
Materials and Design 203 (2021) 109625

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Laser powder bed fusion of a superelastic Cu-Al-Mn shape memory alloy
N. Babacan a,b,⁎, S. Pauly a,c, T. Gustmann a,⁎⁎
a Leibniz Institute for Solid State and Materials Research Dresden (Leibniz IFW Dresden), Institute for Complex Materials, Dresden D-01069, Germany
b Department of Mechanical Engineering, Sivas University of Science and Technology, Sivas 58140, Turkey
c University of Applied Sciences Aschaffenburg, Aschaffenburg D-63743, Germany
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• High-density samples across a wide
range of energy inputs were success-
fully produced via laser powder bed fu-
sion (LPBF).

• High-quality Cu-Al-Mn parts with com-
plex geometries could be fabricated by
laser powder bed fusion.

• Transformation temperatures were tai-
lored through tuning the LPBFprocess
parameters.

• Additively manufactured samples
showed higher superelastic strain com-
pared to the cast samples at the room
temperature.
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Dense and crack-free specimens of the shapememory alloy Cu71.6Al17Mn11.4 (at.%)were produced via laser pow-
der bed fusion across a wide range of process parameters. The microstructure, viz. grain size, can be directly tai-
loredwithin the process andwith it the transformation temperatures (TTs) shifted to higher values by raising the
energy input. The microstructure, and the superelastic behavior of additively manufactured samples were
assessed by a detailed comparisonwith inductionmeltedmaterial. The precipitation of theα phase,which inhibit
themartensitic transformation, were not observed in the additively manufactured samples owing to the high in-
trinsic cooling rates during the fabrication process. Fine columnar grains with a strong [001]-texture along the
building direction lead to an enhanced yield strength compared to the coarse-grained cast samples. A maximum
recoverable strain of 2.86% was observed after 5% compressive loading. The first results of our approach imply
that laser powder bed fusion is a promising technique to directly produce individually designed Cu-Al-Mn
shape memory parts with a pronounced superelasticity at room temperature.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Shape memory alloys (SMAs) are outstanding materials, that can be
utilized as actuators, couplings, sensors or high damping materials due
to their reversible thermoelastic martensitic phase transformation
[1,2]. Among them, binary NiTi, Cu-based and Fe-based alloys (further-
more: Co-based [3], Ti-Ta [4]) are the most attractive and well-studied
SMAmaterials. Although NiTi alloys show an excellent biocompatibility
and corrosion resistance with an outstanding shape memory effect and
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superelasticity, these materials are normally expensive and challenging
in terms of themanufacturing [5,6]. The disadvantage of Fe-based SMAs
is that it is challenging to achieve reversible superelastic transformation
at room temperature and pronounced degradation occurs in the shape
memory properties under cyclic loading [7,8]. On the other hand, there
is still an ongoing interest in Cu-based SMAs owing to their low cost,
pronounced thermal conductivity, good processability as well as the
promising shape memory properties and high damping capacity [9,10].

In the past decade, additive manufacturing (AM) has attracted con-
siderable attention for producing SMAs. AM is a key technology and is
expected to revolutionize the production of alloys and metals [1].
Laser powder bed fusion, also referred to as selective laser melting
(SLM), is one of the most common and already industrialized AM pro-
cesses in which each layer is created by local melting of a thin powder
layer. By adjusting the parameters during the manufacturing process,
microstructural features (e.g. phase formation, texture) can be con-
trolled [11]. For instance, the energy dissipated in the material during
melting dictates the change in grain morphology and size [12]. Since
transformation temperatures (TTs) of SMAs are directly correlated
with microstructural properties, SLM can be considered a powerful
tool to tune the TTs of near-net-shaped parts, which are among the cru-
cial criteria for a given application [13]. Another advantage of the SLM
method, especially for Cu-based shapememory alloys [14], is its high in-
trinsic cooling rate of the order of 104–106 K/s [15] resulting frommelt-
ing small volumes on massive substrate plates which leads to a
suppression of the precipitation of brittle phases. This, however, always
depends on the exact chemical composition of the appliedmaterial [14].
In general, precipitation hardening during processing can occur ifminor
additions of additional elements are present and/ormight formwith re-
spect to the parameters used. The layer-by-layer fabrication constitute a
repetitive heat input [16] which triggers (in situ heat treatment [17])
local phase formation or microsegregations [15].

The fabrication of Cu-based SMAs via SLM has been addressed in the
literature. These studies focus on the processing of Cu-Al-Ni-Mn (Zr)
[14,18–21], Cu-Al-Ni-Ti [22] and Cu-Zn-Al SMAs [23].While the investi-
gations on Cu-Al-Ni-Mn alloys mainly discuss the influence of process
parameters and a remelting step on the transformation behavior for de-
veloping robust high-temperature Cu-based SMAs, Tian et al. [22] have
linked the process optimization to the tensile properties of Cu-Al-Ni-Ti
alloys. Preferential evaporation of Zn and the resulting difficulties in
controlling the chemical composition in Cu-Zn-Al SMAs have been iden-
tified as a challenge [23]. In contrast to the listed studies, SLM of Cu-Al-
Mn SMAs, which were proven to possess superior superelasticity
[24,25], have not been investigated so far.
Fig. 1. (a) Particle size distribution analysis of the powder in as-sieved state. The particle size cor
und d90 values. (b) A selected SEM image with an inset shows the size and shape of the partic
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Kainuma et al. [26,27] have found that Cu-Al-Mn SMAs, containing
about 17 at.% Al, show excellent ductility and good shape memory
properties because of the low degree of ordering in the L21 parent
phase. However, in order to achieve a large superelasticity, these alloys
should possess adjusted microstructures as bamboo-like-grained,
oligocrystalline or columnar-grained rather than having ordinary poly-
crystalline microstructures which are susceptible to intergranular
cracking (strong elastic anisotropy) [28–36]. SLM is known for produc-
ing specimens with columnar grains, since solidification and partial
remelting occurs towards the heat flow [37]. This enables the opportu-
nity to produce Cu-Al-Mn SMAs with a high superelasticity by SLM due
to providing improvement in the deformation compatibility and de-
creasing the stress concentration around grain boundaries [34].

Thanks to possessing high superelastic strains, Cu-Al-Mn SMAs are
promising materials for different applications such as damping or
solid-state refrigeration [38–40]. At this point, the SLMprocess provides
an almost unlimited degree of freedom in terms of part geometry and
allows the fabrication of complex components or spare parts for these
applications. In addition, manufacturing delicate, topologically opti-
mized lattice structures made of Cu-Al-Mn SMAs, which are known
for their inherently high-damping capacity [41], could open the door
for more efficient damping designs. Moreover, manufacturing of geom-
etrieswith large surfaces and controlled open porosity (manipulation of
the cooling performance) are not possible with conventional produc-
tion techniques and it makes the SLM process especially attractive for
novel elastocaloric cooling applications [42].

In this research, the processability of a Cu-Al-Mn SMA by SLM was
examined for the first time. The effect of the processing parameters on
the density and the TTs were systematically investigated. Moreover,
the microstructure and corresponding shape memory properties were
compared with induction cast material in order to better understand
the behavior of samples produced by SLM.

2. Material and methods

2.1. Materials and processing

Gas-atomized powder of Cu71.6Al17Mn11.4 (at.%) with particle sizes
smaller 75 μm (see Fig. 1(a) and (b)) was used in this work. This com-
position has been chosen because it has been proven to have excellent
superelastic properties as a result of special thermo-mechanical heat
treatments [29,30]. The pre-alloy was produced at Leibniz IFWDresden
in an induction furnace (Balzers) under argon atmosphere using high-
purity elements (>99.9 wt%). Five cast rods with a diameter of 50 mm
responds to thewidth of theparticles. Thehighlightednumbers in red represent thed10, d50
les.
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and a length of 180 mm were prepared, cleaned and shipped to TLS
Technik GmbH & Co Spezialpulver KG for the crucible-free atomization
process (EIGA, argon atmosphere). The leftover of the atomization (ap-
proximately 50 mm in length) was used as a counterpart (extracted
rods via electrical discharge machining: 3 to 5 mm diameter) for com-
paring the specimens fabricated via selective laser melting (SLM).
Please note, all additively manufactured samples in this work are re-
ferred to SLM specimens (instead of PBF-LB). The prepared as-cast
rods were solutionized at 900 °C for 3 h followed by water quenching
and subsequently aged at 200 °C for 60 min (heat-treated state).
These samples are designated as cast-HT. The aforementioned heat
treatment sequencewas also applied to a selected SLM sample to better
understand the influence of the heat treatment on the properties of the
differently manufactured samples.

All SLM samples (e.g. rods with separated contour rings: 7 mm di-
ameter, 11 mm height) were fabricated under argon atmosphere in a
SLM250HL (400 W fiber laser, SLM Solutions Group AG). A laser beam
focal offset of 2 mm has been used to compansate thermal drifts of the
optics in order to apply a fine spot size of around 90 μmduring process-
ing. The layer thickness was adjusted to 50 μmand the scanning vectors
(stripe hatching) between two subsequent layers were rotated mainly
by 79° as this value is also used for conventional available materials
for the SLM250HL like AlSi10Mg or CuNi2SiCr. In addition, the point dis-
tance and exposure time regarding the scan vectors were held constant
at 1 μm and 1 μs, respectively [14,19]. In order to establish a process
window for the ternary alloy, process parameters like laser power (P:
200 to 350W), scanning speed (v: 500 to 2000mm/s) and the hatching
distance (h: 0.09 to 0.15 mm) were systematically varied over a mini-
mum of six different build jobs.
Fig. 2. (a) Overview of the first SLM build job using Cu-Al-Mn powder. The laser power (P, in
hatching distance with the approximate track overlap (cf. Table 1), separated contour rings w
The influence of the line energy input on the track width (mean value) by either increasing P
positions where the track width was analyzed. Cross-sectional micrographs for the pore size
see Table 1 for further comparison.
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Every build job was analyzed by optical microscopy using a Keyence
VHX-6000. Beside the track width of the contour rings (four measure-
ments in total, see Fig. 2(b)) and surface appearance of the samples, se-
lected cross-sections of the bulk samples were analyzed in terms of
porosity. This information was then used to further fine-tune the pa-
rameters of already dense samples.

All SLM sampleswere aged at 200 °C for 30min prior to the XRD and
DSC measurements as well as the mechanical tests in order to stabilize
the TTs. This has been also applied to Cu-Al-Mn SMAs in other studies
[43–45].

2.2. Sample characterization

The gas-atomized powder was analyzed in terms of the particle size
distribution and the particlemorphology using a CamsizerX2with an X-
Jet module fromMicrotrac Retsch. For obtaining a solid statistical result
for the powder batch, about 8 million of particles, viz. several grams of
powder, were measured.

The chemical compositions of the cast and powder material as well
as selected SLM specimenswere determined using ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy, device: iCAP 6500 Duo
View, Thermo Fisher Scientific). Chemical point analysis from the cast
sample was performed by (energy-dispersive X-ray spectroscopy; de-
vice: Xflash4010, Bruker) connected to SEM (Scanning Electron Micro-
scope, device: Leo 1530 Gemini, Zeiss). The carbon content of the
ingot material and the oxygen content of the powder were analyzed
(minimum of three measurements) by carrier gas hot extraction in re-
active and helium atmosphere, respectively (EMIA 820 V, Horiba and
ON-836 Analyze, LECO, respectively).
W) and scanning speed (v, in mm/s) was varied as highlighted (h = 0.1 mm). To link the
ere produced using the same P and v values as applied to the fabrication of the bulk parts.
(v = const) or decreasing v (P = const) is shown in (b). The schematic inset shows the
analysis were prepared from the samples (c) P1, (d) V1, (e) SLM-Ref and (f) V6. Please
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The density of the bulk specimenswas obtained by the Archimedean
method using a balance (Sartorius MSA 225S). Selected samples were
prepared for image analysis (ImageJ®) focusing on the grey value differ-
ences between the pores and solid material of the investigated cross-
sections. In addition, the pore sizes and distributions were investigated
using anX-ray computed tomography (Phoenix nanotom, General Elec-
tric), referred to as CT. The resolution of the tomographywas adjusted at
5.9 μm and the scans were performed using a copper filter (0.3 mm in
thickness) for the reduction of artifacts. 720 projections with an in-
creased timing of 1500ms per image were recorded in total for each re-
construction. The volume analysis was performed using VG-Studio max
2.2 (Volume Graphics).

Manually ground samples with thickness of less than 100 μm
were used for X-ray diffraction (XRD). The analysis was performed
using a STOE STADI P diffractometer with Mo–Kα1 radiation (λ =
0.7093187 Å) in transmission mode. The patterns were analyzed by
X'Pert High-Score Plus software, and an ICSD PDF-2 plus database
(ICSD, The Inorganic Crystal Structure Database, FIZ Karlsruhe).

For microstructural examinations, samples were cut, ground and
polished in two steps with 3 and 1 μm, finally prepared with OP-S sus-
pension (Struers). Some of the polished samples were etched in 10%
Nital solution. Imageswere recorded using a digital confocalmicroscope
(Keyence VHX-6000 and VHX-7000). The grain morphology and crys-
tallographic orientations of additional vibration polished (OP-S, 4 h)
SLM and cast samples were investigated in a scanning electron micro-
scope (SEM, Zeiss Gemini Leo 1530) equipped with a Bruker e-Flash
HR 1000 electron backscatter diffraction (EBSD) detector. Texture and
grain size measurements (misorientation angle: 2–5°) were carried
out using the software Esprit 2.2 (Bruker).

The TTs were determined by differential canning calorimetry (DSC)
in a Perkin-Elmer DSC 8500 at a heating and cooling rate of 10 °C/min.
All samples were investigated by applying a minimum of two cycles
(−80 to 100 °C). Cooling was achieved by using liquid nitrogen.

The castmaterial and selected SLM samples (please see Section 3.1 for
further details) were used for mechanical testing at room temperature
(Instron 5869, compression mode). Specimens with a diameter of
3 mm and height of 6 mm were used and the strain was measured
with a laser extensometer (Fiedler Optoelektronik). Firstly, samples
were loaded under monotonic loading until 40% strain. Secondly,
incremental-strain experiments until 8% strain level were applied to de-
termine the superelastic properties. After an initial loading to 1% strain,
the sampleswere unloaded and then this protocol wasmaintained by in-
creasing the applied strain by 1% at each step. Strain control at an initial
rate of 5×10−4 s−1was usedduring both loading andunloading. Forme-
chanical testing, at least two samples of each condition were measured.

3. Results and discussion

The aim of the present study is to investigate the interrelations be-
tween the processing, themicrostructure and the resulting shapemem-
ory behavior in case of an additively manufactured Cu71.6Al17Mn11.4

alloy. To the best of our knowledge, Cu-Al-Mn alloys have not been pre-
pared by laser powder bed fusion so far. Hence, wewill first address the
systematic development of the process parameters in detail in
Section 3.1. Sections 3.2 and 3.3 discuss the influence of the applied pro-
cess parameters and the manufacturing technique itself (cast vs. SLM)
on the resulting microstructures as well as the corresponding transfor-
mation temperatures. The question of how the microstructures affects
the mechanical properties, especially the shape recovery, will be ad-
dressed in Section 3.4.

3.1. Powder analysis and optimization of process parameters

A key aspect for obtaining highly dense specimens via laser powder
bed fusion, beside pronounced weldability of the alloy, whereby Cu-Al-
Mn alloys are excellent in this regard [46,47], and an adjusted process
4

[48], is the suitability of the powder material for manufacturing [49].
In other words, the powder must be mostly spherical (high apparent
density), free flowing (homogenous powder layers) and free of pores
(hollow spheres). Thus, the size and shape of the gas-atomized powder
has been characterized by means of dynamic picture analysis and SEM
(Fig. 1).

In general, most powders for laser powder bed fusion are in the
range of 15–63 μm to fulfill certain needs like appropriate flowability,
low impurity contents, high apparent density and particle sizes smaller
than the laser beamdiameter to obtainhomogenousmelt tracks [19,49].
As we have decided to focus on the fabrication of bulk materials via
using relatively high laser powers, we adjusted the particle size range
above the aforementioned criteria. A further consequence was that al-
most 70% of the atomized material was efficiently used in this way
(as-delivered non-sieved powder: 14.5 kg, as-sieved powder: 10 kg).

The PSD (particle size distribution: d10= 16 μm, d50= 39 μm, d90=
65 μm) fits well with the pre-defined particle size range (below 75 μm).
This shows that the sieving procedure (ultrasonic sieving under argon)
before processing can be carried out efficiently for small as-atomized
batches. This approachwas, furthermore, preferred to also eliminate re-
sidual moisture. Most particles have a size of around 40 μm (see also
Fig. 1(a)). A slightly increased but uncritical amount of particles below
10 μm (3%) and above 75 μm (2%) were observed. Due to an anisotropy
mean value (width-to-length ratio of the determined particles) of 0.925
and a pronounced symmetry (almost no satellites, see Fig. 1(b)) of the
powder particles, an excellent flowability has been observed. This has
been further tested via performing recoat trials in the SLM250HL ma-
chine (not shown).

In order to determine a suitable process window for the fabrication
of Cu-Al-Mn parts, several cylindrical specimens with a height of
11 mmwere manufactured as shown in Fig. 2(a). For every rod, a con-
tour exposure was added (outer diameter = 7 mm) to check the influ-
ence of the line energy input (described in detail in [19,50]) on the
resulting contour/track width by simply using the same laser power
and scanning speed applied for the rod (diameter = 5mm). In general,
the density of SLMsamples is strongly affected by the volumetric energy
input [51], which can be estimated as [21]:

E ¼ P
v⁎h⁎l

ð1Þ

with P: laser power, v: scanning speed, h: hatching distance and l: layer
thickness. In the first step, we tried to establish the optimum values for
the laser power (P = 275 to 350 W) and scanning speed (v = 500 to
1000 mm/s). Thus, the hatching distance was kept constant at 0.1 mm
in the beginning. Please note, we have kept the laser power around
300W as it is reported that completemelting for Cu-based shapemem-
ory alloys (layer thicknesses: 50 to 100 μm) is promoted at relative high
laser powers [18,19]. Fig. 2(a) illustrates that samples with the shown
parameters were successfully fabricated (no cracks, delamination).
The resulting density values are close to each other (see Table 1). Since
we found that no cast or SLM sample is free of pores, the density of the
counterparts was evaluated by Archimedean measurements (in g/cm3)
without determining the relative density. Regarding the SLM samples,
specimens with similar density values were visually checked (surface
appearance: smoothness, roughness) and further characterized via
cross-sectional analysis and CT (details see below).

In the investigated parameter window (selected SLM specimens are
shown in Table 1), no obvious trend between the density and energy
input, by systematically changing P (275 to 350 W, v and h: constant)
or v (500 to 2000mm/s, P and h: constant), was observed. It is notewor-
thy that when samples are processed with a track overlap of 35 to 45%,
which corresponds to an energy input of around 60 J/mm3, the density
is highest (7.32 g/cm3) and the top surface of these specimens is smooth
(cf. samples in Fig. 2(a)). These results are similar to the findings for Cu-
Al-Ni-Mn shape memory alloys [14,19,21,52] and, thus, allow us to



Table 1
Summary of the process parameters (P: laser power, v: scanning speed, h: hatching dis-
tance, TO: track overlap, E: volumetric energy input) used for selected Cu-Al-Mn speci-
mens. The samples shown were also used for further analysis (see Sections 3.2 to 3.4).
SLM samples procuded with 325 W laser power, 1000 mm/s scanning speed and
0.1 mm hatching distance are the so-called reference specimens (SLM-Ref). The letters
(P1, V1, etc.) stand for SLM samples were just the implied process parameter was varied.

Sample P
(W)

v
(mm/s)

h
(mm)

Track
overlap
(%)

E
(J/mm3)

Density
(g/cm3)

Cast (ingot
material)

– 7.30
± 0.01

P1 275 1000 0.1 30 55 7.30
± 0.01

P2 300 1000 0.1 40 60 7.32
± 0.02

V1 325 500 0.1 65 130 7.30
± 0.01

V2 325 667 0.1 55 97.5 7.31
± 0.01

V3 325 833 0.1 50 78 7.31
± 0.01

SLM-Ref 325 1000 0.1 40 65 7.32
± 0.01

V5 325 1500 0.1 – 43.3 7.30
± 0.01

V6 325 2000 0.1 – 32.5 7.18
± 0.02

H1 325 1000 0.09 45 72.2 7.31
± 0.01

H3 325 1000 0.11 35 59.1 7.32
± 0.02

H4 325 1000 0.12 30 54.2 7.31
± 0.01

P4 350 1000 0.1 45 70 7.32
± 0.01
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summarize that controlling the track overlap for a certain combination
of laser power and scanning speed is a useful tool to speed up the pro-
cess optimization. Furthermore, producing separated contour rings en-
ables us to investigate the side surface roughness and find promising
parameter combinations for the manufacturing of relatively smooth
parts as the outer contour of these components is usually cladded by a
single or double boundary scan [53].

Based on the parameter variations used and the comparison of all
density values for a number of six build jobs, the SLMsamples fabricated
with P = 325 W, v = 1000 mm/s and a hatching distance of 0.1 mm
(E = 65 J/mm3, ρ= 7.32 ± 0.01 g/cm3) were determined as the refer-
ence samples. While the density observed was among the highest (see
Fig. 3. (a) Image of a set of rods, beams andmore complex geometries (hollow cylinder, lattice
P= 325W, v= 1000 mm/s, h= 0.1 mm). (b) The marked sample (diameter = 5 mm, height
other reconstructed, transparent CT-images are representatives of a (c) SLM-Ref rodwith a sligh
the porosity (region of interest - ROI) is highlighted (pores: red, (b) porosity = 0.1 ± 0.04%, (
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also Fig. 2(e), porosity= 0.10%), the surface appearance (sides, top sur-
face) was determined to be one of the smoothest of all produced parts.

In addition to the density measurement via the Archimedean
method, a number of four SLM specimens (P1, V1, SLM-Ref and V6)
were selected for a further investigation of the residual porosity (see
Fig. 2(c) to (f)). While V1 is produced with the maximum energy
input (E = 130 J/mm3), the minimum energy (E = 32.5 J/mm3) was
used for the fabrication of sample V6. This sample, in particular, was
processed with a much higher scanning speed than other candidates
to see when the density drops significantly due to lack of fusion [11] ef-
fects (see Fig. 2(f), porosity = 2.90%). The same procedure has been re-
peated regarding the laser power (Pmin = 200 W), which resulted in a
similar finding (not shown). While Fig. 2(c) shows that some irregular
pores are present (sample P1, porosity = 0.37%), only a few small
spherical pores are observed in sample V1 (see Fig. 2 (d), porosity =
0.25%). Interestingly, the density shows a much higher sensitivity to
the laser power (50 W difference to SLM-Ref) as to the scanning
speed (500 mm/s difference to SLM-Ref). This can be explained by the
fact that Cu and Cu alloys generally require a relative high laser power
when processed with an infrared laser [54].

According to our detailed investigation on the optimization of pro-
cess parameters for Cu71.6Al17Mn11.4, the evaluated parameters (SLM-
Ref, see Table 1) were transferred to the manufacturing of individually
designed structures (Fig. 3(a)). All produced samples, irrespective of
the sample size or complexity, revealed smooth surfaces and no defects.
This proves that individually designed, high-quality components can be
produced via laser powder bed fusion. The lattice structure and the ten-
sion spring were successfully built up on block supports using a line en-
ergy input of 0.275 J/mm (P = 275 W, v = 1000 mm/s) and a more
focused laser beam in contrast to the bulk specimens. For a further com-
parison of the sample quality, the highlighted sample in Fig. 3(a) has
been removed and investigated via CT (Fig. 3(b)). Even if a few pores
are present, the porosity (0.1 ± 0.04%) is very low and comparable to
the cast state (0.1 ± 0.05%) which was found to be in the same density
region for this particular case (Fig. 3(d)). A very high density was also
obtained by SLM processing with a slightly different scanning strategy
(vector rotation from layer to layer = 90°, Fig. 3(c)). A change in the
vector rotation is a common technique to further adjust the quality
[14] and especially to change the materials properties [48].
3.2. Chemical and microstructural analysis

The chemical compositions of the cast ingot, atomized powder and
SLM-Ref sample are listed in Table 2. Please note that five different
structure, prototypical tension spring) produced by using optimized parameters (SLM-Ref,
= 11 mm) was removed for a detailed 3D analysis via X-ray computed tomography. The
tly changed scanning rotation (90°) and (d) cast specimen. The investigated area regarding
c) porosity <0.01%, (d) porosity = 0.1 ± 0.05%).



Table 2
Nominal and experimental determined chemical compositions of the cast material, the powder as well as selected SLM samples. SLM* and SLM** samples were not shown in Table 1 and
were only used for ICP-OES measurements.

Cu (at.%) Al (at.%) Mn (at.%)

Nominal composition 71.6 17 11.4
As-cast ingot 71.28 ± 0.24 17.51 ± 0.12 11.21 ± 0.10
Powder material 71.88 ± 0.32 16.87 ± 0.06 11.25 ± 0.06
Sample P (W) v (mm/s) h (mm) E (J/mm3)
V1 325 500 0.10 130.0 72.02 ± 0.32 16.91 ± 0.20 11.07 ± 0.08
SLM* 275 667 0.10 82.5 72.07 ± 0.34 16.91 ± 0.06 11.02 ± 0.06
P4 350 1000 0.10 70.0 72.10 ± 0.70 16.95 ± 0.08 10.94 ± 0.16
SLM-Ref 325 1000 0.10 65.0 72.00 ± 0.38 16.87 ± 0.10 11.13 ± 0.08
SLM** 300 1000 0.11 54.6 72.02 ± 0.63 16.87 ± 0.06 11.10 ± 0.08

Fig. 4. XRD patterns of the powder, as-cast, cast-HT, as-built SLM-Ref (without low-
temperature aging) and SLM-Ref (with 200 °C 30 min aging) samples.
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ingots with a nominal composition of Cu71.6Al17Mn11.4 (at.%) were pro-
duced for our approach. Two of them were analyzed by means of ICP-
OES and it has been observed that there is a 1.7% difference in the Al
content (in Table 2, only the results for the investigated ingot (XRD,
EBSD, DSC, etc.) are shown). However, the composition of the powder
which is atomized from five produced ingots is very close to the nomi-
nal composition.

Irrespective of the energy input, the composition of the SLM samples
is identical within the experimental error (cf. Table 2). Only small devi-
ations in the Mn content (experimental error of the measurement
method) imply that manufacturing via SLMdoes not cause composition
changes in the Cu71.6Al17Mn11.4 alloy, in contrast to NiTi [55,56] and Cu-
Zn-Al [23] SMAs alloys that suffer from preferential evaporation of Ni
and Zn, respectively. It should be also noted that the carbon content of
the cast ingot and oxygen content of the powder were measured as
0.006 ± 0.0006 and 0.011 ± 0.0002 wt%, respectively, which shows
the low impurity level of the in-house processed alloy and further
matches with our findings for Cu-Al-Ni-Mn [14,19,21].

Fig. 4 shows the XRD patterns of the powder, as-cast, cast-HT and
SLM-Ref (with and without 200 °C 30 min aging) specimens. The re-
sults illustrate that all specimens except the as-cast condition contain
only parent phase (austenite) with a L21 structure. Low-temperature
aging did not cause a change regarding the austenite. It is applied for
6

Cu-Al-Mn alloys to stabilize the forward and reverse transformation
[57,58].

The as-cast sample contains a Cu-rich face-centered cubic phase
(α: Fm3m space group) in addition to the austenite due to the relatively
low cooling rate during processing. It is known thatα phase precipitates
in Cu-Al-Mn alloys, containing approximately 17 at.% Al, formwhen rel-
ative slow cooling rates are present [6]. The α phase precipitates in the
as-cast material have a high volume fraction as shown in Fig. 5(a)). EDX
point analysis shown in Fig. S1 revealed that Cu-rich α precipitates
caused a composition change in the matrix by decreasing Cu and in-
creasing Al content. In addition, the formation of α phase suppresses
the martensitic transformation due to the decrease in the mobility
of the martensite/austenite interfaces [59]. Therefore, cast samples
did not show any martensitic transformation (not shown in this
work). This is the reason why cast samples had to be solution-treated
for obtaining superelasticity at room temperature (see Sections 3.3
and 3.4).

Microstructures of the as-cast, cast-HT, SLM-Ref and SLM-Ref-HT
(as-built +900 °C 3 h + 200 °C 60 min) specimens were examined by
optical microscopy as seen in Fig. 5. The α phase is clearly seen in the
as-cast sample in agreement with the XRD analysis. Coarse grains,
most of which are in the range of millimeters, were obtained by apply-
ing a 3 h solution treatment at 900 °C to the as-cast sample (see Fig. 5
(b)). The microstructure of the SLM-Ref sample consists of elongated
columnar grains oriented in the building direction (Fig. 5(c)) due to
the partial re-melting of the underlying solid material and epitaxial
grain growth in the direction of heat transfer towards the base plate
[60,61]. The 3 h solutionizing step applied to a SLM-Ref sample causes
an obviously grain coarsening as depicted in Fig. 5(d)). The grains
formed were partially as big as grains measured in the cast-HT
specimen.

Fig. 6 shows the microstructures of the cast-HT and SLM-Ref sam-
ples, which were analyzed by means of EBSD. Only austenite (L21)
was detected in both samples, which confirms our findings via XRD
(cf. Fig. 4). As the investigated area contains relatively few grains with
random orientation, an anisotropic microstructure was observed in an
area of 2.8 mm × 2 mm (Fig. 6(c) and (f)).

In contrast to the cast material, the microstructure of the SLM-Ref
sample shows columnar grains with a pronounced length-to-width
ratio together with some fine subgrains (Fig. 6(b)) aligned in the build-
ing direction (BD). The grains have a strong [001]-texture along the BD.
This is similar to the results for continuous-cast specimens, which ex-
hibit a pronounced superelasticity above 10% shape recovery [34–36].
A strong [001]-texture along the BD has been obtained by different re-
search groups for numerous alloys (cubic lattice structure) produced
by laser powder bed fusion [62–65]. Therefore, SLM processing of Cu-
Al-Mn seems a viable path for producing shape memory parts with
high superelasticity at room temperature. The next important step to
promote superelasticity in additively manufactured samples would be
to further increase the width of the columnar grains in order to reduce
the grain constraints. Regarding the discussed assumption, a proper



Fig. 5. Optical microscopy images of (a) as-cast, (b) cast-HT, (c) SLM-Ref and (d) SLM-Ref-HT (as-built +900 °C 3 h + 200 °C 60 min) samples. Images (c) and (d) are showing the
microstructure of the samples in building direction.

Fig. 6. EBSD maps showing the microstructure along the (a, c, f) Y direction of the cast-HT and (b, d, g) building direction (BD) of SLM-Ref samples. The overview shows in detail the (a,
b) grain map of the austenite, (c, d) colour-coded grains in terms of the texture (see also (e)) and the (f, g) inverse pole figures (IPFs). The image in the middle (e) represents the IPF
coloring scheme for (c) and (d).
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scanning strategy [21] and/or an adjusted heat treatment (abnormal
grain growth [64]) should be carried out.

3.3. Transformation temperatures

The transformation temperatures (TTs) of Cu71.6Al17Mn11.4 pro-
duced by induction melting (cast) and SLM were measured, and the
resulting DSC curves from the second cycles are shown in Fig. 7. For-
ward and reverse peak temperatures (Mp and Ap), reverse
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transformation intervals (Af-As) and transformation hysteresis (Af-Ms)
were calculated from the second cycles of DSC results and are shown
in Table 3.

The jerky characteristic of the DSC peaks during transformation, as
seen for the solutionized samples, can be attributed to the slight varia-
tions in transformation characteristics of different regions of the
coarse-grained samples [66]. This multiple-peak behavior is also ob-
served in Ni-Mn-Ga and Fe-Mn-Ga based martensitic Heusler alloys
due to the sudden progress of large austenite/martensite phase



Fig. 7. SecondDSC cycles of (a) cast-HT, SLM-Ref and SLM-Ref-HT samples. The curves in (b) show the transformation behaviorwhen SLM samples, producedwith different energy inputs
(heat treatment as SLM-Ref), are heated (martensite to austenite) and cooled (austenite to martensite).

Table 3
Comparison of the transformation temperatures (TTs) (Mp: peak value austenite-to-mar-
tensite, Ap: peak value martensite-to-austenite transformation, Af-As: peak width back-
ward transformation, Af-Ms: thermal hysteresis) for the cast-HT and SLM samples
produced with different energy inputs.

Sample E
(J/mm3)

Mp (°C) Ap (°C) Af-As

(°C)
Thermal
hysteresis
(Af-Ms) (°C)

cast-HT – ≈ − 58 ≈ − 47 145 14
P1 55 −67 −41 19 23
P2 60 −60 −35 17 24
V1 130 No clear transformation
V2 97.5 −47 −25 35 27
V3 78 −54 −30 31 25
SLM-Ref 65 −56 −32 16 25
SLM-Ref-HT 65 −43 −24 15 16
V5 43.3 No clear transformation
V6 32.5
H1 72.2 −54 −29 18 24
H3 59.1 −59 −34 15 26
H4 54.2 −62 −37 14 24
P4 70 −53 −29 17 26
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boundaries [67,68].Moreover, DSC samples typically consist of only few
grains with random orientation and this causes them to behave differ-
ently from the polycrystalline structures. While the martensitic trans-
formation begins at different temperatures within the grains, it also
finishes at different temperatures which leads to appear in a multi-
step transformation [69].

Considering that the grain sizes of the solutionized cast and SLM-Ref
material are close to each other, the differences in TTs between these
samples have to be attributed to their slightly shifted Al contents
[70,71]. Thus, lower TTs of the cast-HT sample can be directly linked
with the higher Al content of the cast material (approximately 0.6% dif-
ference in Al content, see Table 2). While the SLM-Ref material is com-
posed of columnar grains with a size of tens of micrometers,
solutionized specimens consist of large grains of the order of millime-
ters. This huge increase in the grain size leads to a decrease in the
grain constraints, which facilitates the nucleation of martensite [72].
Therefore, TTs increase with the shift of the grain size towards larger
8

values [73]. Although the transformation interval (Af -As) of the samples
is close to each other, temperature hysteresis (Af-Ms) of the SLM-Ref
sample is about 10 °C larger than for the samples in the solutionized
states. A larger thermal hysteresis is attributed to the large number of
grains and grain boundaries, since dissipative energy increases when
more martensite interfaces near the grain boundaries are present [74].

In addition to the aforementioned results, curves from the second
DSC cycle of selected SLM samples, fabricated with different process pa-
rameters, are shown in Fig. 7(b). Although sample V5 has a relatively
high density (7.30± 0.01 g/cm3) and is a promising candidate regarding
the sample quality, it only shows a weak transformation with a very
small transformation enthalpy as highlighted in the inset. Likewise, sam-
ple V1 exhibited a similar martensitic transformation behavior, but at
higher temperatures compared to sample V5. Such a broadening and
disappearing of the peaks could be an indication for an inhomogeneous
transformation [51,75]. In XRD measurements (which are not shown
here), very small additional reflections were found for the samples pro-
duced with 40 and 140 J/mm3. Therefore, formation of a secondary
phasemight have caused inhomogeneities and concentration differences
among the samples which trigger the flattening of the transformation
peaks. This has to be addressedmore in detail by further microstructural
investigations and is out of the scope of the work shown here.

The DSC traces of the different SLM samples reveal that the TTs (e.g.
Mp, Ap) can be controlled during laser powder bed fusion. Please note
that the transformation temperatures of the forward transformation fol-
low the trend of the temperatures discussed more in detail (reverse
transformation) and we will therefore slightly shorten our discussion
at this point. The aforementioned temperatures as well as Af-As and Af-
Ms values of all the investigated SLM specimens, as a function of the en-
ergy input (E), are plotted in Fig. 8(a) and (b). While no significant
change is observed in the thermal hysteresis (Af-Ms), the transformation
range (Af-As) tends to increase with higher energy inputs. A significant
increase is seen in samples V3 and V2 (cf. Table 1) produced with rela-
tively low scanning speeds (833.3 and 666.7 mm/s, respectively). The
reasons for the broadening of the transformation peak are associated
with the increase in heterogeneity of the microstructures as stated
above.

Table 3 and Fig. 8 reveal thatMp and Ap temperatures are shifting to-
wards larger values when the energy input increases. Similar findings



Fig. 8. The change of (a)Mp, Ap temperatures and (b) Af -As (transformation peakwidth) aswell as Af-Ms (thermal hysteresis) values as a function of applied energy input. The values of the
SLM-Ref-HT sample were added to the plots for comparison.

Fig. 9. (a) Compressive stress-strain curves of the cast-HT and the SLM-Ref samples obtained at room temperature (test was stopped at 40% strain level for cast-HT samples).
(b) Illustration of how critical stress of SIMT (σSIM), the slope of SIMT (dσSE/dε) and the yield strength of the martensite (σM

Y ) were determined (Stage 1: elastic deformation of the
austenite, Stage 2: stress-induced martensitic transformation, Stage 3: elastic deformation of the martensite, Stage 4: plastic deformation of the martensite).
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are reported in several studies related to additively manufactured
Cu-based [21] and, especially, NiTi SMAs [51,55,76,77]. Pronounced
evaporation of Ni with an increasing energy input was found to be the
dominant factor for the alteration of TTs of NiTi alloys. The factor of
chemical composition differences among the SLM samples can be ex-
cluded for our study according to the ICP-OES measurements we have
discussed earlier. As tabulated in Table 2, the chemical composition re-
sults are quite close to each other irrespective of the applied energy
input.

Grain size and grain morphology [78,79], defect density [9,80] and
degree of order [6,26,27] are other general factors affecting the TTs of
Cu-based SMAs alongwith their chemical composition. The SLMprocess
parameters can be varied to control the cooling rate andmelt pool mor-
phology [62] and thus, the energy input with respect to the applied pa-
rameters. In other words, the energy input plays a dominant role
regarding the grain size evolution [12]. Please note that it is very chal-
lenging to correlate microstructural aspects (e.g. grain size) and TTs es-
pecially for those samples, which have been additively manufactured
[19,21]. Beside the thermal history, which is specific to each combina-
tion of process parameters and the corresponding scanning pattern
[48,62], the degree of order of the parent phase and defect concentra-
tion change substantially owing to differences in the cooling rates are
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other governing factors [14,81]. Therefore, a comprehensive study on
the relationship between the TTs and processing parameters has to be
performed. However, the above results indicate that a systematic
change of the energy input in defined limits results in adjustable TTs
as it has been also observed for Cu-Al-Ni-Mn [21,52] and Cu-Al-Ni-
Mn-Zr [14]. In other words, laser powder bed fusion can serve as an ef-
ficient fabrication tool to obtain Cu-Al-Mn parts with (locally) adjusted
TTs without the need for any compositional change or further heat
treatment steps.

3.4. Mechanical properties

Final experiments were done to evaluate the mechanical and
superelastic behavior of the SLM-Ref sample by comparing the results
with those of cast-HT samples. Loading direction of the SLM-Ref sam-
ples was parallel to the building direction in all the tests. Fig. 9(a) pre-
sents the compressive stress–strain curves for the cast-HT and SLM-
Ref samples under quasi-static loading at room temperature. Two sam-
ples of each condition were tested in order to investigate the stress-
induced martensitic transformation and to assess the yield strength of
the martensite. Critical stress values of SIMT (σSIM), the slope of SIMT
(dσSE/dε) and the yield strength of the detwinned martensite (σM

Y )



Table 4
Mechanical data determined from Fig. 9(a) and Fig. 10(a). The elongation and σM

Y valueswere determined from Fig. 9 (a). Shape recovery rateswere calculated based on the curves shown
in Fig. 10(a). σSIM and dσSE/dε values were calculated from both Fig. 9(a) and Fig. 10(a). Please note that the compression strength and elongation values of the cast-HT sample were not
added since the test has been stopped manually after initial macroscopic crack initiation.

Sample Critical stress of stress-induced martensitic
transformation (σSIM) (MPa)

Slope of stress-induced martensitic transformation
(dσSE/dε) (GPa)

Yield stress of
martensite (σM

Y )
Shape recovery (%)

2%
deformation

4%
deformation

cast-HT 370 ± 49 4.98 ± 0.50 790 ± 45 80.0 ± 1.9 59.7 ± 1.9
SLM-Ref 302 ± 4 2.04 ± 0.12 1158 ± 3 80.7 ± 0.8 65.3 ± 2.5

Fig. 10. Compressive superelastic responses of the cast-HT and the SLM-Ref specimens under incremental strain testing at room temperature (a). The recoverable strain values were
extracted from (a) and plotted as a function of the applied strain (b). The solid line is a guide for the eye indicating full strain recovery.
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(for the determination of these values, please refer to Fig. 9(b)), as well
as ultimate compression strength and the elongation values are listed in
Table 4. The values obtained from superelastic testing (Fig. 10(a)) were
also taken into account to calculate themean values of σSIM and dσSE/dε.
Large deviations observed in the results of the cast-HT sample could be
attributed to an anisotropic microstructure specific to each sample
(grains can span over the whole cross-section) (see Fig. 5(b) and
Fig. 6(a)).

SLM-Ref sample has much lower dσSE/dε value compared to cast-HT
sample (please see Table 4). This value indicates the work-hardening
rate of superelastic deformation and a higher dσSE/dε is directly associ-
ated with the increase in slip defects [36,73]. Therefore, superelastic
strain is affected adversely as dσSE/dε increases. It can be seen that the
refinedmicrostructure of the SLM-Ref sample leads to higher σM

Y values,
which implies the high resistance against dislocation slip of this sample
compared to the cast-HT counterpart. As a result of strength-ductility
tradeoff, cast-HT sample possesses a higher ductility or, in other
words, this result highlights that also coarse-grained Cu-Al-Mn can
show large deformations.

The superelastic behavior of the samples manufactured via casting
and SLM was compared using incremental loading-unloading experi-
ments. Stress-strain curves of two samples from each condition are
shown in Fig. 10(a) and the recoverable strain values as a function of
the applied strain are compared in Fig. 10(b). The SLM-Ref samples ex-
hibited a higher shape recovery compared to its conventional counter-
part. The maximum recoverable strains were obtained as 2.86 and
2.59% in case of an applied strain of around 5%. On the other hand, the
maximum values are 2.46 and 2.31% after 4% strain for cast-HT sample
1 and 2, respectively. While both conditions imply that about 80% aver-
age shape recovery at 2% applied strain is achievable, the SLM-Ref sam-
ple showed about 65% shape recovery which is about 5%more than that
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of cast-HT sample under 4% deformation (cf. Table 4). Consequently,
samples prepared by laser powder bed fusion have a superior mechan-
ical and superelastic performance at room temperature compared to its
cast counterparts due to the fine-grained and favorably texturedmicro-
structure. In addition, SLM samples exhibited repeatable results, con-
trary to what was found for the cast specimens.

It is known that ordinary polycrystalline Cu-based SMAs have only a
limited recoverable strain as we observed in the cast-HT sample due to
the high elastic anisotropy and an associating local plastic deformations
at grain boundaries [28,34,58]. Although SLM-Ref samples have high σM

Y

values, which generally suppresses irreversible deformation by slip, the
increase in the grain constraint due to its small grain size is thought to
be a hampering factor for not obtaining an excellent superelastic perfor-
mance as it is reported for bamboo-like-grained, oligocrystalline [24,25]
or columnar-grained structures [34–36].

4. Conclusions

In this study, a superelastic Cu-Al-Mn shape memory alloy was
manufactured by laser powder bed fusion. The effect of the process pa-
rameters on the relative density and transformation behavior was in-
vestigated. Microstructural and mechanical properties of selected
additivelymanufactured sampleswere comparedwith those of conven-
tionally cast samples. The main findings are outlined as follows:

1. Crack-free samples with a similar density were successfully pro-
duced across a wide range of energy inputs (43.3 to 130 J/mm3). A
change in the chemical composition depending on the energy input
was not observed.

2. Unlike the cast material, fully austenitic SLM samples were ob-
tained due to rapid cooling after melting. Thus, a solutionizing heat
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treatment step which is used to dissolve the α precipitates (as-cast
ingot material) and promote the shape memory properties is not
needed for the additively manufactured samples.

3. The transformation temperatures of additively processed bulk sam-
ples shifted towards higher values as the energy input were in-
creased. Therefore, this manufacturing method can offer an efficient
approach for tailoring the transformation temperatures of Cu-Al-
Mn alloys through carefully selecting the process parameters.
This is even more important due to the fact that the martensitic
transformation degrades if, irrespective of the energy input, one
process parameter is changed drastically, viz. by a factor of two,
with respect to the reference parameter setup.

4. Columnar grains with a strong [001]-texture along the building di-
rection were formed in the additively fabricated material. The addi-
tively fabricated samples have shown higher yield stresses and
superelastic strains compared to the cast sample.
To sum up, we have demonstrated that laser powder bed fusion is a

suitable tool to manufacture individually designed superelastic Cu-Al-
Mn parts and there is a great potential for producing samples with a
high superelasticity once the microstructure in terms of the grain size
and distribution can be further controlled (bamboo-grained or direc-
tional solidified microstructures).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2021.109625.
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