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Abstract Shape memory alloys (SMAs), such as Ni—Ti,
are promising candidates for actuation and damping
applications. Although processing of Ni—Ti bulk materials
is challenging, well-established processing routes (i.e.
casting, forging, wire drawing, laser cutting) enabled
application in several niche applications, e.g. in the medi-
cal sector. Additive manufacturing, also referred to as 4D-
printing in this case, is known to be highly interesting for
the fabrication of SMAs in order to produce near-net-
shaped actuators and dampers. The present study investi-
gated the impact of electron beam powder bed fusion
(PBF-EB/M) on the functional properties of C-rich Nisgg.
Tigo, alloy. The results revealed a significant loss of Ni
during PBF-EB/M processing. Process microstructure
property relationships are discussed in view of the applied
master alloy and powder processing route, i.e. vacuum
induction-melting inert gas atomization (VIGA). Relatively
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high amounts of TiC, being already present in the master
alloy and powder feedstock, are finely dispersed in the
matrix upon PBF-EB/M. This leads to a local change in the
chemical composition (depletion of Ti) and a pronounced
shift of the transformation temperatures. Despite the high
TiC content, superelastic testing revealed a good shape
recovery and, thus, a negligible degradation in both, the as-
built and the heat-treated state.

Keywords Shape memory alloy - Additive
manufacturing - Superelasticity - Microstructure

Introduction

Shape memory alloys (SMAs) gained significant interest
owing to their unique properties, e.g. shape memory effect
(SME) and superelasticity (SE), which are based on a
reversible phase transformation between a high-temperature
austenitic and a low-temperature martensitic phase [1, 2].
Within the last decades, especially Ni-Ti SMAs (mainly
binary alloys) received a lot of attention due to significant
progresses in the fields of aerospace and the biomedical
sector [3]. First and foremost, applications such as bone
plates, screws for biomedical as well as stents for vasodila-
tion applications, and medical equipment are known to
represent Ni—Ti success stories in recent decades [4, 5].
Conventionally, the thermomechanical fabrication of
Ni—Ti SMAs comprises melting of raw materials/elements
(alloying), complex thermomechanical processing to form
wires, plates or tubes and, finally, specific heat treatment
and training for shape setting purposes and also adjusting
the final transformation temperatures (TTs) [6]. One of
the main issues in this regard is to control the chemical
composition during the complete fabrication process.
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Besides controlling the Ni-content, carbon and oxygen
pickups are well-known to heavily (element depletion due
to secondary phase formation) affect the TTs in Ni-Ti
SMAs [6, 7].

In recent years, additive manufacturing (AM) tech-
niques, such as laser beam powder bed fusion of metals
(PBF-LB/M) and electron beam powder bed fusion of
metals (PBF-EB/M), came into focus of research, since
solid metallic components can be directly fabricated from a
computer-aided design (CAD) file by melting successive
layers of a metallic powder feedstock [8-17]. AM tech-
niques are also referred to as 3D-printing processes. In case
a material is 3D-printed that is able to change its shape
after printing, this being the case in SMAs, the term 4D-
printing is used in literature and the public. Numerous
studies were conducted in order to process Ni—Ti-based
SMAs using PBF-LB/M [10, 11, 13, 17, 18]. Besides a
substantial loss of Ni during processing stemming from the
high local energy input, the impurity level of the initial
feedstock material is already increased compared to the
master alloy (conventional cast material/ingots) due to the
processing and use of relative fine powder fractions (par-
ticle sizes below 150 pm), which have to be employed in
powder-based AM. Hence, the TTs as well as the func-
tional properties of additively manufactured Ni-Ti struc-
tures under both monotonic and cyclic loading are
significantly affected and altered [19].

The necessity of Ni—-Ti powder fabrication for AM pro-
cesses like PBF-LB/M or PBF-EB/M will always cause a
higher impurity level within this fabrication route [11, 20].
Powder atomization processes can mainly be divided into
electrode induction melting gas atomization (EIGA), vac-
uum induction melting gas atomization (VIGA), plasma
melting inert gas atomization (PIGA) as well as plasma
rotating electrode processing atomization (PREP). Whereas
the EIGA process uses induction coils to melt the pre-alloyed
bulk material (crucible-free), the VIGA process relies
mainly on graphite crucibles (or Al,O3) while the PIGA
process utilizes a copper mold. All these details can affect
the impurity level of the melt and, eventually, the manu-
factured powder (e.g. carbon or oxygen pickup) [11]. In
addition to powder fabrication, many studies on additively
manufactured Ni-Ti revealed that the appropriate choice of
adequate process parameters (such as laser power, hatching
distance, scanning speed and layer thickness) is crucial in
order to adjust the microstructure for desired functional
properties and to avoid a too pronounced Ni depletion during
processing [11]. Most results shown in literature report on
the evolution of microstructure of additively manufactured
Ni—Ti or discuss the evolution of the TTs as a function of the
process parameters as well as chemistry via differential
scanning calorimetry (DSC). Furthermore, in many studies
the functional properties of PBF-LB/M manufactured Ni—Ti

samples, e.g. shape recovery in actuation and SE experi-
ments have been investigated [10, 11, 13, 21-27]. It is
noteworthy that the level of porosity (i.e. gas entrapments,
lack of fusion defects and keyhole pores [28]) as well as
stress-induced cracking, which often occurs concomitantly
to the aforementioned aspects, must be carefully assessed
during process optimization. The number of such defects
needs to be decreased or fully avoided, respectively. In case
many residual defects are present, more pronounced irre-
versibility and an inferior cyclic stability at higher strain
amplitudes have to be expected for PBF-LB/M samples
compared to conventional counterparts. Due to the fact that
processing windows for obtaining dense PBF-LB/M parts
remain small, a widespread commercial application of PBF-
LB/M manufactured Ni-Ti has not been reported so far
[11, 29, 30].

Only recently, PBF-EB/M was used in preliminary stud-
ies to process alloyed [14, 15], pre-mixed Ni-Ti powders
[14, 15] and also pre-mixed powders [31] as well as wires
[16]. Besides processing under vacuum atmosphere, one of
the major advantages of PBF-EB/M (in contrast to PBF-LB/
M) is the high process temperature usually applied. As a
consequence, residual stresses (or cracking) can be avoided
and impurity pickup during processing (mainly oxygen) kept
at a minimum [12]. Zhou et al. [15] showed that the nickel
and oxygen content is affected during PBF-EB/M process-
ing. Following PBF-EB/M, the Ni-content decreased from
51.2 to 50.6 at.%, while the oxygen level increased by about
0.014 wt.% [15], which is rather weak in contrast to PBF-
LB/M structures [21]. However, while Wang et al. [31]
showed that the processing window in the PBF-EB/M pro-
cess using pre-mixed powders is very narrow, limiting robust
processing of dense parts, mechanical testing (additionally
covered by DSC analysis) revealed functional (cyclic)
properties even under tensile stress as well as high reversible
strains (up to 10% in compression) in another study [15].
This clearly pinpoints the high potential of PBF-EB/M for
AM of Ni-Ti SMAs. Furthermore, the microstructure was
found to be different compared to well-known PBF-LB/M
manufactured Ni-Ti SMAs [11, 15]. Recent studies
demonstrate that upon PBF-EB/M of Ni-Ti strongly tex-
tured microstructures appear, which can be rationalized by
epitaxial solidification [15, 16].

In order to address the impact of a carbon modified Ni-Ti
master alloy on the functional properties of PBF-EB/M
processed material, the present study focuses on PBF-EB/M
processing of a Ni-rich Ni-Ti SMA (NisgoTi49 1) featuring
an increased carbon content (pronounced TiC formation),
which originates from the as-cast material that has been
processed to powder via the VIGA technique (high pro-
ductivity and powder yield, respectively). Chemical and
microstructural analysis were conducted in order to address
the impact and evolution of impurities along the process
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chain (as cast, powder, PBF-EB/M material) as well as the
chemical composition on the functional material properties.

Experimental Details

NisgoTig; ingots with an increased carbon content of
around 0.1 wt.% were provided in polycrystalline as-cast
condition. The as-cast material was manufactured as a test
batch by Ingpuls GmbH (Bochum, Germany) with a final
composition of 50.94 at.% Ni (further element contents are
listed as an inset in Fig. 1). The powder material with
particle sizes ranging from 50 to 150 pum (d;o = 37 pm,
dso =51 um, dop =71 pm) was obtained via VIGA to
exploit the higher output of finer particles and, thus,
increased efficiency in contrast to EIGA and additional
sieving (Nanoval GmbH & Co. KG, Berlin, Germany). The
powder was kept under argon atmosphere until PBF-EB/M
processing, which was conducted using an Arcam A2X
machine (Arcam, Sweden). The build envelope was
adjusted to 50 mm x 50 mm for reducing the overall
powder consumption. X5CrNil8-10 steel was used for the
build plate and samples were built without supports. The
layer thickness was kept constant at 50 pm. Cuboids with a
size of 10 mm x 10 mm x 10 mm were manufactured
(beam current of 16 mA, acceleration voltage of 60 kV). A
snake-like (bi-directional) scanning strategy, a scanning
speed of 5000 mm/s and a hatching distance of 0.156 mm
were applied at a process temperature of 920 °C. This
parameter combination resulted in a volumetric energy
density of 24.6 J/mm®.

The transformation temperatures (TTs) were determined
by differential scanning calorimetry (DSC) using a Mettler

Fig. 1 SEM image of the as-atomized powder in a and b. The inset table highlights the chemical compositions of the as-cast, powder and PBF-

EB/M processed material. See main text for further details

@ Springer

Toledo DSC-3 (for ingot and powder material) and a Per-
kin-Elmer DSC-8500 (for PBF-EB/M processed material,
as-built condition) device at a heating and cooling rate of
10 °C/min. All samples were investigated by applying a
minimum of two cycles (DSC-3: — 110 to 80 °C, DSC-
8500: — 80 to 120 °C).

Generally, samples were tested in the as-built (i.e.
without any post-process heat treatment) as well as in the
solution heat-treated and aged condition (referred to as
solutionized/aged in the remainder of the paper). For the
solution heat treatment, samples were encapsulated in
quartz tubes under argon atmosphere and heat-treated for
5.5 h at 950 °C followed by water quenching. Aging was
conducted at 400 °C for 1.5 h after solution heat treatment.

The chemical compositions of the as-cast and powder
material, including contaminants like Al, Co, Cu, Fe, as
well as selected PBF-EB/M processed samples were
determined using ICP-MS (inductively coupled plasma-
mass spectrometry) and ICP-OES (inductively coupled
plasma-optical emission spectroscopy) by Revierlabor
GmbH (Essen, Germany). The carbon as well as oxygen
and nitrogen contents were additionally analyzed by carrier
gas hot extraction in reactive and helium atmosphere,
respectively.

For initial microstructure analysis, samples were ground
to a grit size of 5 pm and vibration-polished for 2.5 h with
a 0.02 um colloidal SiO, polishing suspension. Electron
backscatter diffraction (EBSD) analysis, in order to capture
the grain orientation and texture, as well as energy dis-
persive X-ray spectroscopy (EDS) for analyzing the local
chemical composition were conducted using a scanning
electron microscope (SEM, CamScan, Philipps). Further-
more, representative SEM images were used to determine

As-cast (at.%) Powder (at.%) As-built (at.%)
50.94 50.12 48.88
49.05 48.14 49.68

<0.01wt.% ~0.1wt.% ~0.1wt.%
<0.1wt.% ~0.2wt.% ~0.2wt.%
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the TiC area content. Selected subsets were calibrated
(scale set) and analyzed using ImageJ 1.53t. At least three
measurements were combined for subset (320 x 135 umz)
analysis (Threshold-based). Transmission electron micro-
scopy (TEM) analysis was carried out using a FEI Tecnai
F30 operated at 300 kV.

X-ray diffraction (XRD) measurements were applied for
phase analysis in each condition. A Seifert Analytical X-Ray
diffractometer equipped with a Co tube and a monochromator
was used operating at 40 kV and 35 mA. The crystallographic
data for the indexed phases were taken from [32].

From the as-built cuboids 3 x 3 x 6 mm® compression
samples were electro-discharged machined such that the
longer (loading) axis was parallel to the build direction
(BD). Samples were ground to a grit size of 5 pm for
mechanical testing. Mechanical tests were conducted using
a servo-hydraulic test frame. Quasi-static compression
incremental strain tests (ISTs) at 50 °C were carried out in
order to capture the SE response applying a strain rate of
1 x 107 s'. Heating of the samples was realized by
controlled convection furnaces and temperatures were
measured using a thermocouple directly attached to the
sample surface. The strain was measured by an exten-
someter (gauge length 12 mm) directly attached to the
compression grips, which were assumed to be fully rigid.

Results and Discussion

In the present work, the role of TiC on the functional
properties of PBF-EB/M processed NisgoTisg; is dis-
cussed, taking into account the entire processing route (i.e.
initial ingots, powder, and additively manufactured mate-
rial). Figures la and b depict SEM images of the powder
particles and highlight (cf. the inset table) the chemical
compositions of different material conditions, i.e. as-cast
(ingot material), gas-atomized powder and the PBF-EB/M
processed condition (as-built). From the micrograph in
Fig. la, a spherical morphology can be deduced for the
majority of the powder particles. Besides, very few non-
spherical particles resulting from turbulences of the gas
flow during gas atomization can be seen (e.g. within the
purple circle, collided particles). Furthermore, satellites
(green circle) as well as some few hollow particles (orange
circle can be resolved. Figure 1b shows a representative
SEM micrograph of the cross-section of particles. An EDS
element mapping (not shown here) revealed the presence of
TiC (see also Fig. 2) within some of the powder particles.
This observation fits well with the determined chemical
composition (see table in Fig. 1). The initial as-cast
material features a relatively low, however, still significant
carbon content, i.e. below 0.1 wt.%. In contrast, both
powder and the PBF EB/M as-built material feature a

higher amount of carbon, i.e. of about 0.2 wt.%. Conse-
quently, the Ni—-Ti material was additionally contaminated
with carbon during the VIGA process due to the applica-
tion of a graphite crucible, which supports the observation
of the TiC precipitates in the powder material.

The analysis of the global chemical composition of the
as-built PBF-EB/M condition (Fig. 1) reveals that due to
the evaporation of Ni a Ti-rich Ni-Ti alloy is present and,
thus, the precipitation of Ti,Ni precipitates or Guinier—
Preston (GP) zones can be expected upon artificial
aging [11, 26, 27]. However, the EDS analysis of the as-
built state in Fig. 2 proves that the local chemical com-
position differs significantly from the values obtained via
ICP-OES (table in Fig. 1). From Fig. 2 it can be deduced
that, as expected, the matrix is also composed of a high
amount of finely dispersed TiC following PBF-EB/M
processing. The sizes of the TiC particles in the as-built
condition range from below 1 um (Figs. 2a—c, 6) to above
10 um (Fig. 2d-f) in diameter. Thus, due to the presence of
carbon in the initial ingots as well as the further enrichment
of carbon in the powder after VIGA, the local chemical
composition of the PBF-EB/M material has changed: As a
consequence of the TiC formation (TiC area con-
tent = 2.9 £ 0.3%), the matrix is not Ti-rich (see table in
Fig. 1) but rather riched in Ni, leading to a decrease of the
transformation temperatures [26]. In addition, the oxygen
content increased during gas atomization (cf. Table in
Fig. 1), which also results in a direct decrease of the
TTs [26]. Zhou et al. [15] reported in their work that a
slight oxygen pickup of about 0.01 wt.% occurred during
PBF-EB/M processing of Ni-Ti. Thus, any substantial
additional oxygen pickup stemming from the PBF-EB/M
process can be excluded in present work.

Besides the TiC and oxygen content in the powder as
well as in the as-built condition, another factor has to be
considered. As already detailed before, the evaporation loss
of Ni caused by the PBF-EB/M process contributes to
changes of the global Ni content. As seen in the table of
Fig. 1, due to the VIGA process the Ni-content decreased
from the as-cast (50.94 at.%) to the powder material (50.12
at.%). Finally, the PBF-EB/M as-built material is charac-
terized by a further significant depletion of Ni (to a final
value of 48.88 at.%). This can be rationalized by the high
process temperature, i.e. 920 °C, in combination with the
vacuum atmosphere during processing, which promotes
evaporation of elements like Ni [11, 12]. In total, approx-
imately 1.2 at.% of Ni evaporated during PBF-EB/M pro-
cessing. Considering this change solely, i.e. excluding the
impact of the TiC and the oxygen content, TTs would
increase [26]. However, the formation of TiC and the
oxygen pickup clearly have the stronger impact here,
eventually resulting in a decrease of the TTs, as will be
shown in the following.
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Fig. 2 EDS maps of PBF-EB/M processed Ni—Ti in the as-built condition revealing the presence of TiC in the microstructure at different length
scales. Maps were obtained covering smaller (a—c) and larger (d—f) areas, respectively

Figure 3 depicts the evolution of the TTs obtained from
the three material conditions, i.e. as-cast ingot material,
powder and PBF-EB/M processed material in both as-built
and solutionized/aged condition, via DSC analysis. Gen-
erally, the evolution of the TTs is in good agreement to the
evolution of the Ni-content in the different material con-
ditions. It has to be noted that the exothermic and
endothermic reactions, which are associated with the for-
ward (austenite to martensite and reverse martensite to
austenite) transformation, respectively, can be clearly
identified in the ingot material, the powder as well as the
PBF-EB/M solutionized/aged condition. In contrast, in the
PBF-EB/M as-built condition the peaks are significantly
widened, what has been reported earlier for other materials
as well [33, 34]. Reasons for this can be manifold, e.g. due
to pronounced inhomogeneities in the microstructure fol-
lowing PBF EB/M. Thus, the complex microstructure in

@ Springer

the as-built condition may hamper the thermal transfor-
mation behavior. Please also note, that due to this sluggish
transformation behavior the martensite start (M) and finish
(M; temperatures were not determinable. However, further
studies are crucially needed to characterize this in more
detail. As detailed before, the increased carbon content can
clearly be seen in the initial as-cast ingot material as well
as in the powder. It is assumed that during PBF-EB/M the
carbon content remains constant. The higher amount of
carbon in the powder, which stems from the gas atomiza-
tion process eventually further increasing the TiC content
compared to the ingot material, should lead to a decrease of
the TTs in the powder and consequently in both PBF-EB/M
conditions as well. This is due to the fact that Ti is bond to
the carbides and, thus, the Ni-content in the matrix is
increased [27]. Instead of the decrease of the TTs, however,
a significant increase is visible for the powder and PBF-
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Fig. 3 DSC analysis different material conditions, i.e. PBF-EB/M
(as-built and solutionized/aged), powder and as-cast ingot material

EB/M as-built material (Fig. 3), which can be explained by
the Ni-loss upon both VIGA and PBF-EB/M processing
[26].

Figure 4 depicts the microstructural constitution and
evolution, respectively, obtained via EBSD analysis for the

Fig. 4 EBSD IPF orientation a
maps (a, b) and IPFs (c, d) of
PBF-EB/M processed Ni-Ti in

the as-built (a, ¢) and

solutionized/aged condition (b,

d), respectively

PBF-EB/M processed Ni-Ti in two different conditions,
i.e. as-built and solutionized/aged. The inverse pole fig-
ure (IPF) orientation maps are plotted with respect to the
BD (being from bottom to top in Fig. 4). A columnar
grained microstructure with a strong (001) texture for both
conditions is revealed. The maximum texture index was
found to be 3.2 for the as-built and 6.3 for the solutionized/
aged condition (Fig. 4c and d, respectively). As expected,
following the heat treatment the microstructure only
changes marginally, however, the texture index slightly
increases. Highly textured and columnar grained
microstructures can be very beneficial for improved func-
tional properties (low residual strains due to reduced
transformation constraints) in many SMAs [35-42]. Due to
the strong anisotropic material properties of SMAs, a tar-
geted microstructure design allows for a maximization of
functional properties [35-42]. A recent study reporting on
PBF-EB/M manufacturing of a Ni-Ti SMA also revealed
similar columnar grained microstructures [15]. However,
the microstructures shown in other studies focusing on Ni—
Ti even feature a higher texture component in the (001)-
direction [15, 16]. Zhou et al. [15] comprehensively dis-
cussed the microstructural evolution of PBF-EB/M pro-
cessed Ni—Ti. They explained that a strong influence of the
processing parameters can be seen in the texture evolution

b

[011]

[011]
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as well as phase composition of the as-built condition [15].
Thus, the results of the current study, in general, support
the findings of previous ones, i.e. PBFEB/M processing can
result in strongly textured and columnar grained
microstructures in Ni-Ti SMAs [15, 16]. Differences in the
absolute values of the texture components between these
studies eventually may be traced back to the applied pro-
cess parameters (e.g. the scanning strategy) as well as to
the amount of TiC in the different materials. Please note
that an in-depth discussion of the impact of the process
parameters used in the present study and in the studies
being available in open literature [14, 15] cannot be real-
ized at this point since not all relevant details about the
applied process parameters are provided. Furthermore,
Zhou et al. [15] used the PREP powder processing route in
order to obtain a highly pure Ni-Ti powder feedstock [15].
The results in that study revealed only a carbon content of
0.036 wt.% in the powder material. Since the focus of the
present study is to discuss the impact of an increased car-
bon content on the material properties, the role of the TiC
precipitates needs to be discussed in detail in the following
paragraphs.

Even though the global chemical composition is reduced
in Ni, i.e. to a value of 48.88 at.% (see table in Fig. 1), the
presence of the TiC particles leads to a local shift of the
chemical composition, i.e. to a virtually increased Ni-
content (Ti depletion of the matrix). In consequence, an
aging treatment at 400 °C for 1.5 h is supposed to promote
the precipitation of NiyTi; at least in those local areas,
where Ni is enriched due to the TiC particles [26]. In order
to gain a deeper insight into the evolution and distribution
of the TiC precipitates as well as on the formation of
NiyTisz, analysis by XRD and TEM was conducted.

In Fig. 5b the result of an XRD phase analysis is
depicted proofing the presence of the NiyTi; precipitates in

in turn, the presence of the Ni,Ti3 precipitates cannot be
confirmed via XRD analysis. Here, the microstructure
seems to be composed solely of the austenitic phase
according to the diffractogram (Fig. 5a). At this point,
however, it should be mentioned that the presence of TiC
(cf. Figs. 1 and 2) cannot be identified in the diffrac-
tograms for both the as-built as well as solutionized/aged
condition. One explanation could be based on the volume
fraction of the TiC particles, being not detectable via lab-
oratory XRD instruments. Furthermore, it has to be noted
that the strong (001) texture might affect the phase analysis
via XRD. Differences in the peak intensities in the
diffractograms of Fig. 5 can be associated with the slight
differences in the texture intensities of both conditions
(Fig. 4c and d). Zhou et al. [15] revealed that applying a
process temperature of 750 °C in PBF-EB/M promotes the
formation of NisTi; precipitates in an alloy featuring a
nominal chemical composition of 51.3 at.% Ni and 48.7
at.% Ti. Besides the fact that Zhou et al. [15] used the
PREP route for the powder manufacturing, which enables a
significant lower carbon content, the higher PBF-EB/M
process temperature (920 °C) in the present study may act
as an in-process solution treatment for the alloy with
slightly different chemical composition compared to [15].
This means that precipitation of NiyTiz is only possible
during cooling after the PBF-EB/M process is finished. The
evolution of NisTi; will be discussed in more detail in the
next paragraph.

In order to substantiate the argumentation on the evo-
lution of the TiC and Ni4Tijz precipitates, Fig. 6 shows the
results of a TEM analysis of the PBF-EB/M processed
material in both conditions, i.e. as-built and solutionized/
aged. From the micrographs shown (Fig. 6a and b) it can be
deduced that TiC is present in the material. The distribution
of the TiC particles seems to be dispersed throughout the

the solutionized/aged condition. In the as-built condition, samples/cross-sections.  This fact strengthens the
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Fig. 5 XRD intensity plots for PBF-EB/M-processed Ni-Ti in the as-built (a) and solutionized/aged condition (b), respectively
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FIB
lamella

Fig. 6 Microstructural analysis of PBF-EB/M processed Ni-Ti. SEM
overview of an as-built sample (a) and the extracted FIB lamellae (b).
The white arrows highlight the presence of TiC. TEM analysis of the
as-built sample shown in (c). Diffraction analysis of the as-built

argumentation of the previous chapter, i.e. dispersed TiC
increase the Ni-content in the matrix (Fig. 2). It is note-
worthy that TiC precipitates formed in two different
length-scales, i.e. in the range of 1 — 10 um and in a sub-
micron range (Figs. 1, 2 and 6a).

Considering the evolution of the NiyTiz precipitates,
differences are seen between both sample states. Results of
the XRD analysis (Fig. 5) already discussed before indi-
cated that NiyTi; precipitates were only formed in the
solutionized/aged condition, while the as-built condition
did not show additional phases that formed during PBF-
EB/M processing. The diffraction studies obtained from
TEM confirm these results. Only B2 austenite and TiC (the
latter not resolved by XRD) are found in the as-built matrix
(Fig. 6a—d). This correlates well with the applied process-
ing temperature of 920 °C (being effective as an in-process
solution treatment for each processed layer). However, one
would expect that during cooling of the build chamber
additional phases form according to the Ni-Ti binary phase
diagram. Figure 7 depicts the measured temperature-time
cooling path within the build chamber following PBF-EB/
M processing plotted in a schematic Time-Temperature-
Transformation (TTT) diagram for a Ni-rich Ni-Ti SMA.
Although the chemical composition of the material in the
present study obviously differs from the one used to create
the TTT plot [43], i.e. 52 at.% Ni, a qualitative comparison
seems still to be reasonable. Following PBF-EB/M pro-
cessing at 920 °C, the build chamber needs to cool down,
which can take several hours depending on the size of the
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condition is depicted in (d). TEM bright field image of a solutionized/
aged condition in (e) and diffraction analysis (f) of the microstructure
shown in (e)
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Fig. 7 Schematic TTT diagram depicting the cooling path of the
build chamber following PBF-EB/M processing (recompiled from
(43D

build envelope and the number of samples placed within it.
Regarding Fig. 7, only the relevant temperature window
for precipitation processes (900 °C to 400 °C) is high-
lighted and it can be deduced that the temperature of the as-
built material crosses two main precipitation areas, i.e.
Ni;sTi, at around 750 °C and NiyTiz at around 650 °C,
during the post-process cooling path. According to Fig. 7,
one would expect the precipitation of NiyTi; and/or Ni3Ti,.
However, as it was confirmed via XRD and TEM analysis
(Figs. 5 and 6a—d, respectively) the formation of NiyTis
precipitates seems to be suppressed following cooling in
the PBF-EB/M machine. One explanation could be that
during cooling in the relevant time—temperature window
from 900 to 400 °C the precipitation of Ni,Tiz particles is
not favored due to the presence of a relative high amount of
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TiC [44]. In a very recent study, Zhang et al. [44] pro-
cessed a mixture of Ni—Ti (Nigg—Tiszo Wt.%) and TiC
powders via directed energy deposition. They revealed that
the addition of TiC to a binary Ni-Ti alloy leads to a
restriction of the NiyTiz precipitation nucleation and
growth [44]. Therefore, it is most likely that the presence of
TiC in the present study hampers the precipitation of Niy
Tis during cooling from the PBF-EB/M processing tem-
perature and the dwell time in a specific aging window
seems not be sufficient. Following artificial aging at 400 °C
for 1.5 h, however, it is obvious that the time—temperature
combination is well-suited to allow for the precipitation of
NiyTis, as can be seen from Figs. 5 and 6e and f.

Figure 8 depicts the compressive SE stress—strain hys-
teresis following PBF-EB/M processing. Both investigated
sample conditions, i.e. as-built (Fig. 8a) and solutionized/
aged (Fig. 8b), show a remarkable SE response with a high
strain reversibility during ISTs up to a maximum applied
compressive strain of -6%. Differences are seen in the
critical stress for the stress-induced martensitic transfor-
mation (SIMT), being around 850 MPa for the as-built
condition (Fig. 8a) and 550 MPa for the solutionized/aged
state (Fig. 8b). Obviously, the different stresses can be
linked to the thermal post-treatment and, thus, to changes
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Fig. 8 Superelastic stress—strain response of PBF-EB/M processed
Ni-Ti in the as-built (a) and solutionized/aged condition (b) obtained
at 50 °C. Loading direction was parallel to the BD
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in the phase composition of the conditions and conse-
quently to a change in the TTs as discussed in the previous
paragraphs. Comparing the as-built and solutionized/aged
condition, the volume fraction and size of evolving pre-
cipitates dictate the functional properties in the two dif-
ferent material conditions, i.e. TTs as well as coherency
stresses are affected in the solutionized/aged condition. The
TEM analysis (Fig. 6a—d) did not reveal any presence of
Ni,Tiz precipitates in the as-built condition, which is also
supported by the XRD analysis (Fig. 5a). In comparison,
following a solutionizing and aging heat treatment the
volume fraction of NiyTi; precipitates clearly increased as
revealed by, as can be seen from Figs. 5 and 6e and f,
showing the presence of a third phase (besides austenite
and TiC). Their presense significantly affect the critical
stress for SIMT as well as stress hysteresis and reversibility
[37, 38]. In other words, both the increase of the TTs due to
the formation of Ni-rich precipitates in the B2 matrix and
the formation of coherency stress fields around these pre-
cipitates, support the SIMT, i.e. the critical stress for SIMT
is decreased. This fact also promotes the higher and almost
degradation-free strain reversibility of the solutionized/
aged condition (Fig. 8b).

Finally, it can be stated that the enrichment of Ni in the
matrix, being related to the formation of TiC in the initial
material ingot as well as to a further enrichment in the
VIGA process (Figs.1, 2), dominates the microstructural
evolution as well as the functional properties. It is obvious
that due to the presence of TiC precipitates in the matrix, a
Ni-loss during PBF-EB/M processing has been compen-
sated. The formation of NiyTi; precipitates seems to be
generally preferred upon artificial aging. In contrast to the
intrinsic post-process heat treatment, i.e. relatively slow
cooling from the build temperature of 920 °C, the solu-
tionizing and aging treatment at 400 °C for 1.5 h leads to
the formation of a significant volume fraction of NisTis
precipitates (Figs. 5b and 6e and f). However, even in the
as-built condition without conducting a specific post-pro-
cess heat treatment and in absence of any NiyTi; precipi-
tates, promising functional properties are seen in the
present study, which has not been reported for additively
manufactured Ni-Ti so far. However, it is important to
note at this point that the austenite finish temperature (Ay)
of the as-built condition is around 60 °C and, thus, fully
reversibly SE material properties cannot be expected due
to the thermal instability of the martensite at the test
temperature of 50 °C. After solutionizing at 950 °C and
aging for 1.5 h at 400 °C, a shape recovery of nearly 100%
has been finally observed (Fig. 8b). The formation of fine
coherent NiyTi; precipitates is well-known to be beneficial
for the functional properties [45]. Thus, although a high
amount of TiC is present in the matrix in both conditions,
the formation of dispersed NiyTi; precipitates in the
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solutionized/aged condition seems to significantly improve
the material response. In recent studies reporting on the
mechanical response of PBF-EB/M processed Ni-Ti, a
high strain reversibility has been presented in absence of
the here reported significant volume fraction of TiC
[14-16]. In those studies, the authors reported reversible
strains up to 10% (low carbon content, as-built) under
tensile load. The considered Ni—Ti material features only
limited inclusions compared to the current study due to the
PREP powder processing route [15]. In the present work,
around -6% reversible compressive strains could be
observed even though TiC are present in the matrix. It
should be noted that these high reversible strains, with
respect to the aforementioned [15] and the present study,
can be linked to the synergetic interplay of the general
anisotropic material behavior of Ni-Ti and the columnar
grained microstructure in the PBF-EB/M processed Ni-Ti.
Furthermore, the VIGA process seems to be obviously
well-suited for the fabrication of more cost-effective and
low-purity Ni-Ti SMAs, since the Ni-loss can be com-
pensated by finely dispersed TiC, eventually maintaining
functional reversibility.

Conclusion

The results of the current study can be summarized as
follows:

e Crich NisgoTige; (at.%) SMA powder (C-con-
tent = 0.2 wt.%) was successfully processed using the
PBF-EB/M technique.

e After PBF-EB/M of the C-rich Ni-Ti TiC particles were
dispersed in the Ni—Ti matrix of processing the as-built
and solutionized/aged condition. Such kind of
microstructure evolution enabled an effective compen-
sation of the Ni-loss during PBF-EB/M manufacturing
since Ti was bond in the carbides. In consequence, the
matrix was enriched in Ni.

e Whereas artificial aging led to the formation of Ni4Tis
precipitates, no significant precipitation of Ni-rich
phases could be detected in the as-built state.

e Even in the as-built condition, promising functional
material properties were observed. Finally, upon arti-
ficial solutionizing and aging, NiuTiz precipitates
formed in the material and a superior SE reversibility
was obtained.
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