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Laser powder bed fusion (L-PBF) is used to produce foam-like Ni-Mn-Ga with tailored microscale and mesoscale
features. Ni50-Mn28.2-Ga21.8 (at%) powder was gas atomised and processed in an L-PBF system with a range of
energy density from 26.24 and 44.90 J/mm®. We characterised microscale and mesoscale properties, such as the
chemical composition, crystal structure, magnetisation measurements, density, and porosity measurements as a
function of process parameters, in a systematic design of experiment. Preliminary research on macroscale
properties included tensile testing and magnetic field induced strain (MFIS) measurements. Results show how
controlling process parameters allows tailoring the Ni-Mn-Ga polycrystalline microstructure. Hence, obtaining
twinned martensitic structures with a predominant orientation going across the visible grain boundaries. All the
processed samples showed a 56 Am?/kg magnetisation level, close to Ni-Mn-Ga 10 M single crystals. Mesoscale
results show a distinctive porosity pattern that is tailored by the process parameters and the laser scanning
strategy. In contrast, macroscale mechanical tensile test results show a brittle fracture of Ni-Mn-Ga due to the
high porosity with yield stress 2-3 times higher than shown in single crystals. In sum, we built geometrically
complex demonstrators with (i) microscale twinned martensitic structures with a predominant orientation going
across the visible grain boundaries and (ii) mesoscale tailored periodic porosity patterns created by modifying
power, scanning speed, and scanning strategy systematically. L-PBF demonstrates great potential to produce
foam-like polycrystalline Ni-Mn-Ga, reducing grain boundary constraints and thus the magnetic force needed for
MFIS.

1. Introduction there is only one commercial manufacturer on the market that can

supply functional Ni-Mn-Ga single crystals [10].

Ni-Mn-Ga ferromagnetic alloy systems are the most common Mag-
netic Shape Memory (MSM) materials. The shape change occurs via the
twin boundary motion in the twinned martensitic Heusler structure
[1-3]. Twinning in functional MSM single-crystal material is inter-
twined with a significant mechanical strain, which can be induced by
magnetic or thermal energy [4-6]. The study of Ni-Mn-Ga MSM alloys
started in 1996 with the discovery of its properties by Ullakko et al. [7].
However, during more than two decades of research, only a limited
amount of industrial applications have emerged [8,9] and currently,

The lack of commercial applications is related to the difficulties in
industrial-scale manufacturing of Ni-Mn-Ga single crystals. The chal-
lenges include (i) the low vapour pressure of manganese [11], which
leads to its evaporation during manufacturing and difficulties in con-
trolling the composition and structure of the crystal, (ii) the high cost of
the alloying elements, and (iii) the demand of many labour-intensive
manufacturing steps and heat treatments [12].

Since 2016, the research on Additive Manufacturing (AM) of shape
memory alloys (SMA) and particularly magnetic Ni-Mn-Ga alloys has
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rapidly increased [13-21]. The technology shows potential for materials
and geometries challenging to manufacture using conventional methods
[22]. It enables a wide range of processing techniques and micro and
mesoscale tailoring capabilities [23], which are well suited for smart
materials (i.e., materials that can transform their geometry under the
influence of external stimuli) [24]. The body of research shows that SMA
materials have been processed by (i) Directed Energy Deposition [13,
171, (ii) Binder Jetting [14,15], (iii) Material Extrusion [16], and (iv)
Laser Powder Bed Fusion (L-PBF) [18-21].

The real advantage of AM is its "ability to maximise product perfor-
mance through the synthesis of shapes, sizes, hierarchical structures, and
material compositions, subject to the constraints and capabilities of the
particular AM process" [25]. L-PBF can create complexity enhanced smart
materials for microelectromechanical systems, such as highly custom-
ised low-frequency vibration-damping elements, piezoelectric materials
for reduced size devices such as micro-actuators with complex external
and internal geometries, microfluidics for the precise dosing of liquids,
as well as MEMS or other kinds of sensors.

In the specific case of L-PBF, the process is constrained by the fast
cooling rates and spatially varying temperature gradients during the
layer by layer build process that ultimately creates complex micro-
structures [26] and residual stress states [27]. For instance, in 316L
stainless steel, L-PBF processed metals frequently exhibit high disloca-
tion densities, segregation of elements, fine solidification structures, and
elongated columnar grains in the build direction [23]. On the other
hand, process parameters in L-PBF can be used to influence the direc-
tional solidification of the materials (e.g., by a combination of effective
power, scanning speed, scanning patterns, or laser beam shaping stra-
tegies) [28,29]. One of the advantages of L-PBF, when combined with
heat treatment procedures, is the possibility to tailor microscale features
(1-100 um) and mesoscale features (100 yum to 1 mm) during the build
process [26]. Multiple research examples show how tailoring of micro
and mesoscale features, such as microstructure texture and porosity, is
achievable by modifying L-PBF process parameters [31,2230].

Understanding process-structure-property relationships between
machine and process parameters, material chemical composition and
morphology, and ultimately post-processing strategies, such as anneal-
ing, could be used to control the micro and mesoscale features [28,32].
Yet, tailoring at micro and mesoscale could be used to produce foam-like
geometrically complex Ni-Mn-Ga devices that could effectively show
macroscale magnetic field induced strain (MFIS) [33]. L-PBF is thus well
poised to usher the next generation of functionally graded smart mate-
rials through innovations in materials and process development [34].

Nilsén et al. [20] have shown that after the initial L-PBF process, the
as-sintered Ni-Mn-Ga samples exhibit paramagnetic behaviour. For the
same reason, the Ni-Mn-Ga samples require homogenisation and
ordering heat treatment to recover the original structure and magnetic
properties. In summary, this previous research pointed towards the need
for testing a more extensive range of volumetric energy density.

The initial hypothesis is that a delicate trade-off optimisation is
required to produce foam like Ni-Mn-Ga structures by L-PBF, with fewer
grain boundary constraints, which potentially leads to a large MFIS ef-
fect at the macroscale [14,18,20]. This research presents how tailoring
microscale and mesoscale features as a function of L-PBF process pa-
rameters is possible. Furthermore, the viability of L-PBF to manufacture
large complex geometries made of Ni-Mn-Ga with overhang features is
studied and demonstrated. Besides, we research several areas of interest
to design and manufacture a geometrically complex demonstrator de-
vice manufactured by L-PBF in 10 M Ni-Mn-Ga powder.

In summary: (i) we present an L-PBF process parameter study
focused on understanding the densification process and porosity for-
mation during the build process with a range of energy density from
26.24 and 44.90 J/mm°. (ii)) We research the changes in material
composition during the L-PBF process and the process chain, including
its heat-treatment process. The original material composition can
change due to high volumetric energy density causing the evaporation of
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alloying elements. With Ni-Mn-Ga, manganese evaporation is common
during manufacturing or annealing due to its relatively high vapour
pressure compared with nickel and gallium [20]. (iii) The microscale
and mesoscale properties such as the texture, microstructure, and
porosity distribution as a function of L-PBF process parameters are
determined using XRD, SEM and X-ray CT for characterisation. Recent
research by Laitinen et al. [35] shows that a systematic study is required
to manufacture foam-like structures with enhanced crystallographic
texture. (iv) The magnetisation and phase transformation temperatures
for laser PBF processed Ni-Mn-Ga samples were obtained using a
vibrating sample magnetometer (VSM) and low-field ac susceptibility
measurement device. These parameters are critical to achieving room
temperature MFIS. (v) Finally, we present preliminary results on the
macro mechanical behaviour of the manufactured samples and results
for MFIS training of the samples, while a set of future research directions
is outlined.

2. Materials and methods
2.1. Ni-Mn-Ga powder

Gas atomised powder as Ni50-Mn28.2-Ga21.8 (at%) is used to form
the original composition. The composition measurement was performed
using an FEG-SEM from Tescan Mira 3 FEG-SEM with an attached
Thermo Fisher Scientific UltraDy EDX detector. The measurement pro-
cedure utilised a sample with a known composition as a reference. The
powder was atomised with a Hermiga lab-scale gas atomiser. The
atomising gas was argon. Atomisation parameters were: Processing
temperature of 1310 °C and atomising pressure of 50 bar. The powder
density was measured using a gas pycnometer. It resulted in a density of
7.91 g/cm®. Fig. 1(b) shows that the particle size has a normal distri-
bution, and the measurement results show a D10 of 15.41 um, D50 of
42.78 um, and a D90 of 92.05 um.

The atomised powder was mechanically sieved to obtain a theoret-
ical particle size distribution from 25 um to 45 pm. The morphology of
the sieved powder was inspected with the Tescan Mira SEM. Further, the
powder’s particle size distribution was measured using Malvern Mas-
tersizer 3000. The powder was heat-treated at the salt bath at 760 °C for
24 h [12]. The resulting powder had excellent flow properties, which
was proved qualitatively by spreading within the L-PBF machine itself.
Fig. 1(a) shows how the powder morphology (i.e., particle shape and
size) consisted mainly of spherical particles with minor irregularly
shaped satellites and spatters.

2.2. Laser powder bed fusion process

The Ni-Mn-Ga was processed in a Mlab Cusing (Concept Laser,
Germany) L-PBF system with a fixed layer thickness of 0.025 mm and a
building envelope of 90 x 90 x 80 mm?>. Fig. 2 shows the representa-
tion of the L-PBF system and the island scanning strategy implemented
in this study. Fig. 2(a) shows the schematic 3D view of a laser PBF system
along with the main components. The PBF system was equipped with a
100 W Ytterbium Fiber Laser (Model YLM-100-AC). The laser has a
Gaussian beam with an average wavelength of 1070.15 nm and standard
deviation of 0.69 nm, laser beam focus diameter of 54 ym, and a
maximum scanning speed of 7000 mm/s. Argon gas was used as a pro-
tective atmosphere while maintaining the oxygen levels < 0.1%.

The island scan strategy divides the XY section of the layer into
squares of 5 x 5 mm, forming the pattern shown in Fig. 2(b). Each of
these islands is then fused in a randomised sequence. The scan vectors
have a predefined hatch distance (A1*W) is used within each of the
islands. The scanning vectors in the adjacent islands are perpendicular
to each other.

Fig. 2(c) shows the detailed representation of a single island with its
corresponding overlapping regions with a track width of 140 ym (W)
and a laser scan track overlap factor A1 = 0.7 that represents a hatch
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Fig. 1. (a) Scanning electron microscope (SEM) images of the sieved powder and (b) Particle size distribution (PSD) of the sieved Ni-Mn-Ga powder.
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Fig. 2. Representation of the laser PBF process, (a) Schematic 3D view of a
laser PBF system along with the components, (b) the island scanning pattern,
and (c) representation of a single island with its corresponding over-
lapping regions.

distance of 98 um (A1*W). The overlap factors A2 and A3 ensure that
the islands are connected with an A2 = A3 = 0.15. For every layer, the
island pattern is shifted by 1 mm in both the X and Y direction, and
rotated by 90° with reference to the XY plane.

2.3. Design of experiment for process parameters screening

The relationship between L-PBF process parameters is typically
modelled by a thermodynamic parameter defined as volumetric energy
density (ED), which is measured in energy per volume of material (i.e.,
J/mm®) and refers to the relative applied laser. Although ED does not
fully explain the complex physical phenomena connected with the
densification or changes in chemical composition during laser-based
PBF, it is often used as a reference variable to optimise process param-
eters and is calculated using Eq. (1):

PZ

ED = ———— 1
v hxd M

Where (Pefr) refers to the effective laser power, (v) is the laser scan speed,
(h) is the hatch distance or the laser scan spacing, and (d) is the layer
thickness. A full factorial Design-of-Experiment (DOE) is performed to
model the effect of process parameters over the responses. Table 1 shows
the included process parameters and levels.

In previous experiments with Ni-Mn-Ga powder and the same L-PBF
setup, we tested an ED range from 17.49 and 32.65 J/mm?® [20]. This
research focussed on a new ED region of interest, which varied from
26.24 and 44.90 J/mm?>. The reason is to obtain an operational model to
predict the porosity level of the material as a function of the process
parameters with a more extensive energy range.

The statistical modelling is limited to explaining the variation in (i)
density and (ii) material composition. We calculate the variation in
material composition results from Mn evaporation as the percentage of
evaporation between the resulted at% of Mn after L-PBF of heat-treated
(HT) samples versus the original at% of Mn. As a result, the composi-
tional variation of Mn remains equal when the obtained percentage
value is zero. The result of density measurement is used as the second
response. The rationale to measure the change in material composition
and densification process is based on the existing trade-off due to the
evaporation of alloying elements at higher energy density.

Three types of samples were manufactured in a single batch of cu-
boids, tensile rods, and SMA demonstrators to perform the experiments.
Fig. 3(e) shows the manufactured batch of tensile rods, cuboids, and
SMA device demonstrators manufactured with different process pa-
rameters in the same build. All Ni-Mn-Ga samples, cuboids, demon-
strators, and tensile rods are manufactured simultaneously and follow
the same DOE procedure. The numbering in the picture and samples

Table 1

DOE for process parameter screening.
Process parameter Abbreviation Levels
Power P (W) 45 50 55
Scanning Speed v (mm/sec) 500 600 700




LF. Ituarte et al.

- > s

A-A

"/

Additive Manufacturing 49 (2022) 102485

%\
768

Fig. 3. (a) Conceptual drawing of the SMA demonstrator and its working principle, (b) simulated demonstration of the MFIS effect, (¢) CAD of the SMA demon-
strator, (d) 2D drawings and dimensions in mm of the SMA device, and (e) an exemplary batch of tensile rods, cuboids, and SMA device demonstrator manufactured

with different process parameters in the same build.

corresponds to the sample number described in Table 2.

Additionally, Fig. 3(a) and (b) show the working principle of the
manufactured SMA device with the simulated MFIS effect. Fig. 3(c) and
(d) show the CAD and overall dimensions of the SMA demonstrator,
showcasing its macroscale geometrical complexity, including over-
hanging features that could benefit the desired MFIS effect. The coor-
dinate system is displayed in Fig. 3(c) and (e), where the Z-axis
corresponds to the build direction during the L-PBF process. The X-axis
corresponds to the recoating direction, and the XY plane is the perpen-
dicular plane to the build direction, where the layers of Ni-Mn-Ga are
deposited.

Each of the samples was manufactured for each parameter set, as
described in Table 2. A batch of SMA demonstrators was fabricated to
demonstrate the possibility of manufacturing complex SMA devices
using Ni-Mn-Ga powder. The cuboid samples were cut into several parts
with a wire Electric Discharge Machining (EDM) to perform the as-built
and heat-treated state measurements. The original size of the cuboids
had dimensions of 1 x 1 x 0.5 cm®. Additionally, miniature tensile rods
were fabricated to evaluate macro mechanical response.

An ANOVA test with a confidence level of 95% (a = 0.05) was
included. The data was used to build multivariable polynomial regres-
sion equations to explain the variation of Density (%)and Mn (%)
evaporation as a function of the principal process parameters (power,
velocity). The ANOVA test included first-order, second-order, and
interaction terms. The experimental data was fitted to a polynomial
response surface model (RSM) defined below in Eq. (2).

Table 2

Powder bed fusion parameters and volumetric energy density per sample.
Sample # Power (W) Scan speed (mm/sec) ED (J/mm°)
SMA #1 45 500 36.73
SMA #2 45 600 30.61
SMA #3 45 700 26.24
SMA #4 50 500 40.82
SMA #5 50 600 34.01
SMA #6 50 700 29.15
SMA #7 55 500 44.89
SMA #8 55 600 37.41
SMA #9 55 700 32.07

(2)

y= b+ Z;ﬂi Xi+ Zf:lﬂiixiz + ZZﬂijxixj t+e
i

Where ¢ is the unobserved random error, f} refers to the coefficients of
the regression model for each term calculated by the least square
method (i.e., intercept Po. first-order B, second-order fjj, and the inter-
action term fj), X; represent the independent variables P and v. The
interaction terms between independent variables are represented by x;
xj, and y corresponds to the dependent Density (%) and Mn (%) evap-
oration. To remove non-significant terms from the RSM, we used a
stepwise regression with a forward stopping rule of a P-value < 0.5.

2.4. Measurements and characterisation work

2.4.1. Heat treatment process

Half of the cuboids were sealed in evacuated crystal ampoules with a
high vacuum with the tensile samples. The samples were then annealed
in a Nabertherm Muffle furnace (model L5/12/C). The homogenisation
annealing took 95 h at 1000 °C and was followed by ordering for 24 h at
800 °C. The remaining cuboids were left in the as-sintered stage for
comparison.

In addition to chemical homogenisation and ordering, the objective
was to increase the grain size of the printed samples. We used a heating
and cooling rate of 100 °C/h, and the samples were left into the furnace
to cool until 20 °C. The annealing process was the same as that used by
Nilsén et al. [20]. Recent research by Laitinen et al. [35] shows evidence
that a slight variation in homogenisation time and the temperature does
not affect magnetic properties as long as the temperature and HT pro-
cedure is maintained, similar to what was previously presented Nilsén
etal [12].

2.4.2. Microscale: chemical composition, crystal structure, and
magnetisation measurements

A Tescan Mira 3 FEG-SEM was used with a Thermo Fisher Scientific
UltraDry EDX detector, with a Ni-Mn-Ga sample of known composition
as a reference to study the chemical composition by measuring several
points and line scans. The standardised EDX analysis was done with NSS
microanalysis System - Pathfinder, which has an accelerating voltage at
30 kV. The average chemical composition was accurately quantified
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through several measurements.

Concerning microscale characterisation, the PANalytical X'Pert Pro
XRD was used to study the crystal structures. Additionally, multiple
Scanning Electron Microscope (SEM) images were taken to analyse the
crystal structure, grain morphology, and the formation of martensitic
twins. The phase transformation temperatures were determined by
measuring the change in magnetisation as the temperature was cycled
from 0° to 120°C three times using a custom-built setup for low-field AC
susceptibility measurements. Furthermore, the magnetic properties
characterisation was performed using a NIST nickel disk as a reference
sample using laboratory-built vibrating sample magnetometer (VSM)
equipment. All measurements were done at room temperature of
approximately 22 °C. Please refer to Nilsén et al. [20] for more details on
the assessment of the average chemical composition, crystal structure,
and magnetisation measurements.

2.4.3. Mesoscale: density and porosity measurements

The densities of all the samples were first measured by the Archi-
medes method. To study the mesoscale structure in more detail, some of
the samples were also X-ray CT scanned. The X-ray CT scanning mea-
surements were used to reveal the distribution and size of porosity
across the samples and study the porosity morphology. We wanted to
investigate the morphology of porosity as a function of process param-
eters P and v to classify the porosity into three types. The first is layered
porosity, the second is the interconnected porosity across layers, and the
third is the gas porosity induced by keyhole formation or insufficient
melting.

Three samples were prepared with varying ED levels (i.e., low-SMA
#3 26.24 J/mm°, mid-SMA #5 34.01 J/mm® and high-SMA #7
44.09 J/mm3), which were cut from the original cuboids. A Nikon X225
pfocus X-ray CT system was used on the ~3 x 6 x 3 mm® specimens
with an energy of 200 keV and a power of 15 W to achieve a voxel size of
11.54 ym. Standard calibration procedures for background noise
reduction were followed, and a slow scan with ring artefact removal was
performed. X-ray CT figures show their vertical and horizontal axis units
in pixels, where 100 pixels correspond to approximately ~ 1.22 mm.

The CT data was reconstructed using the Nikon CTpro3D software,
wherein beam hardening compensation was applied. The volume
graphics file was analysed in MATLAB through manual thresholding and
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a 3D connected components analysis. The volume file was first sliced
and processed using a median filter. An outer mask of the part was
generated with morphological closing using a circular disk element of 30
voxels. A manual threshold range was selected, and the slice data were
converted to binary images. A connected components analysis was used
to label each independent porosity, as shown in Fig. 4.

There are two distinct kinds of porosity, which are formed during the
L-PBF process. The first is interconnected porosity with a strong
anisotropy in the build direction; see Fig. 4(a). The second is randomly
distributed spherical porosity across the sample; see Fig. 4(b). Fig. 4(e)
showcases large interconnected porosity, while other colours represent
smaller and more spherical porosity. Each identified porosity can be
independently analysed for its volume, surface area, sphericity, etc.
Thus, the pores were divided into those with sphericity greater or less
than 0.5. The effective volume of the bounding box (generated from a
morphological closing outer mask), together with the total sum of the
volume of all pores, gives the Density of the component.

2.4.4. Macroscale: preliminary mechanical and MFIS characterisation
trials

The mechanical characterisation was performed using an in-house
design universal thermomechanical testing rig for macroscale observa-
tions. The rig consists of a loading frame, sample environment chamber,
electrically conductive grips with active water cooling, a load-cell with
45 N tension and compression capacity, a linear actuator controlled with
magnetic position sensor, and a precision class of + 10 um/m. The
electrically conductive grips were used in combination with electric
resistance measurements in-situ during tensile testing. The testing rig
and stress, strain or temperature tests were controlled and recorded via
National Instruments cRIO and close-loop Labview control systems. In
our case, the testing temperature was 20 °C and a crosshead displace-
ment rate of 0.002 mm/sec. Additionally, deformation was also
measured optically on the gauge section using a digital image correla-
tion (DIC) built to use scientific cameras and adequate lenses to nearly
simulate optical microscope observations.

To increase the MFIS effect, initially, magneto-mechanical training
was attempted with two samples using an electromagnet and mechani-
cal compression [36]. During the training regime, samples were heated
above austenite temperature and then cooled down in a 1 T magnetic

Fig. 4. X-ray CT scanning process. (a) Interconnected porosity with anisotropy in the Z direction, (b) spherical porosity voids across the sample, (c) reconstructed CT
data of ~ 3 x 6 x 3 mm® samples, (d) thresholding and the slice data converted to binary images, (e) connected components analysis to label each independent
porosity, and (f) total porosity. From (c) — (f), the XY plane is shown in the figure, with build direction Z ~ 1.5 mm from the support structures.
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Chemical composition after heat treatment measured with EDX, and Archimedes density measurement with the standard error of means, and e/a-ratio per sample.

Chemical composition (at%)

Sam. # P (W) v (mm/sec) ED (J/mm®) Ni (at%) Mn (at%) Ga (at%) Archimedes Density (%) e/a

SMA #1 45 500 36.73 50.20 + 0.05 27.90 + 0.05 21.89 + 0.06 91.07 + 0.59 7.63
SMA #2 45 600 30.61 50.11 + 0.09 28.16 + 0.06 21.73 + 0.09 88.16 + 0.56 7.63
SMA #3 45 700 26.24 50.01 + 0.05 28.01 + 0.05 21.97 +0.07 85.51 + 0.59 7.62
SMA #4 50 500 40.82 50.31 + 0.06 27.82 + 0.06 21.86 + 0.05 93.84 + 0.64 7.63
SMA #5 50 600 34.01 50.46 + 0.06 27.71 + 0.07 21.82 + 0.08 90.81 + 0.58 7.64
SMA #6 50 700 29.15 50.66 + 0.07 27.86 + 0.05 21.48 + 0.08 86.47 + 0.67 7.66
SMA #7 55 500 44.90 50.80 + 0.06 27.51 + 0.05 21.69 + 0.08 95.91 + 0.62 7.66
SMA #8 55 600 37.41 50.73 + 0.07 27.81 + 0.05 21.46 + 0.09 93.66 + 0.60 7.66
SMA #9 55 700 32.07 50.68 + 0.07 27.83 + 0.04 21.48 + 0.04 91.50 + 0.58 7.66

field along its x-axis to below 0 °C using a cooling stage. Once the sample
had magnetised thusly, the field was removed, and samples were com-
pressed along its y-axis up to a total strain of 0.05%. After this
compression, the samples were re-magnetised along the x-axis. How-
ever, due to the fragile nature of the samples, several samples were
broken or damaged during this magneto-mechanical training cycle, and
thus the magneto-mechanical test could not be used reliably for MFIS
validation.

Alternatively, additional samples were prepared by cutting
1 x 1 x 0.5 mm rods. Due to the small size of the samples and the
available measurement systems, MFIS of the samples was attempted by
using an optical measurements setup. A similar method was previously
utilised by Nilsén et al. [12]. The samples were required to be electro-
polished at — 30 °C using a solution of nitric acid and alcohol. The op-
tical MFIS measurements were performed for each sample, and for the
measurement, an electromagnet with a rotating heating stage was used.
Samples were attached to the rotating stage using double-sided 3 M tape
so that the field was along the x-direction of the sample. To be able to
record MFIS at the macro scale, a camera was placed so that it could be
focused directly on the XY plane. Once the camera was focused, the
magnetic field was increased to 1 T, and the sample was rotated so that
sample was magnetised along the x-axis followed by the y-axis. The
sample was filmed during this rotation, and as the original length of the

sample was known, hypothetically, the MFIS could be measured using
the ImageJ analysis program.

3. Results and discussion
3.1. Chemical composition, density, and crystal structure

Table 3 shows the resulting chemical composition, e/a ratio, and
Archimedes density after heat treatment of the samples. Similar to the
previous research [20], some manganese evaporated during the com-
bined manufacturing step of L-PBF and heat treatment. Typically some
manganese evaporation is expected, and the amount is within expected
limits. Increasing the ED and the heat treatment led to a higher density
than the previous research [20].

Additionally, the Mn loss increases the e/a-ratio [37] of the samples
from the original e/a of 7.628 of the base powder. The e/a-ratio of the
samples stays within the expected 10 M range of 7.62-7.68 [38] for
Ni-Mn-Ga alloys. This slight shift to a higher e/a ratio can even be
beneficial for the application, as this can increase the martensitic
transformation temperature of the alloys and widen the application
temperature range of the alloy. This increase comes at the expense of
lowering the Curie temperature and the magnetisation of the alloys.

Overall, the evaporation of Mn does not indicate a large change in
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Fig. 5. Effect of volumetric energy density on chemical composition obtained by EDX from heat-treated Ni-Mn-Ga cuboid samples. (a) Ni (at%), (b) Mn (at%), and (c)

Ga (at%).
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Table 4
XRD based lattice parameters a, b, and c for all manufactured samples The crystal structure is slightly orthorhombic with space group Fmmm (69) o = § = y = 90°).
SMA #1 SMA #2 SMA #3 SMA #4 SMA #5 SMA #6 SMA# 7 SMA #8 SMA #9
a(A) 5.93 5.93 5.93 5.92 5.93 5.92 5.96 5.93 5.92
b (A) 5.97 5.95 5.95 5.95 5.96 5.95 5.93 5.97 5.95
c (10\) 5.58 5.57 5.59 5.57 5.58 5.57 5.58 5.59 5.57

the chemical composition regardless of the increase of volumetric en-
ergy density (i.e., ED). Fig. 5 illustrates that the low ED samples are
compositionally close to the initial powder (i.e., Ni 50 at%, Mn 28.2 at
%, and Ga 21,8 at%). On the other hand. when ED increases the trend
shows a marked decrease in the fraction of Mn, whereas the fraction of
Ni increases and the fraction of Ga remains similar.

The crystal structure of the samples was confirmed using XRD,
following the compositional analysis of the samples, and as expected, all
the heat-treated samples showed 10 M structure. The crystal structure
was calculated from the XRD spectra using Powder Cell for each sample
(see Table 4). Even with the slight change in the composition within the
samples, the crystal structure is relatively homogenous from sample to
sample. Thus, it can be concluded that the heat treatment procedure
following the laser PBF step ordered and homogenised the structure
adequately.

When the microstructure was studied using the SEM, visible twins
could be seen in all the samples (see Fig. 6). In many areas, the twins
spanned large regions of the polycrystalline structure and had a similar
orientation to nearby grains. The SEM images displayed are taken
perpendicular to the XY plane.

Twinned martensitic structures could be observed clearly in all the
samples, and the twin formations develop on both sides of the visible
grain boundaries. Fig. 6(f) shows a major internal twin variant marked
with a dashed line. In sum, the L-PBF processed Ni-Mn-Ga revealed a
clear texture and polycrystalline structure, and all samples showed open
pore structures. The grain growth is oriented towards the build direc-
tion. The SEM images reveal qualitatively how porosity decreases as the
ED increases.

3.2. Predictive modelling for changes in Mn evaporation (%) and density
%)

Table 5 shows the ANOVA table for Mn evaporation (%) and Density
(%) after heat treatment, including the laser power (P) and scanning
velocity (v) terms as continuous predictors. P-value is used to quanti-
tatively evaluate the correlation effect of process parameters P and v
over the Density (%) and Mn (%) evaporation responses.

Table 6 shows the regression equations that explain the variation in
Density (%), and Mn (%) evaporation as a function of process parame-
ters. The polynomial RSM includes first-order terms for P and v, a
second-order term for P, and the interaction effect between P * v for
both Density (%) and Mn (%) evaporation. In the densification process,
the model summary shows a good fit with an increased R = 0.977 and a
low RMSE of 0.742, which corresponds to a datum of Density that ranges
from 0% to 100% (i.e., fully dense part). The ability of the model to
predict the response for new observation is also high, with an R%(adj.)
= 0.955. On the other end, in the Mn (%) evaporation modelling, the
fitness decreases to R? = 0.764 with an RMSE of 0.43. Similarly, the
prediction response for new observation decreases to R%(Adj.) = 0.53.

Although it appears to be a clear trend between the increased effect
of ED and the change of material composition of Ni-Mn-Ga samples after
heat treatment, the effects of the applied process parameters on Density
(%) and Mn (%) evaporation are significantly different. Fig. 7 shows the
RSM model’s results on sample density (%) and Mn (%) evaporation
after heat treatment per level of P and v process parameters. The color
gradient in the legend indicates the change in ED. Additionally, the
model displays the density ellipsoid assuming the bivariate normal
distribution with a coverage of 90%. The density ellipsoid is used as an

indicator of the correlation between Mn (%) evaporation and Density
(%), thus capable to visualise where a given percentage of new obser-
vations is expected to lie.

Fig. 7(a) shows how increasing ED has a penalty of changing the
original Mn content—on the other hand, increasing ED results in higher
Density (%). The y-axis corresponds to the Mn (%) evaporation, and the
x-axis shows the Density (%) of manufactured samples by displaying
both the experimental results and predicted results using equations in
Table 6. Pearson correlation (r) shows a negative correlation between
(%) Mn evaporations and Density (%) of the samples. Thus, the increase
in (%) Density harms (%) Mn evaporation. Similarly, Fig. 7(b) and (c)
shows the contour plots of the RSM models for Density (%) and Mn (%)
evaporation, respectively. Low P and high v values are responsible for
reduced Density (%) and Mn (%) evaporation (i.e., Density < 86% and
Mn evaporation > - 0.8% with an ED = 26.24 J /mmg). On the contrary,
high P and low v values increase the Density (%) at the cost of increased
Mn (%) evaporation (i.e., Density > 96% and Mn evaporation < —2.2%
with an ED = 44.90 J/mm?).

Increased Density (%) comes at the cost of changing the original
chemical composition slightly. This same trade-off is described in pre-
vious research [12,18,20]. Increased Density of Ni-Mn-Ga samples at
higher ED comes at the cost of changes in chemical composition by
decreasing the original Mn content and the corresponding higher con-
centration of Ni. An alternative approach to maintain Mn (at%) close to
the original composition of 28.8 (at%) is to design a Ni-Mn-Ga powder
compound by over-alloying the Mn content to counteract the observed
loss. The RSM model is capable of explaining the variability on Density
(%) with high certainty. However, it cannot provide a good prediction
for Mn (%) evaporation, with R? = 0.764. The use of the RSM model is
significantly linked to the ability to predict Density (%), and it can be
used to predict porosity reliably in future experiments when experi-
mental methods and materials are the same.

3.3. CT results and porosity morphology

For the study of the mesoscale features (i.e., porosity morphology
from 100 pm to 1 mm), the X-ray CT scanning was limited to the study of
three samples processed at different ED levels (i.e., low ED SMA #3
26.24 J/mm°®, mid ED SMA #5 34.01 J/mm°, and high ED SMA #7
44.09 J/mm>). Fig. 8 shows the two types of porosities classified as
spherical and large interconnected porosity and the total porosity for the
three samples with varying ED.

The spherical pores had a much smaller average volume than the
interconnected pores in the three samples analysed. The interconnected
porosity has the most volume, and in some cases, a single interconnected
pore can span the whole component like in the low-density case. The
amount of interconnected porosity drastically increased with decreasing
ED. The amount of spherical porosity gradually increased with
decreasing ED. Spherical porosity is distributed across the sample and
has its centroid near preferred XY locations in each Z slice of the sample,
where Z is the build direction. The reason could be due to the scan
strategy. The Density calculated from the CT validated the experimen-
tally measured Archimedes density.

The unique behaviour of the interconnected porosity with a build
directional anisotropy indicates that the defects created during the L-
PBF process were amplified during the heat treatment process. The large
interconnected pores indicate that existing porosity acted as preferential
sites for manganese to escape, thus forming the interconnected porosity.
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Fig. 6. Scanning electron microscopy (SEM) images from top XY plane with min. to max. ED. and different magnifications. From top to bottom: (a), (b), and (c) SMA
#7. (d), (e), and (f) SMA #5. (g), (h), and (i) SMA #3.

Table 5
ANOVA table for Density (%) and Mn evaporation (%) after heat treatment including P and v terms as continuous predictors.
Mn Evaporation (%) Density (%)

Source DF Sum of Squares F Ratio P-value Sum of Squares F Ratio P-value
P 1 1.752 9.187 0.039 44.450 80.637 0.0009
v 1 0.453 2.377 0.198 50.107 90.899 0.0007
P*PpP 1 0.131 0.687 0.454 0.705 1.279 0.321
Prv 1 0.141 0.737 0.439 0.327 0.593 0.484
Model 4 2.477 3.247 0.140 95.589 43.352 0.001
Error 4 0.763 2.205
C. Total 8 3.239 97.794

The P-value reveals that for Mn evaporation (%) the effect of P is more significant (i.e., P-value = 0.039) when compared to v (i.e., P-value = 0.198). On the other hand,
v shows slightly higher significance for density (%) (i.e., P-value = 0.0007). Nevertheless, the effect of P is significant (i.e., P-value = 0.0009). The remaining
interaction terms and quadratic effects show lower statistical significance; however, they contribute to the overall effect, hence included in the regression model.
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Table 6
RSM regression equations for Density (%) and Mn evaporation (%) after heat
treatment.

R?
RMSE R? . Regression
(Adj) &
Mn (%) eva. = 39.032-1.357* P - 0.016* v + 0.01*
0.437 0.764  0.530 P? 40.000375* P*y
i 05) — . *p_ *
0.742 0977  0.955 Density (%) = 157.038-2.174* P - 0.0575* v

+ 0.0237* P? 4+0.00057* P*v

Additive Manufacturing 49 (2022) 102485

Fig. 9 shows a clear trend of the porosity formation in the XY slice that
indicates a strong influence of the scan strategy. The XZ and ZY slices
show preferential XY locations with a significant amount of pattern-like
repeated porosity along the build direction. The investigation of the
periodic XY preferential locations indicated that the average distance
between XY locations of the porosity was 12-13 pixels, corresponding to
about ~140 pm, which is also the laser beam width.

The measured Mn % values in the as-built and heat-treated samples
indicate that only a small amount of the porosity is caused by the Mn
evaporation and most of the porosity is a lack of fusion type. A closer
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Fig. 7. RSM results. (a) Density (%) and Mn (%) evaporation as a function of the volumetric energy density (ED) for experimental (Exp.) and prediction (Pre.) results,

and contour plots for (b) Density (%), and (c) Mn (%) evaporation.
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Fig. 8. X-ray CT scanning results. 3D view of the density and porosity morphology with varying energy density. (a) Low energy density (LED), (b) mid energy density

(MED), and (c) high energy density (HED).
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Fig. 9. X-ray CT scanning of sample SMA#5 MED with units in pixels. (a) XY slice at Z = 301, (b) XZ slice at Y= 506, (c) ZY slice at X = 310. and (d) 3D view of the

sample with reference to the support structures.

look at Fig. 10 shows the distinctive porosity pattern appearing as the ED
decreases and overall porosity increases. The yellow areas in the figure
reveal the region where lack of fusion is induced as a result of the island
scanning strategy. The magnification presented in Fig. 10 (b) and (c)
shows a detailed representation of the periodic pattern where the dashed
line corresponds to the laser scanning vector.

3.4. Magnetic behavior and phase transformation temperatures

Table 7 shows the measured start and end temperatures of
martensitic and austenitic transformations and the Curie temperature of
the samples. As the structure was ordered and homogenised, and some
manganese had evaporated during manufacturing and heat treatment,
both austenite and martensite transformation temperatures are slightly
higher. In contrast, the Curie temperature is slightly lower than typical
for 10 M Ni-Mn-Ga alloy.

In Fig. 11 (a) and (b) the magnetisation results and normalised sus-
ceptibility for all samples. The measurements were performed on each
sample after the heat treatment step. The magnetic moment (M) is a
quantity that describes the magnetic strength of magnetisation of the
entire object. During heating up, the transformation from the martens-
itic structure into austenitic is steep, and the temperature gap between
austenitic and martensitic structures is comparatively narrow at 10 de-
grees considering the structure is polycrystalline, see Fig. 11 (b). The
result from Table 7 shows how all the samples have Curie temperature at
+/- 2 degrees of each other, and all samples have a similar high mag-
netisation of 56 Am?/kg, which is within the typical magnetisation
range for 10 M Ni-Mn-Ga alloy. Comparative magnetisation values of
the samples with those of Ni-Mn-Ga single crystals are possible due to
the preferential orientation of grains that has occurred during the laser
PBF.

10

3.5. Mechanical testing and MFIS training: preliminary results

The macro mechanical testing confirmed our initial assumption that
the Ni-Mn-Ga alloy samples show a brittle fracture due to the high
porosity. For example, Fig. 12 shows how the SMA#2 sample was pro-
cessed at an effective power of 45 W, scanning speed of 600 mm/sec,
which resulted in an ED of 30.61 J/mm® and Archimedes density
88,16 + 0.56% fractured after a small plastic strain of about 0.02%. The
fracture occurred at a total strain of 0.13%, with stress of 19,89 MPa and
ayield of above 10 MPa. This strain is typical of multigrain 10 M Ni-Mn-
Ga alloy [39-41] and is due to the limited rearrangement of twin
structure within the grains, which occurs at a relatively low-stress level.
Nevertheless, the estimated yield stress of 10 MPa is still 2-3 times
higher than that needed for the magnetically driven shape change pre-
sent in single crystals [42].

Contact measurements typically perform MFIS characterisation with
high accuracy, and in polycrystalline samples, the expected MFIS is
often below 0.1% [43,44]. However, the small MFIS can be enhanced by
macroporosity, as evidenced by a 0.2% MFIS recorded by Zhang et al.
[44]. AM of Ni-Mn-Ga structures with controlled macroporosity can
potentially have a small amount of MFIS to be leveraged for sensor and
transducer applications.

Concerning macro MFIS characterisation, we could not directly
observe and record MFIS using our optical measurements setup. The
measured dimensional changes during the rotation were within the
measurement error of the optical analysis method (0.2%). In addition to
the error during the image analysis, this optical measurement method
can also lead to other problems during MFIS measurement. Firstly,
attaching the samples using 3 M tape creates constraints that reduce the
measured MFIS. Additionally, attaching the samples to the stage using
tape can also lead to bending of the sample along the z-direction due to
the MFIS, which is not visible in the images or in the analysis. Lastly,
when the samples are rotated, it is possible that the focus changes during
the movement and increases the measurement error.



LF. Ituarte et al.

200

(a) =

400

100 200 300 400 500 600 700

(b)

FORE: 2.7 YN\

MED: 34.01 J/mm?

100 200 300 400 S00 600 700

(c)

100 200 300 400 S00 600 700

LED: 26.04 J/mm?

800 900

800

800 900

Additive Manufacturing 49 (2022) 102485

1000

900 1000

1000

Fig. 10. X-ray CT scanning in XY slice with units in pixels. Where the yellow color refers to voids and pores. (a) The high energy density (HED), (b) mid energy
density (MED), and (c) low energy density (LED). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 7
Phase transformation temperatures of heat-treated samples measured using
laboratory built low-field ac susceptibility measurement system.

Sample (#) Ms (°C) Mf (°C) As (°C) Af (°C) Curie (°C)
SMA 1 49.71 37.85 44.07 58.26 95.00
SMA 2 47.52 42.75 51.04 57.12 95.32
SMA 3 43.47 37.62 46.06 52.41 96.29
SMA 4 47.22 39.91 47.87 55.64 94.43
SMA 5 44.74 38.41 46.58 53.24 95.45
SMA 6 43.36 37.07 43.63 53.92 95.53
SMA 7 48.89 41.51 49.44 57.34 94.08
SMA 8 53.67 48.83 49.98 63.14 92.99
SMA 9 45.49 38.23 45.28 54.72 95.16

4. Conclusions and future research

Ni-Mn-Ga devices are a promising smart material to produce small
devices in which traditional mechanisms and piezoelectric are imprac-
tical. Example applications include fast optical and electrical switches,
digital pneumatic valves, microfluidic pumps, and micromanipulators.
Ni-Mn-Ga alloys have clear potential in applications where a fast-acting
actuator device is excited by a magnetic field. However, the cost related
to conventional routes for manufacturing and preparation (e.g., casting
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replication) has hindered commercial applications’ development. AM
and specially L-PBF show great potential for a cost-effective scale-up
method of Ni-Mn-Ga large devices with complex geometries and
reproducible as well as significant magnetic-field-induced strain.

This research shows the potential of combining L-PBF and Ni-Mn-Ga
powder to tailor microscale and mesoscale features. The ultimate
objective is to manufacture geometrically complex devices with visible
macroscale MFIS. The control of L-PBF parameters allows tailoring the
Ni-Mn-Ga polycrystalline microstructure. Microscale results on chemi-
cal composition, crystal structure, and magnetisation measurements
validated the initial hypothesis that a delicate trade-off optimisation is
present when producing foam like Ni-Mn-Ga structures by L-PBF.

We obtained twinned martensitic structures with a predominant
orientation going across the visible grain boundaries. The combination
of L-PBF process parameters and heat treatment influences the resulting
grain size and number of twins. However, the L-PBF process parameter
changes did not significantly influence the crystal structure as the 10 M
crystal structure was recovered after the heat treatment in all samples.
All the processed samples have a 56 Am?/kg magnetisation level, the
typical magnetisation range for Ni-Mn-Ga 10 M single crystals.

Mesoscale results on density and porosity measurements show that
mesoscale tailoring is possible. L-PBF process parameters can be tuned to
produce foam-like Ni-Mn-Ga samples. We tailored a distinctive porosity
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pattern appearing as the ED decreases and overall porosity increases.
The implemented island scanning strategy revealed porous regions
induced by a lack of fusion. Thus, showing the possibility to create pe-
riodic patterns and obtain foam-like Ni-Mn-Ga. However, preliminary
macroscale results on mechanical and MFIS characterisation show the
expected brittle fracture of samples due to the high porosity. The yield
stress is 2-3 times higher than that needed for the magnetically driven
shape change in single crystals. Furthermore, MFIS could not be
measured reliably, which opens an area for future research.

Overall, these results help us outline research directions that must be
explored as several delicate trade-offs need to be overcome. Our
experimental approach was limited to a single set of parameters
regarding laser-scanning strategy (i.e., 5 x 5 mm island scanning strat-
egy as described in Fig. 2). Two methodologies can be combined to
achieve mesoscale tailoring: first, by utilising low ED in selected regions
to create areas lacking fusion and second, using higher ED in certain
regions to induce the evaporation of alloying elements like Mn. Future
research should combine low-ED strategies with experimental island
scanning patterns to tailor periodic porous structures at mesoscale and
engineer functional foam-like Ni-Mn-Ga complex devices.

As the ED affects the porosity in the samples, an optimal ED range for
both porosity and grain size can likely be determined with further ex-
periments. However, this requires to be supported by EBSD characteri-
sation to evaluate quantitatively twinned martensitic structures and
predominant orientation going across the visible grain boundaries and
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its interlink with process parameters. On the other hand, we plan to
develop a setup for magneto-mechanical MFIS training using an elec-
tromagnet and mechanical compression system. Furthermore, we need
to determine the optimal measurement method to characterise MFIS at
the macroscale and mechanical testing setup, including compressive test
instead of tensile.

In sum, controlling the porosity, together with the orientation and
grain size, would make producing the foam-like polycrystalline Ni-Mn-
Ga actuators possible as porosity together with grain orientation can
be used to reduce grain boundary constraints and thus magnetic force
needed for MFIS towards the additive manufacturing of Ni-Mn-Ga
complex devices with visible MFIS. Future research is planned to (i)
evaluate quantitatively twinned martensitic structures and orientation
using EBSD, (ii) to combine distinct energy density and laser-scanning
strategies in the same build to tailor periodic porous structures, and
(iii) to determine the optimal magneto-mechanical MFIS training and
test setup to characterise MFIS at the macroscale towards the additive
manufacturing of Ni-Mn-Ga complex devices with visible MFIS.
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