-EB/M technique
is usually characterised by higher processing temperatures
and takes place under controlled vacuum atmosphere
[26,27]. In consequence, both the residual stresses and
impurity concentration caused by oxygen pickup are
lower compared to PBF-LB/M processing. Espcially due to
the latter, PBF-EB/M recently emerged considerable atten-
tion for processing of metals and alloys, suffering from high
oxygen affinity [41-43]. Beside the general processability,
in the present study, the microstructure and martensitic
phase transformation behaviour have been thoroughly
investigated. Hereto, the powder feedstock material as
well as PBF-EB/M processed structures in both as-built
and post-process heat-treated condition were considered,
enabling deep insights into an additively manufactured Ti-
Ta HT-SMA along the entire process chain.

2. Material and methods
2.1. Material and processing

Pre-alloyed powder feedstock material with a nominal
chemical composition of Ti-30Ta (at.%) was produced
by electrode induction melting gas atomisation (EIGA)
from pre-alloyed electrodes using purified argon gas
(4.6, Linde). In the current work, this specific compo-
sition is considered, since in a series of previous
studies the structural and functional properties of this
alloy were already investigated [11,15,17,20], allowing
for direct comparison between additively manufac-
tured and conventionally processed material at this
point. The chemical composition of the atomised
powder is given in Table 1 and was investigated by
inductively coupled plasma optical emission spec-
troscopy (ICP-OES; Analytik Jena PlasmaQuant PQ
9000/9100), carrier gas hot extraction (LECO TCH-600/
ONH-836) and/or combustion analysis (LECO CS-744).

As the as-atomised powder featured minor fractions
of coarse and/or irregular-shaped particles, the powder
material was sieved using 150 um meshes. Sub-
sequently, the powder was transferred into an air clas-
sifier for deagglomeration and removal of fine particles
<10 um to improve flowability and avoid dusting
during processing. From the remaining powder, the

Table 1. Chemical composition of the Ti-30Ta (at.%) powder
material after EIGA process.

Ti Ta C H N 0
(at.%) (at.%) (ppm)  (ppm)  (ppm)  (ppm)

Nominal 70 30 - - - -

Measured  69.9 30.1 19 13 56 1048




PBF-EB/M particle size fraction (63-105pum) was
extracted by ultrasonic sieving with 63 and 105 pm
stainless steel meshes, respectively. Particle size distri-
butions (PSDs) were determined using a Mastersizer
2000 (Malvern, Worcestershire, United Kingdom). D,
Dso, and Dgq values are found to be 58.5, 79.44, and
107.66 um, respectively.

A General Electric (GE) Additive Arcam A2X machine
was used for PBF-EB/M processing. In order to limit the
volume of required powder material, a build plate
reduction was utilised. Cuboidal blocks with dimen-
sions of 10 x 10 x 10 mm? were fabricated on a com-
mercially pure titanium (CP-Ti) build plate with 40 mm
in diameter. A bidirectional meander scanning strategy
with 90° rotation between successive layers was
applied. In each build, only a single cuboid was fabri-
cated employing beam currents and beam speeds in a
range of 10-15 mA and 2500-2700 mm/s, respectively.
For the sake of brevity, only the material processed
using the set of parameters leading to the highest
density is detailed in the present study. An overview
of these processing parameters is shown in Table 2.
The values for the acceleration voltage, beam current,
beam speed, and hatch distance lead to a resulting
volumetric energy density of 66.67 J/mm?>. Figure 1
depicts the corresponding temperature-time profile
during processing and subsequent cooling that was
measured within the build chamber using a thermo-
couple placed below the build plate. The time-tempera-
ture-transformation (TTT) diagram for the alloy
compositioninvestigated, i.e. Ti-30Ta (at.%), is included.

2.2. Sample preparation and characterisation

The PBF-EB/M manufactured cuboids were cut along the
build direction (BD) and parallel to the lateral surfaces of

Table 2. Processing parameters used for PBF-EB/M of the Ti-Ta
samples detailed in the present study.
Heating before process start

Start temperature 540°C
Preheating
Beam speed 12000 mm/s
Beam current® 5-10 mA
Focus offset 75 mA
Number of repetitions® 8+2
Melting
Acceleration voltage 60 kV
Beam speed 2700 mm/s
Beam current 15 mA
Focus offset 3mA
Hatch distance 0.1 mm
Layer thickness 0.05 mm

*The beam current was ramped up from 5 to 10 mA.

PA total of 10 electron beam passes was conducted during preheating. While
the beam current ramping was applied during the first 8 passes, the beam
current was kept constant at its maximum value for the last two passes.
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Figure 1. Temperature-time profile for PBF-EB/M processing of
the Ti-Ta alloy and subsequent cooling. The TTT diagram for Ti-
30Ta (at.%) adapted from [17] is superimposed.

the cuboids into plates of 1.5 mm thickness by electro-
discharge machining (EDM). These plates were mechani-
cally ground down to 15 um grit size to remove the
EDM-affected surface layer. The additively manufactured
Ti-Ta was studied in two different material states, i.e. as-
built and solution-annealed (25 h/1100°C). Solution-
annealing was carried out in sealed quartz glass tubes
under argon atmosphere to limit oxidation, followed
by water quenching. Heat treatment parameters were
chosen in accordance to Refs. [10,17]. Since the argon
pressure within the quartz tubes was limited to values
below 1 atm during the whole heat treatment pro-
cedure, the post-process heat treatment had no effect
on the defect population and the relative density of
the additively manufactured structures.

For scanning electron microscopy (SEM) analysis, the
plates were embedded using a cold mounting epoxy
resin and then ground down to 10 um (P2000 grit paper)
and additionally polished for 10 min using a 0.25 pm
oxide polishing suspension (OP-S, Struers). Analysis of
local chemical segregations and crystallographic texture
was carried out using a JEOL 7200F system including
units for backscatter electron (BSE) contrast (5 kV accelera-
tion voltage, 3 nA current), energy-dispersive X-ray spec-
troscopy (EDS) (15 kV acceleration voltage, 3 nA current)
and electron backscatter diffraction (EBSD) (20 kV accel-
eration voltage, 20 nA current). The plates investigated
were extracted from the centre of the PBF-EB/M processed
cuboids. Thus, micrographs presented in the following
illustrate characteristic and representative findings. In
addition to SEM, transmission electron microscopy (TEM)
was employed to characterise the w-phase. The TEM foils
were prepared using a focused ion beam (FIB) milling
and lift-out technique, performed with a FEIl Scios Dual-
beam FEGSEM at a nominal acceleration voltage of
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30 kV. Selected area electron diffraction (SAED) was con-
ducted using a JEOL 2100F FEGTEM at an acceleration
voltage of 200 kV. Surface plots were created using the
Imagel) 3D interactive plot plugin.

A GE Phoenix v-tome-xs 240 computed tomography
(CT) system with a copper filter of 0.1 mm thickness was
employed to capture process-induced defects. The CT
was operated at 110 kV and 50 W. Images were recorded
for 1 s per image during a 360° rotation using a step size
of 0.15°. The system utilises a cone-shaped X-ray beam for
maghnification control. CT scanning was conducted at
6.5 um voxel resolution with an average of three frames
and two skips. The 3D volume reconstruction necessi-
tated multiple projections of raw images that were facili-
tated by the Datos 2.2 software. Furthermore, the
porosity analysis was conducted using VG Studio 3.0.

For phase composition analysis, X-ray diffraction (XRD)
measurements were performed using a Panalytical Empyr-
ian diffractometer equipped with a copper tube, a second-
ary monochromator providing Cu-Kal radiation, and a
PIXcel3D detector. Diffraction intensities were recorded
in a 26-range of 30-100° applying a step size of 0.01°
and a measuring time of 5 s per step. Differential scanning
calorimetry (DSC) was employed to evaluate the martensi-
tic phase transformation behaviour. Specimens with
masses of about 50 mg were investigated using a Perkin
Elmer DSC Pyris 1. The heating/cooling rates were set to
20 K/min. Specimens were heated from 75°C to the
maximum test temperature (Tmayx = 225°C), held for 3 min
followed by subsequent cooling.

3. Results and discussion
3.1. Powder characterisation

Figure 2 shows secondary electron (SE) micrographs of the
pre-alloyed Ti-Ta powder in the as-atomised and sieved

%

v

o
c
c

X

condition used for PBF-EB/M processing in the present
work. As can be seen from Figure 2(a), a fully deagglomer-
ated powder material has been obtained after the EIGA
process and subsequent sieving. The particles are highly
spherical and feature smooth surfaces free of defects like
cracks. Only a few satellites on the particle surfaces (white
arrows in Figure 2(b)) can be seen. These satellite particles
are known to be formed by collisions in solid state and/or
due to adhesion in liquid state [44].

Cross-section BSE images of polished powder particles
recorded at different magnifications and an EDS mapping
are shown in Figure 3. The particles exhibit a dendrite-type
microstructure, where the inter-dendritic areas are enriched
in Ti (Figure 3(c)). These chemical inhomogeneities, i.e. the
formation of dendrite-type features, are attributed to the
inherent cooling rates during powder synthesis by EIGA
and, thus, are slightly influenced by the powder particle
size considered. The microstructure seen is in agreement
with previous results obtained for gas-atomised Al-
modified Ti-Ta [45], Ti-42Nb [46], Ti-Nb-Ta [47] as well as
powder metallurgically processed tungsten containing Ti-
Al [48] powders. Occasionally, unmelted Ta-particles with
diameters of up to 20 um are also visible, which remained
after the EIGA process (Figure 3(a)). It has to be noted that
these Ta-particles were not fully dissolved during gas atomi-
sation from pre-alloyed electrodes (s. chapter 2), and are not
enrichments by element segregations. Thus, the Ta-particles
will be termed as ‘'unmelted’ in the remainder of the text.

3.2. Microstructure of PBF-EB/M processed Ti-Ta

3.2.1. As-built condition

Following processing of the pre-alloyed Ti-Ta powder
feedstock material by PBF-EB/M, CT analysis was con-
ducted for defect characterisation. Figure 4 shows a
transparent colour-coded illustration of the defects

Figure 2. SE images of the pre-alloyed Ti-Ta powder feedstock material.
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Figure 3. SEM results of pre-alloyed Ti-Ta powder particles: (a,b) Cross-section BSE images recorded at different magnifications and (c)
EDS mapping illustrating the element distribution within the area shown in (b).

within the reconstructed 3D-volume investigated. The
volume displayed (4.4x1.7x 1.4 mm?) contains a total
number of 76 detected pores, which are homogeneously
distributed throughout the microstructure. From these
data a relative density of 99.92% has been calculated
for the PBF-EB/M processed Ti-Ta. While a maximum
pore size of 140 um can be detected, an average pore
diameter (assuming a spherical shape) of 73 pm is
found. The average pore sphericity, in turn, is deter-
mined to be 0.62 (the value 1 is representative for an
ideally spherical shape). The coincidence of a spherical
shape and small pore diameters points at gas porosity
induced by hollow powder particles. The presence of
such hollow particles is a well-known, however, a
hardly avoidable phenomenon for additively manufac-
tured metal structures fabricated based on gas-atomised
powder feedstock material [49-51]. On the contrary,
pores with larger diameters (and not being highly
spherical in shape) can be attributed to local process
instabilities like keyholing and lack of fusion, respectively

diameter [mm]

0.14 o
U. n.o
0.12 g .
s
0.10 i .
0.08 s
0.06 -
0.04 ;
- e
> TD 1.7 mm

Figure 4. Computed tomography results of PBF-EB/M processed
Ti-Ta in the as-built condition.

[49,51]. According to the average pore diameter and the
sphericity value found, keyholing is supposed to be the
dominant mechanism in the present work. Lack of fusion
porosity [49], in turn, has been avoided with the set of
processing parameters applied.

For initial microstructure characterisation after PBF-
EB/M processing, the phase composition and grain
structure were assessed using XRD analysis and SEM
including EBSD, respectively. Figure 5 shows XRD diffrac-
tion patterns obtained at room temperature from the
additively manufactured material in as-built condition
(Figure 5(a)) and after solution-annealing at 1100°C for
25 h (Figure 5(b)). For the PBF-EB/M processed Ti-Ta in
the as-built condition, the set of diffraction peaks indi-
cates the presence of a [3-phase stabilised microstruc-
ture. The lattice parameter is determined to be ag=
0.3286 nm, which is in line with data reported in litera-
ture [52,53].

Due to the relative high processing temperatures and
the inherent low cooling rates within the process
chamber after fabricating the uppermost layer, micro-
structures formed in titanium alloys during PBF-EB/M
are often characterised by phase constitutions that are
close to the equilibrium state [45,54,55]. The a/B tran-
sition temperature of Ti-Ta alloys depends on their
chemical composition, i.e. the Ti:Ta ratio. According to
the phase diagram [56], Ti-30Ta is an a+f3 dual-phase
alloy in equilibrium. However, no traces of the a-phase
are seen in the XRD pattern of the as-built condition
(Figure 5(a)). In the present study, the solidification
microstructure, i.e. the constituent phases after PBF-EB/
M processing, can be rationalised based on the TTT
diagram recently published by Paulsen et al. [17]. At
this point, it has to be amphasized that the TTT plot (a
CCT diagram is not available for the Ti-30Ta alloy in lit-
erature), only is used for schematic visualisation and
interpretation (not for quantitative analysis). Being
aware about the limitations of this approach, i.e. TTT
plots are actually used for phase analysis after isothermal
aging, Figure 1 is used to guide the discussion and the
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Figure 5. X-ray diffraction patterns of PBF-EB/M processed Ti-Ta in (a) as-built and (b) solution-annealed (25 h/1100°C) condition.

reader, respectively, on a qualitative basis. As can be
seen from the temperature-time profile of the PBF-EB/
M process and the simplified TTT plot (black curve in
Figure 1), only the B+w region is crossed upon proces-
sing and subsequent cooling. In the metastable state,
i.e. after solution-annealing and rapid cooling to room
temperature, w-phase formation is suppressed and Ti-
Ta alloys (7-36 at.% Ta) can show a diffusionless phase
transformation from the high-temperature B-phase to
the orthorhombic martensitic a’-phase [13,56-58].
When subjected to critical temperature regimes (cf.
TTT plot in Figure 1), however, the evolution of the iso-
thermal w-phase and the concomitant stabilisation of
the high-temperature B-phase occur (cf. details dis-
cussed in Section 3.3) [13,17,21]. The dashed grey line

in Figure 1 borders the region where the orthorhombic
a’ martensite can be found. Despite the B-stabilizing
effect of the w-phase, material states located on the
left side of this line still show a martensitic transform-
ation (to some extent). On the right side, in turn, a” mar-
tensite is fully suppressed by the w-phase formation [17],
leading to fully B-stabilised conditions as found in the as-
built condition (Figure 5(a)). Unfortunately, even relative
high volume fractions of w result in weak diffraction
intensities in XRD pattern (cf. Figure 5(a) and Ref. [17]).

The grain morphology and crystallographic orien-
tation of the B-phase are highlighted by the image
quality (IQ) map (a), the inverse pole figure (IPF) orien-
tation map (b), and the corresponding IPF recalculated
from EBSD data (c) shown in Figure 6. The 3-phase was



indexed with a bcc crystal structure (Im3m) and the
lattice parameter obtained from the XRD diffraction
pattern in Figure 5(a), i.e. ag=0.3286 nm. In general,
microstructures formed during AM processes, such as
PBF technologies and DED, are often dominated by
strongly textured columnar grains oriented in BD, the
main direction of heat flow [26,27]. For the materials
most commonly fabricated by the PBF-EB/M technique,
e.g. Ti-6Al-4 V and IN718, such highly anisotropic micro-
structures have been numerously reported in the past
[59,60]. Solidification states in additively manufactured
metallic materials are strongly affected by the relation
between the temperature gradient (G) and the solidifica-
tion rate (R) [61,62]. The high thermal gradient at the
solid-liquid interface of the melt pool generally results
in high G/R ratios, promoting epitaxial grain growth
and eventually columnar grain structures with strong
texture.

Unlike typical microstructures, the EBSD results in
Figure 6 reveal mainly small equiaxed B-grains with
almost random texture for the PBF-EB/M processed Ti-
Ta. The average grain size is found to be 19.5 um.
Minor variations of the grain size within the microstruc-
ture are visible. However, the underlying mechanism for
these variations cannot be clarified at this point. The
equiaxed microstructure is formed due to the high com-
positional solidification rate of the Ti-Ta alloy, which is
driven by formation of Ta-rich solid phase upon solidifi-
cation, leading to an increase in number of nucleation
sites [63,64]. Several recent studies used PBF-LB/M and
mixtures of elemental powders to successfully produce
various Ti-Ta biomedical alloys [65-70]. Please note
that only biomedical Ti-Ta alloys were focused in these
studies that do not feature shape memory properties.
In accordance with the results presented here, equiaxed
B-phase microstructures were also observed. Consti-
tutional supercooling seems to be the dominating

VIRTUAL AND PHYSICAL PROTOTYPING . 7

mechanism and act as the main driving force for the for-
mation of an equiaxed microstructure in additively man-
ufactured Ti-Ta alloys. Still, small regions of elongated
grains with preferred (001) crystallographic orientation
(cf. increased texture component in Figure 6(b)) are
present throughout the microstructure (Figure 6(a)).

SEM analysis on the PBF-EB/M processed Ti-Ta at
higher magnification reveals additional microstructural
characteristics. Figure 7 shows BSE micrographs (a-c)
and an EDS line scan (d) for the additively manufactured
Ti-Ta in as-built condition. Three microstructural features
are obvious from the micrographs: (1) overlapping melt
pool structures of the individual scan tracks, (2) dendrite-
type microsegregations, and (3) unmelted Ta-particles.
The characteristic melt pool arrangement (Figure 7(a))
results from the bidirectional meander scanning strategy
with 90° rotation between successive layers that was
applied. Within the melt pools, in turn, dendritic features
of different sizes and lengths can be seen in Figure 7(a-
). Both melt pool boundaries as well as dendrites have
been reported for biomedical Ti-Ta alloys after proces-
sing of mixtures of elemental powders by PBF-LB/M
technique [69,71]. During solidification of the Ti-Ta
alloy, equilibrium state is difficult to be achieved by
diffusion due to the highly different physical properties
of the constituent elements. In consequence, the con-
centration of Ta is enriched in the solid phase fractions
at the liquid-solid interface, while at the same time Ti
is rejected into the liquid phase. Under such solidifica-
tion conditions, dendrites are formed caused by compo-
sitional gradients of the solute elements ahead of the
solidification front [69,71]. This leads to chemical fluctu-
ations after PBF-EB/M as revealed by the EDS line scan in
Figure 7(d). In addition to these microsegregations, the
microstructure of the PBF-EB/M processed Ti-Ta com-
prised of randomly dispersed unmelted Ta-particles
(Figure 7(a—c), exemplarily highlighted by the white

Figure 6. SEM EBSD results of PBF-EB/M processed Ti-Ta in the as-built condition: (a) Image quality (IQ) map, (b) inverse pole figure
(IPF) orientation map, and (c) corresponding IPF. (b) and (c) highlight the crystallographic orientation of the parent B-phase with
respect to BD. The reference coordinate system and the colour-coded standard triangle are shown in the lower right.
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Figure 7. SEM results of PBF-EB/M processed Ti-Ta in as-built condition: (a-c) BSE images at different magnifications and (d) EDS line
scan. The white circle in (b) exemplarily highlights unmelted Ta-particles found after processing. The position of the EDS line scan is

marked by the white line in (c). BD is from bottom to top.

circle in (b). Elemental refractory particles have been
recently shown to act as potent heterogeneous nuclea-
tion sites, promoting the columnar to equiaxed tran-
sition (CET) in titanium alloys [72]. Thus, it is expected
that in addition to nucleation from constitutional super-
cooling, the unmelted Ta-particles additionally contrib-
ute to nucleation and development of the equiaxed
microstructure in the as-built condition.

The remaining Ta-particles after PBF-EB/M stem from
the initial powder feedstock material (Figure 3). The
energy density applied during processing was
sufficiently high to melt the pre-alloyed powder
matrix, but too low to melt the Ta-particles within the
powder material entirely. Unmelted refractory particles
are frequently observed in additive manufacturing of
elemental powder blends, especially when the energy
input was too low [68-71,73,74]. So far, such in situ alloy-
ing approaches were the state-of-the-art for processing
of refractory titanium alloys, such as Ti-Nb and Ti-Ta
(please note that only biomedical Ti-Ta alloys were con-
sidered in these studies that do not feature shape

memory properties) [65-67,69,73,74], since pre-alloyed
powder feedstock material was not available for a long
time. However, due to the challenging alloy formation
caused by the substantial differences in the melting
points and densities of the alloying elements [10,75],
these in situ alloying approaches suffered from material
inhomogeneities after fabrication, i.e. the presence of
unmolten Nb- and Ta-particles. While an increase of
the energy input to fully melt the inhomogeneous
powders caused substantial keyholing [69,73], some
success was reported for remelting scanning strategies,
i.e. repeated melting of the uppermost layer during
additive manufacturing [65-67]. However, this approach
decreases the productivity of the AM process and limits
its applicability in manufacturing structures consisting of
fine features. In contrast, pre-alloyed feedstock material
can lead to excellent chemical homogeneity of Ti-based
refractory alloys, as recently shown for Ti-Nb(-Ta) [46,47]
and Ti-Ta-Al [45]. At this point, it should be emphasised
that the fabrication of high quality powder feedstock
material of Ti-based refractory alloys is highly



challenging, especially when the contents of the refrac-
tory constituents are high, as in the current study. Work
on the powder processing route used (cf. Section 2.1) is
already in progress to avoid (partly) unmelted Ta-par-
ticles after gas atomisation and, thus, to further
improve the powder quality and resulting microstruc-
ture of the additively manufactured components.

3.2.2. Solution-annealing

In the field of shape memory technology, (post-process)
thermo-mechanical treatments are effective approaches
to establish microstructures that do not suffer from
issues typically associated with solidification (uncon-
trolled precipitation, segregation of alloying elements,
columnar grain formation, and/or solidification textures)
[4,10,30]. In the present study, the metastable 8 micro-
structure of the as-built condition (cf. Figure 5(a)) is not
adequate to demonstrate a martensitic transformation
at elevated temperatures. In other words, the martensitic
a’-phase (orthorhombic) must be present at room temp-
erature, which can transform into the austenitic B-phase
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upon heating, leading to high-temperature shape
memory properties. Furthermore, as the phase trans-
formation temperatures of Ti-Ta HT-SMAs are very sensi-
tive to the Ta content [12,13], microstructures with
chemical heterogeneities, such as the dendrites (Figure
7), were reported to affect the functional properties
[10]. Hence, a homogenisation and solution-annealing
treatment at 1100°C for 25 h followed by water quench-
ing was conducted after PBF-EB/M processing.

Figure 8 depicts BSE images recorded at different
magnifications (a-c) and an EDS line scan (d) for the
PBF-EB/M processed Ti-Ta in heat-treated condition. As
can be deduced from the XRD pattern and the SEM
results in Figures 4 and 7, respectively, the microstruc-
ture of the additively manufactured Ti-Ta has signifi-
cantly changed upon post-process heat treatment. On
the one hand, an equiaxed coarse-grained microstruc-
ture is observed for the heat-treated material state
(Figure 8(a)). Using the line intercept method, the
average grain size is determined to be about 70.4 um,
which is larger by a factor of 3.6 than that found in the

retained

z
’

—7 " B-phase_~

d) 80
70 NMMMWWMMW
60
50
40
30 WAV IMANAAA AR A AR VA
20 Ta

10

content, at.-%

0 2 4 6 8 10 12
distance, pm

Figure 8. SEM results of PBF-EB/M processed Ti-Ta in solution-annealed condition: (a-c) BSE images at different magnifications and (d)
EDS line scan. The white circles in (a) and (b) highlight remaining, not fully dissolved Ta-particles and diffusion areas with localised
retained B-phase volume fractions after the thermal treatment, respectively. The position of the EDS line scan is marked by the white

line in (c). BD is from bottom to top.
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as-built condition (Figure 6). In titanium and its alloys,
annealing treatments conducted in the single B-phase
regime, i.e. above the f-transus temperature, are
known to result in rapid coarsening of the [-grains
[76]. On the other hand, the phase constitution
changed from f to a predominantly martensitic micro-
structure after annealing and subsequent quenching
(Figure 5(a,b)).

As already mentioned above, solution-annealed Ti-
Ta alloys (7-36 at.% Ta) are free of w-phase and
undergo a martensitic transformation of type S (bcc)
— a” (orthorhombic) upon quenching to room temp-
erature [13,56-58]. In line with these observations,
the XRD pattern in Figure 5(b) reveals a mainly marten-
sitic microstructure consisting of the a”’-phase for the
PBF-EB/M processed Ti-30Ta in heat-treated and
quenched condition. The lattice parameters are a, =
0.3083 nm, b, =0.4948 nm, and ¢, =0.4587 nm. In
addition to the non-equilibrium a’-phase, however,
tiny visible shoulders on specific diffraction peaks (cf.
20 angles at around 56°, 70° and 96° in Figure 5(b))
clearly hint at the presence of a secondary phase.
The SEM/BSE results in Figure 8(a,b) indicate that a
small amount of Ta-particles was present in the addi-
tively manufactured Ti-Ta material even after the hom-
ogenisation treatment. Instead of a complete
dissolution, characteristic diffusion areas formed
around the remaining Ta-particles, which are enriched
in Ta (as revealed by EDS analysis, not shown for
brevity). For Ti-Ta alloys, fully stabilised B-phase micro-
structures at room temperature were reported for Ta
concentrations above 40 at.% [13]. Consequently, the
volume fractions of the retained p-phase (cf. shoulders
found on specific diffraction peaks in Figure 5(b)) can
be attributed to the increased concentration of Ta
within the diffusion areas surrounding the unmelted
Ta-particles and its B-stabilizing effect. The SEM/BSE
micrograph in Figure 8(b) gives clear evidence for the
significantly lower density of martensite plates (a’-
phase) in these areas or, vice versa, the stabilisation
of the high-temperature p-phase.

Even though the unmelted Ta-particles were not fully
dissolved by the homogenisation treatment, the overall
chemical homogeneity of the processed structures has
been significantly improved upon the post-process
thermal treatment. As can be seen from the EDS line
scan in Figure 8(d), the chemical fluctuations that are
seen in the microstructure of the as-built condition (cf.
EDS line scan in Figure 7(d)) completely vanished after
the heat treatment at 1100°C for 25 h. Zhang et al. [10]
already reported dissolution of dendrites and, thus, sig-
nificantly improved chemical homogeneity in conven-
tionally processed Ti-Ta HT-SMAs upon solution-

annealing treatments at 1100°C. In summary, the micro-
structural analysis in the present work (Figures 4(b) and
6) reveals a predominantly martensitic microstructure
with homogenous element distribution for the PBF-EB/
M processed Ti-Ta in post-process heat-treated con-
dition. The BSE contrast that is still visible in Figure 8(c)
only results from the orientation contrast caused by
the different martensite plates. However, the specific
crystallographic orientation of the individual martensite
plates cannot be assessed at this point. An EBSD
measurement obtained for the martensitic structures is
shown in the supplementary material, clearly revealing
issues with indexing.

Such kind of martensitic microstructure presented
after homogenisation treatment offers high potential
for superior functional properties at elevated tempera-
tures as will be outlined in the following. Beforehand,
the authors finally note that achieving shape memory
behaviour in additively manufactured (HT-)SMA struc-
tures without the need for any kind of post-process
heat treatment is strongly anticipated. Such post-proces-
sing reduces the productivity of an AM technique and
counteracts a fast and inexpensive fabrication of func-
tional components for many envisioned applications.
In general, a strong interrelationship between proces-
sing parameters applied, resulting microstructure and
functional properties of additively manufactured (SMA)
structures is known from the literature [77-80]. For
PBF-LB/M processed Ni-Ti SMAs, for instance, Moghad-
dam et al. [80] introduced a methodology to obtain a
reversible martensitic phase transformation in as-built
structures by an adequate choice of the processing par-
ameters. The success of such effective approach to
replace the post-process annealing with an in situ pro-
cessing parameter setting in the Ti-Ta system,
however, is seen as doubtful. As can be deduced from
TTT-plot in Figure 1 and the temperature-time profile
during PBF-EB/M processing, the precipitation kinetics
of secondary phases, especially the w-phase, are decisive
for the resulting microstructure. Due to an improved
microstructural stability, in future studies, ternary Al -
and Sc-modified Ti-Ta compositions are seen to be
very promising to obtain a martensitic microstructure
after processing and, thus, functional properties in
PBF-EB/M processed as-built conditions [21].

3.3. Martensitic phase transformation behaviour

In order to investigate the characteristic transformation
temperatures and to assess the martensitic transform-
ation behaviour upon thermal cycling, DSC measure-
ments were conducted following the heat treatment at
1100°C for 25 h. Figure 9 shows two consecutive DSC
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Figure 9. DSC curves of PBF-EB/M processed Ti-Ta in solution-annealed condition. The characteristic peak temperatures for the trans-
formation into austenite (Ap) and martensite (M) upon heating and cooling are marked, respectively.

cycles for PBF-EB/M processed Ti-Ta in heat-treated con-
dition, where strong transformation events can be
observed. While the exothermic peaks on cooling are
associated with the formation of martensite (8 — a”),
the endothermic reactions upon heating indicate the
reverse transformation (a” — B). The additively manufac-
tured Ti-Ta clearly demonstrates a reversible martensitic
phase transformation at temperatures well above 100°C.
Peak transformation temperatures of 195°C (A,) and
121°C (M,) are found for the first heating and sub-
sequent cooling, respectively.

However, it is also obvious from the DSC data that
the phase transformation behaviour is not stable and
changes during thermal cycling. Two trends can be
identified: (1) the transformation temperatures shift to
lower values (cf. evolution A, and M, peak tempera-
tures in Figure 9), and (2) the latent heat decreases,
which can be derived from the area below the trans-
formation peaks. The decrease in latent heat from the
first to the second DSC cycle points at a smaller
volume fraction of the material that undergoes
forward and reverse martensitic transformations
during thermal cycling. This indicates that the reversibil-
ity of the martensitic phase transformation is significantly
affected by the evolution of microstructural features
during heating and cooling. Both effects, i.e. the shift of
the transformation temperatures and a reduction in the
transforming volume, were reported in a series of
studies for conventionally processed Ti-Ta HT-SMAs after
thermal aging as well as under thermal and thermo-
mechanical cycling conditions [11,13,15-17,20,21,25].
The formation of w-phase was ascribed as the primary
underlying microstructural mechanism for the functional
degradation (cf. discussion below).

In order to prove the presence of the w-phase upon
thermal cycling in the present study, the microstructure
has been investigated by TEM. Figure 10 shows the post-
mortem TEM results for the PBF-EB/M processed Ti-Ta.
The selected area electron diffraction (SAED) pattern
taken from the [OT1]B zone axis (Figure 10(a)) reveals
weak and diffuse streaking between main [-phase
reflections. For more clarity, a 3D surface plot is pre-
sented in Figure 10(b), which illustrates the minor inten-
sity peaks at 1/3 and 2/3 (112)g. It is well-known that
these peaks correspond to the hexagonal w-phase
(marked by red arrows). The highly diffuse character of
these extra spots indicates an initial stage of w-phase
formation (often referred to as incommensurate w-
phase [81]), which is fully in line with the DSC results
(Figure 9) as detailed in the following.

In metastable B-type Ti-based alloys, such as Ti-Nb, Ti-
Mo, and Ti-Ta, the (isothermal) w-phase can form when
these alloys are subjected to heat treatments above
100°C [82]. Due to its utmost importance for the stability
of the functional properties, the kinetics of the w-phase
formation were recently assessed for the Ti-Ta system
based on a TTT diagram (cf. Figure 1) [17]. In the
present study, the w-phase is considered to precipitate
during thermal cycling. Its formation is accompanied
by the enrichment of the f-stabilizing element Ta
within the B-phase matrix, as w was found to be rich in
Ti [17]. On the one hand, this causes the observed shift
of the martensitic transformation temperatures, since
the transformation behaviour of Ti-Ta HT-SMAs is
strongly dependent on the concentration of Ta [12,13].
On the other hand, the parent (3-phase is stabilised sim-
ultaneously, resulting in a suppression of the martensitic
transformation [10,17,21], as indicated by the decrease
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Figure 10. TEM results of PBF-EB/M processed Ti-Ta in solution-annealed condition after being subjected to the DSC tests shown in
Figure 9: (a) SAED pattern taken from [OT1]B zone axis, (b) 3D surface plot of the rectangular region marked in (a), and (c) indexed key
diagram of the diffraction pattern in (a), revealing an overlapping of selected 8 and a” reflections. See main text for details.

in latent heat (cf. Figure 9). It was reported that w-phase
formation can result even in a complete loss of the func-
tional properties [11,15-17,20]. Following the two DSC
cycles conducted, however, the PBF-EB/M processed
Ti-Ta is not fully degraded. Upon the second cooling
(lower cycle in Figure 9), the phase transformation
from the high-temperature B-phase into the low-temp-
erature martensitic phase is not fully suppressed,
showing a visible transformation peak. In accordance
with this result, the post-mortem TEM analysis reveals
additional peaks at 1/2 (112), determined to correspond
to the orthorhombic martensite a”. Thus, a multi-phase
microstructure consisting of a B+a” dual-phase matrix
and isothermally formed w-phase (Figure 10) is found
after DSC testing. The latter phase, in turn, is supposed
to be in its initial precipitation stages (cf. low intensity
diffraction spots in Figure 10), still allowing functional
properties in the Ti-Ta material.

It is well documented that the microstructural and
functional stability of Ti-Ta HT-SMAs under thermal
and thermo-mechanical cycling strongly depend on
the testing conditions, such as the applied heating/
cooling rates and maximum test temperatures
[10,15,16]. In the present study, the transformation
temperatures upon first heating (upper cycle in Figure
9), i.e. austenite start (A;=165°C), peak (A,=195°C),
and finish temperature (Af=214°C), are in good agree-
ment with those of conventionally processed Ti-30Ta
HT-SMAs [10,17]. In contrast, the transformation temp-
eratures during subsequent cooling clearly differ from
data being available in literature [10,17]. Upon sub-
sequent cooling, the DSC chart reveals a flattened trans-
formation peak and, thus, only the martensite peak
temperature (M) has been determined. A peak temp-
erature of M,=121°C in the first cycle is significantly
lower compared to values reported in previous studies
reporting on conventionally processed counterparts
[10,17,21]. Both the flattened transformation peak and

the decrease in transformation temperatures indicate
that the transformation behaviour of the PBF-EB/M pro-
cessed Ti-Ta is affected by w-phase formation in the
initial DSC cycle. In general, its evolution is known to
be relatively fast, as w can be immediately seen after
aging for a short time (cf. Figure 1) [17]. However,
despite the same heating/cooling rate of 20 K/min and
even a lower maximum test temperature applied, for-
mation of isothermal w-phase appears to be even more
rapid in the additively manufactured material than in con-
ventionally processed Ti-Ta alloys [10,17,21]. Future
efforts are required to verify whether the precipitation
kinetics are different. Likewise, the influence of the
unmelted and not fully dissolved Ta-particles cannot be
fully clarified at this point and requires ongoing work.
Beside the well-known effect of Ta on the transformation
temperatures [12,13], remaining particles may also act as
strong obstacles during martensitic transformation, even-
tually affecting the shape (width) of the DSC peaks or
even the reversibility of the phase transformation.

4. Conclusions

In the present study, a Ti-30Ta (at.%) high-temperature
shape memory alloy (HT-SMA) was successfully processed
by electron beam powder bed fusion (PBF-EB/M) using
pre-alloyed powder. The microstructure of the powder
feedstock material and additively manufactured Ti-Ta
structures in both as-built and post-process heat-treated
condition have been investigated in depth. Furthermore,
the martensitic transformation behaviour and its evol-
ution upon thermal cycling have been assessed. The
main findings can be summarised as follows:

e Pre-alloyed feedstock material with highly spherical
powder particles has been obtained by electrode
induction melting inert gas atomisation (EIGA).
Except for a few remaining Ta-particles being not



fully dissolved during EIGA processing, the powder
particles feature only slight chemical inhomogene-
ities, i.e. dendrite-type microsegregations with Ta-
rich dendrites embedded in a Ti-rich matrix.

« Additively manufactured bulk structures with a density of
99.92% have been obtained by PBF-EB/M technique. A
near isotropic, B-phase (bcc) stabilised microstructure
with mainly equiaxed grains and almost random
texture is observed in the as-built condition.

o After a post-process thermal treatment at 1100°C for
25 h followed by water quenching, a predominantly
martensitic microstructure, consisting of the non-
equilibrium orthorhombic a”’-phase, is present.
Minor volume fractions of retained B-phase are also
found and can be attributed to their stabilisation
within the diffusion areas surrounding the partially
melted Ta-particles, where the concentration of the
B-stabilizing element Ta is significantly increased.

e Post-process heat-treated Ti-Ta shows a reversible
martensitic transformation well above 100°C. In turn,
the transformation temperatures and the reversibility
of the phase transformation upon thermal cycling are
strongly affected by the formation of the w-phase.
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