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Abstract Laser powder bed fusion (LPBF) constitutes a
promising alternative to directly produce Cu-based shape
memory parts with high superelasticity due to the fact that
the grain size and morphology as well as the texture can be
tailored during processing. It is known that immediate laser
remelting of previously processed layers during LPBF can
serve as an important and complementary method to
improve part density and to adjust the microstructure and
mechanical behavior. As a consequence, this study focuses
on the effects of an additional remelting step on the
material properties of an additively fabricated Cu;; ¢Al;7.
Mn; 4 (at.%) shape memory alloy (SMA). Firstly, the
effects of different remelting parameters, obtained via
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systematically changing the hatching distance and scanning
speed, on the sample density and transformation tempera-
tures were analyzed. Secondly, microstructural observa-
tions as well as incremental compression tests were
performed to establish the relationships between the
applied remelting process parameters, the microstructure,
and the superelastic properties. The comparison of the
results for remelted and non-remelted counterparts clearly
proves that a subsequent exposure of already solidified
layers can serve as an adaptive tool to improve the per-
formance of Cu-based SMAs and to allow the fabrication
of locally adapted shape memory parts for application-
oriented scenarios.

Keywords Additive manufacturing - Laser powder bed
fusion - Cu—Al-Mn shape memory alloy - Laser remelting -
Martensitic transformation - Superelasticity

Introduction

Laser powder bed fusion (LPBF) additive manufacturing
technique is capable of directly fabricating high-perfor-
mance near-net-shaped metallic structures [1] and it also
allows to tailor geometrical [2] and microstructural [3]
characteristics to some extent. Based on a 3D CAD model,
LPBF processing constitutes a local and accurate melting
of a supplied thin powder bed on a substrate plate which is
repeated layer by layer. Conventionally available LPBF-
processed alloys usually outperform their cast counterparts
or exhibit promising mechanical properties in comparison
to wrought materials [4]. However, challenges remain and
still hinder a full industrial adaption of LPBF. There are
only a limited number of qualified alloys, which are mostly
structural [5]. Thus, emerging fields like the development
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of additively manufactured intelligent and stimuli-respon-
sive structures, so-called 4D printing [6], can only partially
benefit from the given potential in additive manufacturing.
4D printing allows the fabrication of dynamic components
which can adjust their shape, properties, or functionalities
over time under predetermined external stimuli. Thus, the
fourth dimension in the aforementioned terminology is
mainly related to the stimuli-responsive characteristic of
the additively manufactured geometry. Among metals,
shape memory alloys (SMAs) are an important group of
functional materials, and their unique mechanical behavior
(shape memory effect, superelasticity) is of specific interest
for a new generation of 4D-printed components [7].

LPBF of mainly NiTi-based [2, 8-14] and Cu-based
[15-23] SMAs has gained remarkable interest, due to the
ability to fabricate complex and functional as-built parts.
This could pave the way for new applications in the
medical and aerospace industries or enable better system
integration (damping [24] and elastocaloric [25] purposes).
In terms of both processing and superelastic properties at
room temperature, ternary Cu—Al-Mn alloys have been
considered a promising alternative to the popular NiTi-
based alloys, owing to good printability and low costs
[16, 26], large transformation strain [27], and high thermal
conductivity [28]. However, the presence of grain con-
straints causes the inhibition of martensitic transformation
in ordinary polycrystalline Cu—Al-Mn SMAs due to their
highly anisotropic mechanical properties [29, 30]. Thus,
local plastic deformation and functional degradation are
inevitable for randomly textured and globular-grained
microstructures [31]. Therefore, Cu—Al-Mn SMAs should
be manufactured with a focus on obtaining a highly tex-
tured and bamboo-like or columnar-grained microstructure,
in order to improve the superelasticity [32-35].

The advantage of being able to control the melt pool
properties and solidification behavior during LPBF pro-
vides an excellent opportunity to create optimized
microstructures by adjusting process parameters, such as
laser power, hatching distance, layer thickness, or via fine-
tuning the scanning strategy [23, 36—42]. For this reason,
LPBF constitutes an important alternative to produce near-
net-shape and high-quality Cu—Al-Mn parts with high
superelasticity and without the need for applying additional
post-processing steps. In a recent study, Babacan et al. [19]
found the optimized laser power and hatching distance
parameters for a constant 50-um layer thickness value and
spot size of about 90 um through a comprehensive process
study for Cuy; ¢Al;7Mn;q 4 (at.%) SMA. Regardless of the
energy input, the chemical composition results were quite
close and unlike the castings, the rapid cooling after
melting resulted in fully austenitic LPBF samples. In
another study, the current authors [23] obtained approxi-
mately 6% recoverable strain under 8% compressive
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applied strain as a result of incremental compression tests
by optimizing the scan vector rotation angle in adjacent
layers. It has also been found that no thermal post-treat-
ment is required to obtain Cu—Al-Mn parts with pro-
nounced superelasticity.

A promising and effective technique for further fine-
tuning the part quality, microstructure, and corresponding
mechanical behavior is the use of laser remelting
[15, 17, 43-52]. Remelting is typically used as an in situ
post-processing step of already molten and solidified areas
during LPBF, which is also known as selective laser
melting (SLM). In other words, it can serve as an additional
tool to tailor the part quality (improving surface smooth-
ness and sample density [15, 50]) as well as microstructure
[53] and can be adopted to selected sample areas (applied
locally, e.g., top or side surfaces) or the whole-specimen
volume (applied to each layer). It is noteworthy that several
researchers have studied the effect of an additional
remelting step to optimize the material properties of NiTi
[47, 54] and Cu-Al-Ni—-Mn [15, 17] SMAs fabricated by
LPBF. On the one hand, Bayati et al. [47] applied different
remelting procedures by varying the laser power and
scanning speed and found that a remelting step during
LPBF processing of NisggTisg (at.%) improves the sur-
face roughness and density. Chmielewska et al. [54] have
used elemental Ni and Ti powders to fabricate Ni-Ti parts
via LPBF from blended feedstocks by applying different
remelting strategies. In this study, remelting significantly
reduced the sample porosity. Furthermore, the composi-
tional homogeneity increased as the number of remelting
steps per layer increased. However, this strategy could not
completely eliminate the phase composition inhomogene-
ity and it was stated that further research is needed to fully
understand the effects on the shape memory properties. On
the other hand, Gustmann et al. [15, 17] investigated the
influence of a remelting step (so-called selective laser
remelting) on the relative density, microstructure, trans-
formation temperatures, and mechanical properties of a
quaternary Cu-11.85A1-3.2Ni-3Mn (wt.%) high-tempera-
ture SMA. The grain size evolution and transformation
temperatures showed an increasing and comparable trend
with increasing energy input during remelting, confirming
general findings that have been reported for conventionally
processed counterparts with different grain sizes [55]. In
addition, the relative density, surface roughness, and the
ductility (tensile test) were improved, while the mechanical
properties under compressive stress have not drastically
changed by remelting.

The studies described above demonstrate the general
feasibility of adjusting the part and material properties of
selected additively manufactured SMAs through an
implemented remelting step. To the best of our knowledge,
Cu-Al-Mn SMAs have not been prepared by LPBF and
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remelting so far. We have previously demonstrated that
Cu-Al-Mn parts with high density and columnar, single-
phase microstructures as well as a pronounced superelas-
ticity can be manufactured with optimized process
parameters [19] and scanning strategies [23] by LPBF. In
this article, we investigated an improvement of LPBF-
manufactured Cuy; ¢Al;7Mn;; 4 (at.%) parts by a subse-
quent remelting procedure of already processed layers to
further decrease residual porosity and tailor the grain size
as well as the texture. In a first step, a parameter study was
conducted to establish suitable remelting parameters
without negatively influencing the part density or surface
roughness. In a second step, the interrelations between
remelting, the resulting microstructures, and the mechani-
cal performance have been revealed. The obtained findings
demonstrate that an additional remelting step can be
applied to fabricate as-built parts with high superelasticity
and that individually developed post-scanning strategies
facilitate a more flexible manipulation of different
geometries and their local material behavior.

Experimental Procedure
Materials and Processing

In this study, cylindrical specimens (diameter: d; = 3 mm,
dy =5 mm, height = 11 mm) were fabricated under an
argon atmosphere using a gas-atomized Cuy; gAl;7Mny; 4
(at.%) powder in a SLM 250" (SLM Solutions Group AG,
Germany) device. A constant layer thickness of 50 um and
a bi-directional stripe scanning strategy were used during
LPBF processing. A pre-heating of the substrate plate was
not applied. The scan vector rotation between successive
layers was held constant at 79°. As a consequence of our
initial studies [19, 23], an optimized parameter setup with a
laser power (P) of 325 W, scanning speed (v) of 1000 mm/
s, and hatching distance (k) of 100 pum was chosen to
produce crack-free samples with a minimum number of
residual pores. The samples produced without remelting
using these processing parameters were named as SLM-Ref
as in [19].

The remelting process was varied using scanning speeds
(v) of 500 to 1000 mm/s and hatching distances (k,) of 50
to 90 pm (7: parameter indication, solely applied during
remelting). The laser power (P,) was kept constant (325 W)
for every layer. In order to screen suitable process
parameters for the immediate illumination of already
solidified layers (remelting), an evaluation matrix of 5-mm-
diameter cylindrical specimens was produced and analyzed
via a digital confocal microscope (VHX-7000, Keyence
Deutschland GmbH, Japan) in a first step (see
Sect. “Selection of Process Parameters and Pore

Analysis”). In a second step, cylindrical specimens with
diameters of 3 and 5 mm (height = 11 mm) were fabri-
cated for material analysis (see Sect. “Sample Characteri-
zation”) using selected remelting process parameters.

Sample Characterization

The density of remelted LPBF samples was obtained by the
Archimedean method using an MSA 225S (Sartorius
GmbH, Germany) device (three measurements in total per
sample).

An X-ray computed tomography (p-CT) device (Phoe-
nix nanotom m, General Electric, USA) was used to ana-
lyze selected samples of 3 and 5 mm diameter for residual
porosity (pore size and distribution). Before scanning,
resolution and timing were set to 6 um and 150 ms,
respectively. To reduce scanning artifacts, all pu-CT scans
were performed with a copper filter (0.3 mm thick). For
each reconstruction of the sample volume, a total of 720
projections were recorded. The analysis of defects (e.g.,
equivalent pore diameter) was carried out using VG-Stu-
diomax 2.2 (Volume Graphics GmbH, Germany) for a
selected ISO-50 gray scale setting (applied gray-scale
shift: & 5 units). Pore diameters less than 15 pm (ap-
proximately 3 times the resolution limit/voxel size) were
not included.

Differential scanning calorimetry (DSC) was employed
to determine the transformation temperatures (TTs) of low-
temperature aged samples (sample weight: 20 to 30 mg) at
200 °C for 30 min (see also [19, 23]). A DSC 8500 device
(Perkin-Elmer, USA) was used to carry out the DSC
analysis at heating and cooling rates of 10 °C/min.

The chemical compositions of the selected samples were
analyzed using inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES; iCAP 6500 Duo View,
Thermo Fisher Scientific, USA). The analysis involved a
threefold solution-based approach.

For microstructural examinations, vibration-polished
samples were examined by electron backscattered diffrac-
tion (EBSD) analyses. A scanning electron microscope
(SEM; Gemini Leo 1530, Zeiss, Germany) equipped with a
Bruker eFlash HR + (Bruker Nano, Germany) EBSD
detector was used for these characterizations. The grain
structure, crystalline orientation, and texture of the samples
were compared. Further details on the sample preparation
and EBSD measurements can be found in the preliminary
work [23].

The superelastic properties were analyzed in compres-
sion using a 5869 universal testing machine (Instron
Deutschland GmbH, Germany). A strain rate of
5 x 107* s™' was maintained throughout the tests. The
compressive strain was monitored using an AVE2 video
extensometer (Instron). Manually ground co-planar as-built
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compression test samples with 3 mm diameter and a height
of 10 mm were used for the tests. Incremental loading—
unloading tests up to 8% strain (1% step size) were per-
formed on at least two specimens to reveal the superelastic
properties of the specimens.

Results and Discussion
Selection of Process Parameters and Pore Analysis

The selection of suitable remelting parameters is of central
importance for the investigation of the relationships
between the applied remelting step, the resulting
microstructure, and the shape memory behavior of addi-
tively produced Cuy; ¢Alj7Mn;; 4. In analogy to process
parameter studies, which are often used as a starting point
to evaluate novel materials or fabrication strategies in
LPBF, the scanning speed (v, = 500 to 1000 mm/s) and
hatching distance (4, = 50 to 90 pum) were varied during
remelting as seen in Fig. la. The focus of this approach
was to identify parameter combinations which enable a
stable processing for sample fabrication and to investigate
if the layers were rather fully melted.

As implied in Fig. la, all the manufactured specimens
were fully melted and no residual powder particles were
found at the scanned top surfaces. The samples showed
significant differences in the surface appearance with
respect to the applied scanning speed. While the 4,-values
were increased from top to bottom (row related: 1 to 5), the
v, values increased from left to right (column related: A to
E). For relatively small scanning speeds (500 to 625 mm/
s), the highest energy inputs (115 to 260 J/mm®) and
penetration depths resulted during remelting. Pronounced
overheating and part distortion at the edges of the samples
were observed irrespective of the applied hatching dis-
tance. Therefore, the fabrication of these samples was
interrupted after approximately 10 applied powder layers
and the relevant parameter combination were not further
considered.

The higher the scanning speed, the smoother the sample
surfaces appeared after processing (cf. Figure la columns
C to E). It is noteworthy that the density of the samples C
(7.243 to 7.342 g/cm3) remained close to the value of the
SLM-Ref sample (7.32 + 0.01 g/cm3 [19]) as seen in
Table 1. An appropriate combination of scanning speed and
hatching distance was used to both decrease the penetration
depth during remelting [17] and produce specimens with
no visible hotspots on the contours (v, = 1000 mm/s). As a
consequence, it is especially focused on the samples in
column E for further tests. The high part quality in terms of
the surface appearance was confirmed by Archimedean and
precise WCT measurements as presented in Fig. 1b and
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Table 1, respectively. For the latter, selected samples with
the lowest (sample E1) and highest hatching distance
(sample E5) were used and their results were additionally
compared with the findings from pCT-scanned samples
with 3 mm in diameter (Fig. lc—e).

The pCT scans showed that crack-free LPBF samples
with low residual porosity can be manufactured via
remelting, irrespective of the investigated sample diameter
or hatching distance. When the applied A,-value is small,
the majority of pores (equivalent diameter between 50 and
100 pm) concentrate near the contour of the 3 mm-diam-
eter-samples. This was also observed for the 5-mm-diam-
eter specimen. Please note that clustering of pores in
Fig. 1c originates from a strong overlapping of detected
voids due to the visualization. The number of pores (about
200 to 500) and the total volume porosity (approximately
0.005 to 0.03%) were found to be comparable to our pre-
vious findings [19, 23] and relatively low compared to
other LPBF studies [56, 57]. However, a pronounced effect
on the mechanical response, i.e., shape recovery, cannot be
fully excluded at this point as stress concentrations in the
areas close to the contour and, thus, local plastic defor-
mation during superelastic cycling can occur [58]. Fur-
thermore, a pronounced concentration of sub-millimeter
defects in more filigree parts, e.g., thin walls, struts in
open-porous geometries, needs to be monitored critically
[2]. When the hatching is increased by a factor of 1.4 (h,.
=70 um), the pore distribution becomes more homoge-
nous, shifts to smaller values (equivalent diameters around
35 um) and the number of pores further decreases (about
0.003 to 0.008% porosity). Similar results were recorded
for the LPBF samples remelted with the highest hatching
distance (h, = 90 um), whereas the defects in these sam-
ples was about twice as high.

On the basis of the optical images, a comparison of the
density values and the pore analysis, representative LPBF
specimens produced at a scanning speed of 1000 mm/s and
the above-mentioned hatching distances (h.: 50, 70, and
90 pm) were selected to produce test specimens for
microstructural (Sect. “Influence of Remelting on the
Microstructures and Transformation Behavior”) and
mechanical characterization (Sect. “Influence of the
Remelting on the Superelastic Properties”). Throughout
the paper, the selected specimens are referred to as H50
and H90, respectively. In addition, the results obtained by
analyzing the SLM-Ref samples were used for comparison.

Influence of Remelting on the Microstructures
and Transformation Behavior

Figure 2 presents the inverse pole figure (IPF) maps
together with the grain (black) and subgrain (gray)
boundaries of the SLM-fabricated samples along the BD
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Fig. 1 a The macroscopic view of the LPBF samples (diame-
ter =5 mm, height = 11 mm) produced with different remelting
processing parameters (P = 325 W, further parameters as implied in
the image: v, =500 to 1000 mm/s, h, =50 to 90 um). b The
highlighted specimens in (a) were used for a detailed pCT analysis
and are presented as reconstructed, transparent volumes. Visible pores

(building direction) and perpendicular to the BD. A mini-
mum misorientation angle of 15° was defined as the
threshold value grain boundaries and 5° for subgrain
boundaries. All samples have a fully austenitic (L2;)
microstructure and consist of columnar grains with a strong
{100} texture along BD and a high amount of subgrains
(Fig. 2a—c). The average intercept lengths in X- and Y-
directions were calculated from the defined subsets in
Fig. 2d—f for the 15° minimum grain boundary threshold
value and the results are tabulated in Table 2.

The intercept lengths of the remelted samples in both
directions are higher than those of the non-remelted sam-
ple. Song et al. [48] and Bedmar et al. [59] also found that
remelting coarsened the grain sizes of the 18Ni-300
maraging steel and Ti6Al4V samples, respectively. In
addition, the intercept lengths become wider when higher
energy input is applied during remelting similar to the
study of Gustmann et al. [17] for Cu—Al-Ni-Mn SMAs.
The remelting strategy results in a higher melt pool

and their equivalent diameters correspond to the shown scale bar. A
UCT analysis of 3-mm-diameter samples produced with h.-values of
¢ 50 pm (227 voids, porosity = 0.03 £ 0.002%), d 70 pm (215 voids,
porosity = 0.008 £ 0.002%), and e 90 pm (443 voids, poros-
ity = 0.01 £ 0.001%) is shown as comparison (top view) (Color
figure online)

temperature due to the additional energy input and there-
fore, the cooling rate of the melt pool might be lower
compared to non-remelted specimens, resulting in grain
coarsening by remelting [60]. Thus, a higher energy input
during remelting promotes this phenomenon and grain
coarsening becomes more dominant.

It is known that reducing the misorientation between
grains of Cu-based SMAs improves the compatibility of
phase transformation, weakens the grain boundary con-
straints, and reduces the stress concentrations at triple
junctions, which helps to increase the superelastic perfor-
mance [61]. Therefore, the (sub)grain boundary misorien-
tation angle distribution histogram for remelted H50 and
H90 samples, as well as SLM-Ref measured for cross-
sections perpendicular to the BD is plotted and presented in
Fig. 3. It appears that remelting not only causes larger
grains to form a higher proportion, but also produces grains
with smaller misorientation angles. Larger misorientations
in the SLM-Ref sample could lead to a higher
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Table 1 Overview of remelted
LPBF samples (remelting
parameters, v,: scanning speed,
h,: hatching distance, E,: Energy
input) as further indicated in
Fig. la. The process parameters
of the samples E1, E3, and ES
were chosen for the
manufacturing of specimens for
further analysis. The applied
laser power, P,, was held
constant at 325 W. 3D-
reconstructed volumes of the
samples E1 and ES5 are
presented in Fig. 1b

Sample h, E. g Densigy HCT results

D (um) (Hims’) (g/em) Porosity Amount of
(%) pores

Cl 50 173.3 7.301 £ 0.005 -

C2 60 144.4 7.257 £ 0.004

C3 70 123.8 7.243 £ 0.007

C4 80 108.3 7.303 £+ 0.003

C5 90 96.3 7.342 £ 0.01

D1 50 148.6 7.339 £ 0.003

D2 60 123.8 7.345 £+ 0.002

D3 70 106.1 7.348 £+ 0.002

D4 80 92.9 7.354 £+ 0.004

D5 90 82.5 7.356 £ 0.003

El 50 130.0 7.357 £ 0.001 0.005 £ 0.002 461

E2 60 108.3 7.362 £+ 0.003 -

E3 70 92.9 7.358 £ 0.001 0.003 £ 0.001 498

E4 80 81.3 7.357 £ 0.007 -

E5 90 722 7.361 £ 0.004 0.010 £ 0.006 1140

Fig. 2 Inverse pole figure maps of a, d SLM-Ref, b, e H50, and c,
f H90 samples: a—c perpendicular to BD and d—f along BD. The color
coding is given with respect to normal direction of the sample surface.

Table 2 Grain intercept lengths
correspond to the EBSD
analysis of subset in Fig. 2d—f
(perpendicular to BD) (E:
volumetric energy input)
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Grain boundaries (> 15° misorientation) are marked by black and
subgrain boundaries (5-15°) are marked by gray lines (Color
figure online)

Sample

Minimum grain boundary threshold = 15°

Initial melting

Remelting

Intercept length (X) (um)

Intercept length (Y) (um)

SLM-Ref
H50
H90

149
127

80
129
113
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Fig. 3 Grain boundary misorientation angle distributions of selected
subsets from the EBSD analysis in Fig. 2d—f (perpendicular to BD)
(Color figure online)
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Fig. 4 {100}, {110}, and {111} pole figures of the analyzed areas in
Fig. 2d—f for SLM-Ref, H50, and H90 specimens, respectively (Color
figure online)

heterogeneous nucleation rate which will result in smaller
grains, consistent with the finding in Fig. 2 and Table 2
[62]. Besides, it is observed that the relative frequency of
low angle grain boundaries slightly increases with
increasing the hatching distance during remelting.

The pole figures derived from the EBSD measurements
Fig. 2d—f are given in Fig. 4. All samples show a pro-
nounced {100} texture along the BD due to the alignment
of the preferred growth direction (< 100 >) with the
direction of the heat flow during manufacturing. For both
hatching distances discussed, the remelting step leads to a
slight increase of the {001} texture strength along the BD.
For the SLM-Ref sample a clear < 100 > fiber texture
along BD is visible leading to a nearly homogeneous

distribution of the {100} orientation density in the X—
Y plane and the ring-like orientation density distributions
for the {110} and {111} pole figures.

In contrast to the non-remelted sample, the fiber texture
of the remelted counterparts (H50, H90) changes to a more
single crystal-like cube texture with distinct spots of the
orientation density in the different pole figures. Therefore,
an increase of the hatching distance from 50 to 90 pum
creates a more pronounced single crystal-like texture with
sharper intensity peaks. This trend is also supported by
Fig. 5, illustrating the area belonging to the strongest tex-
ture component (up to a maximum misorientation of 15°),
which is 25% for the SLM-Ref sample. Remelting signif-
icantly increases its fraction to around 34 and 42% for the
samples H50 and H90, respectively.

Remelted samples produced with 1000-mm/s scanning
speed and varying hatching distances were aged at 200 °C
for 30 min and their transformation temperatures (TTs)
were compared by means of DSC analysis. It is already
known from the previous study [23] that the forward
martensitic TTs of the as-built SLM-Ref sample are below
— 80 °C. Due to the fact that these temperatures are
beyond the cooling capacity limit of the DSC instrument
used in this study, the low-temperature aging procedure,
which is known to increase the TTs in Cu—Al-Mn SMAs
[63], was utilized to fully monitor the TTs of the samples.
The same aging treatment applied to all samples can be
considered negligible for the comparison of transformation
behavior.

The 2nd-cycle DSC curves of the low-temperature aged
samples are shown in Fig. 6. All remelted samples exhib-
ited higher TTs compared to SLM-Ref sample. Besides, an
increasing trend in TTs is obtained with decreasing the
hatching distance. Therefore, TTs tend to rise with
remelting and the volumetric energy input value during the
remelting can shift the TTs. Grain size, which depends on
the energy density in LPBF and might dominate over TTs
in Cu-based SMAs [64], could play a key factor in this
result. As seen in Table 2, the grain intercept lengths of the
remelted samples are higher than those of the SLM-Ref
sample. In addition, the H50 sample has higher intercept
lengths compared to the H90 sample. Thus, the shift of TTs
to higher values could be attributed to grain coarsening as a
result of increased energy input.

Furthermore, an important obstacle encountered in the
LPBF of certain alloys is the potential evaporation of
specific elements during the process (very high local tem-
peratures), primarily due to their high vapor pressure in the
molten state. Mn is one of those elements that can be
evaporated during processing as seen in several studies
[65-67]. To better clarify if there is an influence of the
remelting procedure on the Mn content and, thus, on the
TTs, the chemical compositions of selected H50 and H90
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Fig. 5 EBSD maps of the areas belonging to the strongest texture component (max. misorientation 15°) of a SLM-Ref, b H50, and ¢ H90

samples (Color figure online)
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Fig. 6 Comparison of the transformation behavior in case of second-
cycle DSC curves of aged remelted specimens and a non-remelted
counterpart. The DSC curve of the latter sample was reproduced and
found to be similar to the previous results [19] (Color figure online)

specimens were analyzed and compared to the findings of
the non-remelted sample state (see Table 3).

In our previous publication ([19]), an elemental loss
during processing irrespective of the energy input (55 to
133 J/mm?) has not been observed. If remelting is applied,
it is seen that the Mn content slightly decreases. The H50
sample, subjected to higher energy inputs during remelting,
exhibited a slightly greater loss of Mn (10.90 £ 0.06 at.%)
compared to the H90 sample (10.99 + 0.06 at.%). Con-
sequently, the alteration in the chemical composition of the
elements can be considered as an influencing factor of the
TT shift which is further facilitated by the literature
[68, 69]. However, due to the fact that the changes in the
Mn content with respect to the non-remelted counterpart
remain very small (cf. deviation values in Table 3), it does
appear that these findings, also in comparison with the shift
of the grain sizes due to remelting, are not the dominating
factor for the increase of the TTs.

@ Springer

Table 3 Experimental determined chemical compositions and cor-
responding relative standard deviations of the SLM-Ref, H50, and
H90 samples

Cu (at.%) Al (at.%) Mn (at.%)
SLM-Ref 72.00 £+ 0.38 16.87 £+ 0.10 11.13 £ 0.08
H50 72.13 + 0.48 16.97 £+ 0.06 10.90 £ 0.06
H90 72.02 £+ 0.46 16.99 + 0.06 10.99 £ 0.06

Influence of the Remelting on the Superelastic
Properties

The superelastic properties of the remelted and SLM-Ref
samples were characterized by incremental compression
tests and the resulting stress—strain curves and recover-
ability of the samples are shown in Fig. 7. For simplicity,
only one stress—strain curve from each condition is shown.
It can be seen that shape recovery increases by remelting
and a higher maximum recoverable strain (4.81 + 0.18%)
was obtained in the H90 sample compared to the H50
(4.03 & 0.05%) and SLM-Ref (3.73 £ 0.07%) speci-
mens (Fig. 7b). Although the recoverable strain of the HO0
sample increased up to 8% applied strain, it began to
decrease for the H50 and SLM-Ref samples at the 8th
loading step (corresponding to 8% applied strain). In
addition to these three conditions examined in this study,
the superelasticity test results of the sample 90° [23], in
which all production parameters are identical to the SLM-
Ref except that the scan vector rotation was 90° instead of
79°, were added for comparison. These samples exhibited a
maximum recoverable strain of 5.60 £ 0.03%, which was
superior to even the remelted samples.

One of the key factors affecting the superelastic
behavior of the Cu—Al-Mn SMAs is the grain misorien-
tation. When the grains have different orientations, the
increase in anisotropy in the microstructure usually results
in a deterioration of the shape recovery. Large misorien-
tations lead to increased dislocation pile-up across the grain
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Fig. 7 a Incremental compressive stress—strain curves of as-built
SLM-Ref (non-remelted reference sample) and remelted (H50 and
H90) LPBF specimens tested at room temperature. Only results from
a selected sample were plotted. b Recoverable strain versus applied
strain. The values were extracted from the recorded stress—strain

boundary and thus plastic deformation, which reduces the
recoverability of SMAs [61]. In addition, as the grain size
of the parent phase decreases in Cu—Al-based systems, the
recoverable strain decreases due to grain boundary con-
straints [70]. In other words, the shift of the misorientation
distribution to higher angle values and the relatively small
grain sizes in the SLM-Ref sample (cf. Fig 3 and Table 2),
respectively, are one of the governing factors why this
sample shows a poor superelastic performance compared to
the counterparts. Moreover, the higher value of the stress-
induced martensitic transformation slope, which corre-
sponds to the work-hardening rate, observed for the SLM-
Ref sample in Fig. 7a, is an indication of the higher
accumulation of dislocation slips. Similarly, the critical
stress of the stress-induced martensitic transformation,
which is strongly dependent on grain size and grain
boundary constraints [71], shows the opposite tendency
with recoverable strain and typically, the critical stress
decreases with increasing grain size [72].

The texture discrepancy could be used to explain the
difference in superelastic properties between remelted
samples with different hatching distances. The remelting
process results in a transition from fiber to a single crystal-
like cubic texture, reducing mechanical constraints.
Moreover, compared to H50, H90 has a sharper intensity
peak with a more single crystal-like texture, which pro-
motes the mechanical performance in terms of superelastic
performance. As stated in Sect. “Selection of Process
Parameters and Pore Analysis,” an additional influence of
the number of pores and pore concentration close to the
surface (cf. Fig lc—e) can be detrimental to the shape
recovery under cycling conditions. As this is beyond the

—_—
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—v— SLM-Ref d
—a—H50

|—=—Ho0 y
—— Non-remelted /
4 -(90° scan vector rotation) /

Recoverable Strain (%)
w
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0 1 2 3 4 5 6 7 8

Applied Strain (%)

curves for two samples each. The solid-dashed line illustrates full
strain recovery condition. The results of the as-built samples that were
produced with 90° scan vector rotation instead of 79° (see [23]) were
added for comparison (Color figure online)

scope of the present work, possible effects of residual
porosity (e.g., non-machined with post-machined as-built
specimens) on the shape recovery and local strain con-
centration will be subjected to upcoming investigations.

Conclusion

In this work, a direct remelting of already solidified layers
during laser powder bed fusion of a Cuy gAl;7Mny;4
(at.%) shape memory alloy has been applied to study the
effects on the part density, microstructure, and superelastic
behavior. A set of different samples with varying scanning
speeds (500 to 1000 mm/s) and hatching distances (50 to
90 um) were manufactured and the results (e.g., transfor-
mation temperatures, superelastic properties) for selected
samples were investigated in comparison to reference
samples of our previous studies [19, 23]. The following
conclusions can be drawn from the obtained findings:

1. Negligible differences in the density of different
remelted samples revealed that additional post-scan-
ning with parameters close to the evaluated process
window (e.g., constant laser power) during LPBF can
be efficiently used to tailor superelastic properties.

2. Remelting of Cu—Al-Mn to ultimately increase part

density has to be carried out with higher scanning
speeds (v, =750 to 1000 mm/s) and, thus, lower
energy inputs (E, = 72.2 to 173.3 J/mm?). A hatching
distance between a low track overlap (hatching close to
the LPBF process value, 100 pum) and high track
overlap criteria (50% less hatching with respect to the
LPBF process value) led to specimens with the lowest
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residual porosity and a reduced pore formation in the
contour areas (P,=325 W, v,=1000 mm/s,
h. =70 pm).

3. The measured intercept lengths revealed that the
additional remelting step causes a significant shift of
the grain sizes to higher values in contrast to non-
remelted counterparts. While lower energy inputs and
less hatching vectors (E, = 72.2 J/mm?, h. =90 pm)
showed an enhancement of around 40 to 50%, the
grain sizes further increased when more hatching
vectors were applied (E, = 130.0 J/mm?, h. = 50 pm).
In other words, remelting remarkably coarsened the
microstructure. Furthermore, a small amount of Mn
evaporation was observed if remelting, particularly at
higher energy inputs, were applied. However, it is
believed that the slight alteration of the chemical
composition is not the dominating factor for the shift
of the transformation temperatures.

4. A detailed EBSD and texture analysis revealed that
remelting leads to a shift of the grain boundary
misorientation angle distribution to lower values and
supports the formation of a single crystal-like texture.
Thus, the microstructure of a non-remelted SLM-Ref
sample (79° scan vector rotation) holds pronounced
constraints for a shape recovery after loading/ unload-
ing. Besides, the remelted sample produced with a
90 um hatching distance showed a higher texture
intensity, which further promotes the recoverable
strain compared to the specimen manufactured with a
50 um hatching distance.

5. An improvement in superelasticity was obtained via
remelting with adjusted hatching distances, demon-
strating the impact not only on the microstructure but
also on the mechanical properties. In contrast to the
non-remelted SLM-Ref sample produced with 79° scan
vector rotation (about 3.7%), the compressive supere-
lasticity of the remelted counterparts (about 4.8%)
under incremental strain was found to be higher.

6. In general, it was demonstrated that achieving high
superelasticity in Cu-Al-Mn parts produced by LPBF
does not necessitate thermal or mechanical post-
processing. This conclusion is supported by the highest
recorded recoverable strain values of approximately
5.6% obtained from as-built Cu—Al-Mn parts, through
the optimization of the scan vector rotation [23], as
well as the findings from this study with respect to the
remelting procedure.

The results of this work represent a promising way to
fabricate near-net-shape Cu—Al-Mn shape memory parts
with high recoverable strains in the as-built condition
without making major changes to the evaluated processing
conditions. Unlike the scanning strategy adjustments, a

@ Springer

remelting procedure can be flexibly applied to existing
LPBF scenarios in which process parameters have been
optimized for specific part designs or build-job configura-
tions. We believe that the findings of this study can be used
for the manufacturing of more complex shape memory
parts (e.g., lattices, grippers) with locally adjusted proper-
ties. Due to the fact that a post-scanning during LPBF can
be easily applied to any layer (or material) and allows
microstructural changes (texture, grain size) without neg-
atively influencing the chemical composition, it offers
unique possibilities for shape memory alloy design.
Applying mechanical or thermal post-processing is usually
not required but can still be involved after manufacturing to
further adjust the material behavior (transformation tem-
perature, shape recovery). This together allows for a better
adoption of 4D printing of functional materials, across
different disciplines as a resource-efficient fabrication
route for the future.
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