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ABSTRACT
A Co-Ni-Ga high-temperature shape memory alloy has been additively manufactured by directed
energy deposition. Due to the highly anisotropic microstructure, i.e. columnar grains featuring a
strongnear-〈001〉 texture inbuilddirection, theas-builtmaterial is characterizedbyavery lowdegree
of constraints and, thus, shows excellent superelasticity without conducting a post-process heat
treatment. As characterized by in situ deformation testing and post-mortem microstructural analy-
sis, additive manufacturing employing directed energy deposition seems to be highly promising for
processing of shape memory alloys, which often suffer difficult workability.

IMPACT STATEMENT
The present work establishes a new pathway towards realization of high performance shape mem-
ory alloys by additive manufacturing and, thus, will stimulate further research in this field directed
towards application.
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Introduction

In recent decades high-temperature shapememory alloys
(HT-SMAs) featuring increased martensite start temper-
atures (Ms) have been designed to operate at tempera-
tures above 100°C [1]. This is necessary, since the inher-
ent application temperature limit of near equiatomic
binary Ni-Ti hinders its technological breakthrough
in high-temperature applications, e.g. in the fields of
aerospace, automotive, and the energy sector [1,2].
Numerous alloy systems have been developed and pro-
posed so far. Up to now, ternary Ni-Ti-Hf is the most
promising HT-SMA, since substantial progress has been
made recently with respect to processing and functional
performance [3,4]. Still, costs are quite high due to the
high amounts of Hafnium [1].

Among the alternative candidate systems, theHeusler-
type Co-Ni-Ga alloys undergoing a martensitic trans-
formation (MT) from B2-ordered austenite to L10
martensite [5] have received increasing attention [6]. In
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single-crystalline state, Co-Ni-Ga shows excellent func-
tional performance at elevated temperatures, i.e. a fully
reversible superelastic (SE) response up to 500°C and
excellent cyclic stability up to 100°C [7–9]. Moreover,
a recently introduced design concept based on aging
of stress-induced martensite, referred to as SIM-aging
[10], enables direct tailoring of the transformation tem-
peratures. Thus, in addition to the promising high-
temperature damping properties, Co-Ni-Ga can be qual-
ified for high-temperature actuation as well [10,11].

Unfortunately, polycrystalline material suffers prema-
ture failure, i.e. particularly intergranular cracking upon
thermo-mechanical loading and/or processing [1,12,13].
In microstructures without preferred grain orientation,
the pronounced anisotropy of the transformation behav-
ior [14] results in incompatibilities at grain boundaries
(GBs) between grains of different crystallographic ori-
entations. These incompatibilities cannot be sufficiently
accommodated during MT and, thus, grain constraints
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lead to early fracture [1]. A key criterion for enhanced
functional properties in relatively brittle and anisotropic
SMAs, such as Cu- and Fe-based SMAs and Co-Ni-Ga,
is a microstructure avoiding grain constraints [15,16].
Ueland and Schuh [16] identified large GB areas and,
particularly, GB triple junctions as the most detrimen-
talmicrostructural features evoking stress concentrations
and eventually rapid structural and functional degrada-
tion. In line with those findings, Liu et al. [17] found
excellent SE in continuous unidirectional solidified Cu-
Al-Mn SMA featuring solely columnar grains with a
strong 〈001〉 texture and absolutely straight GBs of low-
angle character. Another approach aims at realization
of oligocrystals, i.e. so-called bamboo structures, being
characterized by a minimized GB area and the absence
of triple junctions [15,18]. Recently, a novel thermo-
mechanical processing route based on hot extrusion fol-
lowed by a post-processing heat treatment has been
introduced to obtain bamboo structures and enhanced
shape memory properties in polycrystalline Co-Ni-Ga
[19,20]. However, processing remains highly challenging
and, thus, alternative process routes for designing ade-
quate polycrystalline SMAmicrostructures, being able to
withstand grain boundary induced collapse, have to be
identified.

In recent years, additive manufacturing (AM) has
gained lots of attention as a technology allowing for direct
microstructural design [21,22]. In numerous AM pro-
cesses, solid metallic components are fabricated directly
from a computer-aided design (CAD) file by melting
successive layers of a metallic feedstock material using
a focused laser or electron beam. During processing,
the solidification mode and the resulting microstruc-
tural features, i.e. texture and grain morphology, are
dependent on the thermal gradient and the solidification
velocity [23]. By adequate control of the process-related
parameters, tailored microstructural features have been
obtained in various materials [21,24]. In consequence,
alloy-specific microstructural design seems to be highly
promising to provide for enhanced functional material
properties in anisotropic SMAs. In a very recent study,
the present authors processed Co-Ni-Ga HT-SMA via
powder-bed based selective laser melting (SLM) tech-
nique [25]. Using this technique, a columnar-grained
microstructure evolved. However, data focusing on the
functional properties of additively processed Co-Ni-Ga
have not been reported so far.

The current study focuses on the SE properties of
samples processed by the powder-stream based directed
energy deposition (DED) technique. In situ incremental
strains tests (ISTs) accompanied by optical microscopy
(OM) and post-mortem scanning electron microscopy
(SEM) analysis using electron backscatter diffraction

(EBSD) technique were conducted and used to establish
the relationship between the excellent functional proper-
ties and the highly anisotropic microstructure obtained
for DED processed Co-Ni-Ga SMAs.

Material andmethods

In this study a Co49Ni21Ga30 (in at.%) HT-SMA was
additively manufactured by DED. The chemical com-
position is designed for enhanced functional properties
characterized by a high degree of strain recoverability
[7]. Co-Ni-Ga powder was obtained by gas atomization
of as-cast material (TLS Technik, Bitterfeld, Germany).
The chemical composition of the initial as-cast material
was 48.9 Co, 21.0 Ni and 30.1Ga (in at.%) as deter-
mined by X-ray fluorescence analysis (XRF). Chemical
composition of the powder material was double-checked
using energy-dispersive X-ray spectroscopy (EDS). For
fabrication a 2 kW multi-mode fiber-laser with a wave-
length of about 1070 nm operating at 400 W was used.
The laser optics were mounted to a six-axis robot. The
traverse speed was set to 10mm s−1. Powder material
with an average particle size <20 μm and spherical shape
was fed with a rate of 16.8 gmin−1 to a three-jet-nozzle
using a two-channel powder feeder and argon carrier
gas. Cuboid blocks with dimensions of 40*30*3.5mm3

were built on Co-Ni-Ga substrate material, which was
aligned to a preheated baseplate. The baseplate temper-
ature was continuously kept at 500°C throughout the
entire build process. In order to avoid contamination,
argonwas used as shielding gas during processing. Only a
slight change in chemical composition (the Ga content of
the as-built material is decreased by about 0.5 at.%) was
determined by EDS as a result of the DED processing.
180° alternating scanning directions between successive
layers were employed resulting in a quasi bidirectional
scanning strategy. Individual tracks were deposited in
each layer with an overlap of 0.7mm.

Compression samples with dimensions of 3*3*6mm3

were machined from the DED manufactured cuboids by
electro-discharge machining (EDM) such that the longer
(loading) axis was parallel to the build direction (BD).
In order to remove the EDM affected surface layer, sam-
ples were mechanically ground down to 5 μm grit size.
Microstructure analysis was conducted using OM and
SEM. The SEMwas operated at 20 kV and equipped with
an EBSD system. For microstructure analysis, samples
were vibration-polished for 3 h with a 0.02 μm colloidal
SiO2 polishing suspension. For OM, samples were addi-
tionally etched using a solution of 33ml ethanol, 8.5ml
H2O, 50ml HCl and 8.5 g Cu2S.

Mechanical tests were carried out using a servo-
hydraulic test frame equipped with a digital microscope
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and a tele-zoom objective. In situ quasi-static uniaxial
compression incremental strain tests (IST) were con-
ducted at 100°C in displacement control at a nominal
strain rate of 10−3 s−1. Heating of the samples was per-
formed by controlled convection furnaces. Temperatures
were measured with a thermocouple directly attached
to the sample surface. The test temperature was chosen
for better comparability with data reported in literature
for an 〈001〉-oriented single-crystalline reference condi-
tion and polycrystalline Co-Ni-Ga structures [8,12,26].
Strains were measured using a high-temperature exten-
someter with a gauge length of 12mm directly attached
to the grips. For calculation of the nominal strain, the
grips were treated as absolutely rigid. Surface images
were recorded at the maximum strain as well as after
subsequent unloading to −200 N in each increment,
employing pre-defined strain intervals of−0.5%. Follow-
ing mechanical testing, samples were again polished for
post-mortem EBSD.

Results and discussion

The optical micrograph in Figure 1 reveals crack-free
Co-Ni-Ga in the as-built condition fabricated by DED at
500°C. In laser based AM processes, e.g. DED being used
in the present study, steep thermal gradients are known
to result in high residual stresses [27]. However, it has
been shown in literature that elevated base plate tem-
peratures are highly effective to reduce process-induced
residual stresses [28]. In addition, in the Co-Ni-Ga sys-
tem low and intermediate temperatures, i.e. in the range
of 350–600°C, promote the precipitation of the ordered
L12 γ ′-phase [29,30]. The nanometric precipitates lead
to a significant decrease of transformation temperatures
(TT), i.e. in contrast to solution-annealed precipitate-free
material a precipitation-hardened condition is charac-
terized by TT far below ambient temperature [26,29].
Due to the elevated built temperatures applied in present
work, the formation of the γ ′-phase is supposed to occur
during processing. Thereby, upon final cooling to ambi-
ent temperature the thermally inducedMT is suppressed
(cf. Figure 1) and, concomitantly, stress concentrations
at unfavorable GB arrangements are avoided. Finally, in
contrast to recent findings for Co-Ni-Ga HT-SMA pro-
cessed by SLM using lower temperatures [25], material
without substantial crack formation has been obtained
due to a reduction of internal stresses and a suppression
of the thermally induced MT upon cooling.

The optical micrograph and the EBSD analysis in
Figures 1 and 2, respectively, highlight the evolution of
columnar grains in the as-built material. Due to partial
re-melting of the previously deposited material, epitax-
ial grain growth proceeds across multiple layers parallel

Figure 1. Optical micrograph revealing the microstructure of
DED processed Co-Ni-Ga in the as-built condition. BD is vertical.

to BD. The width of the elongated grains is up to 400 μm,
whereas their long axes partially exceed the image section
of the micrograph (cf. Figure 1) and, thus, are in the
millimeter range. Consequently, the columnar grains are
characterized by a high aspect ratio (length/width of the
grains) > >1. In addition, as can be deduced from the
inverse pole figure (IPF) mappings (Figure 2a,b) and the
IPFs recalculated from EBSD data (Figure 2c,d), these
columnar grains feature strong crystallographic texture
in near-〈001〉 (for better readability 〈001〉 in the remain-
der of the text) and 〈101〉 orientation with respect to BD
and transverse direction (TD, the direction alongside the
scan vector), respectively. In a process parameter window
favorable for epitaxial solidification, cubicmaterials, such
as Co-Ni-Ga, show a 〈001〉 preferred growth direction
along the direction of the maximum thermal gradient
[23,24]. As themaximum thermal gradient direction pre-
dominately aligns with BD, the evolution of such strong
columnar 〈001〉 texture alongside BD has been presented
and discussed for various cubic materials fabricated by
different AM techniques [21,22,24].

The Co-Ni-Ga system is characterized by pronounced
tension-compression asymmetry and a strong anisotropy
of the MT behavior. According to results obtained by
energy minimization theory, maximum transformation
strains of 8.6% and−4.8% were found for the 〈001〉 crys-
tal direction in tension and compression, respectively
[9,14]. In order to evaluate the functional performance
under compressive loading, the additively manufactured
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Figure 2. Overview EBSD IPF mappings (a,b) and IPFs (c,d) of DED processed Co-Ni-Ga in the as-built condition. The mappings and IPFs
are plotted with respect to BD (a,c) and TD (b,d), respectively. The reference coordinate system and the color-coded standard triangle are
shown in the lower right.

Figure 3. Stress-strain curve at 100°C for DED as-built Co-Ni-Ga under compressive load. Loading direction (LD) is parallel to BD. The red
marks (a)–(f ) refer to theopticalmicrographs shown in Figure 4. The relationbetween reversible εrev and applied strain εapp is highlighted
in the inset.

material was tested in BD employing in situ ISTs at
100°C. A characteristic stress-strain response is shown in
Figure 3. The DED Co-Ni-Ga HT-SMA demonstrates a
remarkable SE response with an excellent strain recov-
ery of 96% after final unloading from −5.5% strain (cf.
inset in Figure 3). The strong crystallographic texture
in 〈001〉 orientation promotes these superior functional
properties, which are competitive to those of 〈001〉-
oriented Co-Ni-Ga single crystals [26]. However, the

additively manufactured material is characterized by an
increased stress hysteresis �σ and an increased crit-
ical stress σ cr for the onset of MT in comparison
to the solution-annealed, i.e. precipitate-free, single-
crystalline condition [26]. It is important to note that the
material in the present study was tested in the as-built
condition, i.e. no additional post-process heat treatment
has been conducted. It is very likely that the elevated
built temperatures result in precipitation of the γ ′-phase,
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Figure 4. In situ analysis under compressive load at 100°C of the as-built Co-Ni-Ga sample shown in Figure 3.Micrographswere recorded
under load at strain values of−2%,−3.5% and−5.5% (a–c) and after unloading to−200 N in the same increment (d–f). LD is horizontal
(parallel to BD) as indicated in (d). The dashed rectangle in (f ) indicates the lateral position of the post-mortem SEM analysis (Figure 5).

as has been discussed before. In addition to the TT,
this nanometric secondary phase affects the martensitic
microstructure [26,29] as well as the functional proper-
ties [26,31]. In line with the findings presented in [26,31],
the increase of both�σ and σ cr compared to precipitate-
free single crystals could indicate the existence of fine dis-
persed γ ′-precipitates in the as-built material. Detailed
phase analysis of DED processed Co-Ni-Ga will be sub-
ject of follow-up studies.

The superior functional performance shown in
Figure 3, clearly revealed by the high degree of reversibil-
ity, is unusual for SMAs processed by AM. Moghaddam
et al. [32] reported very recently for the first time an
almost fully reversible SE response with strain recovery
of 5.62% (98% recovery ratio) in as-built Ni-Ti (pro-
cessed by SLM without post-processing). However, in
light of the numerous studies focusing on AM of Ni-Ti
conducted so far [33], the process window for SLM pro-
cessing of Ni-Ti seems to be smaller than in case of DED
of Co-Ni-Ga. This clearly paves the way for robust direct
microstructure design inCo-Ni-Ga by carefully adjusting
process parameters, i.e. scan speed, hatch distance, and
laser power, as known from structural materials [21,34].

The in situ (Figure 4) and post mortem (Figure 5) anal-
yses shed light on remaining challenges towards further
improvement of the material properties in DED Co-Ni-
Ga. Due to the strong crystallographic texture the sam-
ple shows a high degree of deformation compatibility
upon stress-induced martensitic transformation (SIMT)
up to −2% applied strain and, consequently, a fully

reversible transformation upon unloading (Figure 4a,d).
However, while the deformation comes up to −3.5%,
the micrographs in Figure 4b and e illustrate nascent
deformation constraints leading to topography changes
at specific GBs, which partially remain on the sample
surface even after unloading (arrow in Figure 4e). Fur-
ther deformation to the maximum strain level results
in increasing surface topography and, finally, micro-
cracking (Figure 4c,f). Considering the cyclic stability,
it is expected that the formation of micro-cracks in the
very first cycles is of less importance as already reported
in [12]. Despite the formation of micro-cracks, a satura-
tion of the formation of residual strain was observed in
thermo-mechanically processed Co-Ni-Ga [12]. Investi-
gations on the cyclic stability are in progress and will be
reported in future work.

Microstructural features leading to structural degra-
dation upon superelastic loading were investigated by
post mortem SEM analysis. The EBSD IPF map with
superimposed image quality (IQ) in Figure 5 illustrates
crack formation, i.e. both inter- and transgranular frac-
ture, in the vicinity of a GB triple junction. Despite the
strong texture in theDEDprocessedmaterial, the prevail-
ing triple junction separates grains, which are character-
ized by considerable different crystallographic orienta-
tions, as is shown by the IPF plot highlighting individual
labeling of grains in Figure 5. Such triple junctions have
been proven to promote high transformation-induced
stress concentrations evoking premature fracture and
deteriorated functional performance in polycrystalline
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Figure 5. EBSD IPF map with superimposed IQ of the tested as-
built Co-Ni-Ga sample shown in Figures 3 and 4. The IPF map is
plotted with respect to BD being horizontal and parallel to LD.
The inset illustrates the prevailing grain orientations(IPF plot with
respect to BD).

structures of relatively brittle and anisotropic SMAs,
e.g. Co-Ni-Ga [12,13,16]. Furthermore, martensite plates
remain stabilized after final unloading in these particu-
lar areas (Figure 5). Both crack formation and stabilized
martensite mainly contribute to functional degradation,
i.e. accumulation of irreversible strains setting in at an
applied strain value of about −3% (cf. inset in Figure 3).
In line with the findings on a Cu-based SMA by Liu et al.
[17], the key criterion for high-performance polycrys-
talline Co-Ni-Ga HT-SMAs is the attainment of a highly
textured microstructure characterized by the absence of
high-angle GBs.

Conclusions

In the present work a crack-free Co-Ni-Ga HT-SMA
has been successfully processed by DED at a tempera-
ture of 500°C. Due to a distinct coarse columnar grained
microstructure and a strong crystallographic texture in
near-〈001〉 direction alongside BD, excellent SE proper-
ties up to −5.5% compressive strain could be revealed
for the polycrystalline as-built condition, i.e. DED pro-
cessed without any post-process heat treatment. In light
of envisaged applications and an improved damage tol-
erance, evaluation of tensile properties as well as further
microstructure optimization will be addressed in future
studies.
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