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Abstract

Ni-Mn-Ga magnetic shape memory alloy was processed by laser metal deposition, an additive
manufacturing method. Powder used for deposition was crushed from a cast 10M martensite Ni-
Mn-Ga ingot. The deposited sample was ferromagnetic and showed a 14M martensite with no
detectable macroscopic composition differences throughout, except for a thin layer between
substrate and deposit. Layer-by-layer deposition resulted in a layered microstructure due to
differences in local thermal histories, and the sample’s broad transformation temperature range is
proposed to originate from the resulting variations in microstructure. Although the sample is
clearly polycrystalline, columnar grains span deposition layers, which is potentially favorable to
twin boundary motion. After a homogenizing and ordering heat treatment, transformations
regained a typical narrow hysteresis and saturation magnetization increased, while grain growth
and/or recrystallization took place. The results show the promise of laser-based additive

manufacturing processes for production of magnetic shape memory alloys.
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Introduction

Ni-Mn-Ga alloys have seen intense research interest as magnetic shape memory alloys (MSMAs)
[1], magnetocaloric materials [2,3] and high-temperature shape memory alloys [4]. As MSMAs,
single crystals of these alloys experience a reversible pseudoplastic strain of up to 10 % under
application of a magnetic field [5] (12 % has been shown for Ni-Mn-Ga-Co-Cu [6]). Reversing
this strain magnetically or mechanically completes a cycle, which has been practically
demonstrated at frequencies of up to 1 kHz [7] and over millions of cycles [8,9]. This unique
combination of properties leads to potential application as actuators [10], pumps [11], sensors [12]
or energy harvesters [13].

The magnetomechanical properties of Ni-Mn-Ga depend foremost on crystal structure —
and hence on composition [14] - but also on operating temperature [15]. Martensites, including
nonmodulated (NM), ten-layered (10M) and fourteen-layered (14M) modulated martensite contain
twins which may or may not be mobile under an applied magnetic field. Growth of a twin (or
twins), with requisite twin boundary motion, is responsible for magnetic field-induced strain
(MFIS) [16]. If MFIS is possible, its maximum value and the minimum magnetic field required to
produce this motion are directly tied to the crystal structure [17], while the required field also
depends on the difference between the operating temperature and the austenite start temperature
due to change in the twinning stress [15] for type I twins [18]. For NM martensite, large MFIS has
been shown only after addition of Co and Cu [6], while 14M martensite offers larger MFIS than
10M but with a higher twinning stress and thus higher required magnetic field [19]. Importantly,
MFIS is only possible while the material is ferromagnetic, i.e. below its Curie temperature (7¢).
Still, even if the aforementioned requirements are satisfied, the presence of grain boundaries, e.g.
in polycrystalline samples, will reduce or prevent twin boundary motion. Significant MFIS has
only been reported in single crystals, in specially produced polycrystalline directional castings
(1 %) [19] and in foams (up to 8.7 %) [20]. However, the processing methods for these forms are
time-intensive and limit the possible shapes of MSMA elements, which are difficult to machine
due to their brittleness. Recently, sintered binder jet printed Ni-Mn-Ga samples were investigated
as a path to addressing these challenges [21,22].

Difficult-to-machine materials have seen a wealth of attempts to produce them by additive
manufacturing methods, including directed energy deposition (DED) methods such as laser metal

deposition (LMD), used here. LMD deposits material layer-by-layer and may involve rapid



solidification, high cooling rates and remelting and reheating of preceding layers, as observed in a
nickel alloy [23] and modelled for stainless steel [24,25]. Under a certain range of processing
conditions, LMD can result in columnar grains, as demonstrated with nickel [23,26] and titanium
[27,28] alloys. Previous work in fast or rapid solidification of Ni-Mn-Ga is limited to a few
investigations of laser drilling of ingots [29,30] and of melt-spinning of ribbons [31-33]. Wang
et al. [33] found that faster solidification decreased the Curie temperature and decreased saturation
magnetization, while increasing the magnetic field needed to move twin boundaries. They
proposed that the former effects were due to structural disorder, and the latter due to residual stress,
both results of rapid solidification. The authors interpreted slope changes in magnetization curves
as evidence of twin boundary motion. The present study aims at establishing whether LMD can
produce ferromagnetic Ni-Mn-Ga samples with room-temperature properties appropriate for

MFIS.

Experimental

To create powder for deposition, an ingot with nominal composition of Nisi sMne3Gazz2 was
manually crushed, and the resulting particles were sieved to obtain a large (54 — 106 pm) and a
small (<53 um) size range. Morphology of the large powder size was imaged with a JEOL
JSM6510 scanning electron microscope (SEM), as shown in Fig. 1. Energy dispersive
spectroscopy (EDS) was performed with an Oxford Instruments system in a Zeiss Sigma 500 VP
SEM on mounted, polished and uncoated powder and showed the composition as

Niso.sMn27.2Gaz .



Fig. 1: Powder morphology viewed by SEM in secondary electron mode.

The large powder size was used as feedstock in a laser engineered net shaping (LENS) 450
system, which deposits material by creating a melt pool on a substrate with an Nd:YAG laser and
feeding powder into this melt pool under an argon atmosphere. This method is generically known
as laser metal deposition (LMD) [34], and also falls under directed energy deposition (DED). In
this work, a 99.99% Ni substrate was used, an atmosphere with O> concentration of 0.1 ppm was
achieved, and the sample was deposited at a 350 W laser power and a 2.5 mm/s travel speed.
Initially, two parallel lines were deposited in opposite directions, comprising the first layer. The
laser travelled 5 mm to create a line, and then was turned off for a perpendicular movement of
0.25 mm to position for the second line. For subsequent layers, the deposition head and laser spot
were moved up by 0.25 mm, with laser off, and then the same pattern of lines was repeated in the
same horizontal position (layers were not “rotated” relative to each other). A total of five layers

was completed. The laser’s path within each layer is shown schematically in Fig. 2.
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Fig. 2: Deposition path used to create samples, viewed in plane of substrate. The path was repeated

identically for five layers, with each layer beginning and ending at the Start/End mark.

The as-deposited sample was sectioned and energy dispersive spectroscopy (EDS) was
performed to obtain compositional information from the substrate-sample interface and from the
whole of the cross-sectioned surface. For the latter, area scan results were averaged in order to
determine the overall composition of the surface. Following removal of the substrate,
magnetization measurements were performed in a LakeShore model 7407 vibrating sample
magnetometer (VSM) as a function of field up to 1.5 T with a hysteresis loop, and as a function of
temperature from 25 to 120 °C at a constant field of 50 mT after addition of a model 74034 oven.
Differential scanning calorimetry (DSC) was conducted with a PerkinElmer Pyris 6 with sub-room
temperature capability at a rate of 5 °C/min. The same DSC was also used for small-size powder
after annealing in a sealed argon atmosphere at 800 °C for 10 h. X-ray diffraction (XRD) patterns
were collected with a Bruker D8 Discover diffractometer with Cu K, radiation. The as-deposited
sample was mounted, polished and etched with a mixture of 4 mg CuSOs + 20 ml HCI
(36.5 — 38 w/w %) + 20 ml H20, and imaged with a Keyence VHX-600 optical microscope. The
sample was then re-polished, and heated and cooled to produce a full transformation to austenite
and back to martensite while constrained by epoxy mounting. Differential interference contrast
(DIC) with optical staining was used to observe the surface topography. Finally, following
re-polishing, removal from mounting and encapsulation in an argon atmosphere, the sample was
homogenized at 1000 °C for 24 h, ordered at 700 °C for 12 h, and furnace cooled. After this heat

treatment, all characterization steps were repeated.



Results and Discussion

Effect of Deposition Process on Microstructure

Showing an overview of the etched cross-section of the sample, Fig. 3a reveals not just the overall
shape of the sample, but also boundaries between portions of the deposition path'. Fig. 3b is a
magnified view of the top-left of the cross-section, and the inset c clearly shows dendritic structures
within the outermost regions of the sample, with interdendritic spaces visible as dark features. The
remainder of the sample, as seen in the bottom-right areas of Fig. 3b, contained similar, dark
features that are largely straight but did not have the full, complex shape of interdendritic spaces.
Additionally, the bottom-right of the as-deposited sample, shown in Fig. 3d, included elongated
shapes which alternate in their angle relative to the horizontal. These are grains which grew
approximately normal to the substrate within each layer and continued to do so across multiple
deposition layers.

Overall, Fig. 3a shows that the as-deposited sample consisted of multiple, dissimilar
regions. These different regions are results of: (1) the discontinuous nature of layer-by-layer
deposition, and (2) the specific location within a deposited layer as it related to the outside of the
deposited volume. A consequence of the first point is that the last (top) layer had a simpler thermal
history in contrast to the first (bottom) layer: as a later layer was added, the preceding layer was

partially remelted, and all of the previous layers were reheated to some degree, as has been

! Even though only 5 layers were deposited, Fig. 3a and the schematic in Fig. 5 show 9
“apparent” layers. This excess of apparent layers was caused by a small spacing between the two
parallel deposition lines within the same layer (Error! Reference source not found.). This
spacing was smaller than the width of deposited material of each line, causing the material within
a single layer to overlap vertically. Viewed from the side, the deposited material no longer sat in
the same horizontal plane. Thus, the material corresponding to parallel laser lines appears as
separate layers (“apparent layers”). Each of the apparent layers is only partially visible in the
specific plane of the cross-section, and so the apparent layers do not necessarily span the entire
length of the sample. While ten “apparent layers” are expected, only nine are visible, most likely
due to the position of the cross-section plane within the sample such that a would-be apparent layer

was excluded completely.



discussed in previous studies of LMD [23-25]. Additionally, for layers which are covered by
subsequent layers, volumes near the edge (near the sides of the sample) might have experienced

faster cooling or lower magnitudes of reheating due to their proximity to convective cooling and

their location on the outside of the two parallel laser tracks.

Fig. 3: Cross-sectional optical micrographs of the as-deposited (a—d) and homogenized sample (e—
g) after etching. The horizontal edge visible at the bottom of (a) is the surface of the interface

between the deposited samples and the substrate.
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Together, these two effects created volumes within the sample that had significantly
different thermal processing conditions, including (a) as-deposited regions which experienced high
rates of solidification, little or no heat treatment and retained a dendritic structure, and (b) regions
which have been modified by remelting and repetitive reheating to high temperatures followed by
fast cooling. The latter regions contain portions of interdendritic spaces of various lengths without
the remainder of the full interdendritic shapes, which were reduced by homogenization as a result
of reheating. These lower, homogenized regions might be expected to be discretely different, as
each preceding layer experienced one more reheating cycle than the one before it; however, this
was balanced by reduced impact of later reheating cycles — in a given layer, each subsequent
reheating cycle likely reached a lower temperature due to an increase in the distance from the heat
source. Thus, layers near the bottom of the sample may be more similar than those near the top.
Fig. 3a shows this qualitatively — the bottom-most layers are similar. These layers also have a
smaller height — a result of remelting of each layer by the subsequent layer, and of wandering of
one or more deposition parameters (causing a changing difference in the software layer height vs.
the physical layer height). Furthermore, some areas near the top and near the edges of the sample
contain dendrites (Fig. 3c). The direction of dendritic growth is heavily influenced by the
temperature gradient, and generally approaches normal to the solidification front. The areas on the
right of the top layer (Fig. 4) show partial remains of interdendritic spaces which do not correspond
to full dendrites, and still another area further right shows only “dots” of interdendritic material.
Finally, the appearance of these structures is influenced by the direction of growth relative to the

sectioning plane.



T e e
Fig. 4: Optical micrograph of the as-deposited sample after etching, showing fully dendritic,
partially dendritic, and “dot”-shaped dendrite remains as one moves from left to right along the

top edge of the sample.

The microstructure is summarized schematically in Fig. 5, where dendritic or partially
dendritic regions are highlighted in yellow and orange and the remaining regions, with linear
segments of interdendritic spaces, are shown in grey. The fact that the top of the sample shows full
dendrites on the left side only may be tied to extended time at temperature for the right side,
perhaps due to a single reheating cycle at temperatures near the solidus. This was caused by the
right side being at the “turn-around” end of the deposition path within the top layer, resulting in a
longer time at a higher temperature for that region of the layer.

The relationship between the growth direction of columnar grains within a given layer and
the direction of laser travel within that layer is demonstrated in Fig. 5 (green shapes taken from
grains visible in Fig. 3d).

In summary so far, microstructural characterization reveals different microstructures at
different locations, reflecting the dissimilar thermal histories originating from repeated local
melting and solidification.

Finally, the homogenization and ordering treatment was successful in dissolving dendrites

and composition differences at deposition layer boundaries (Fig. 3(e—g)). While grains in the
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lowest deposition layers appear in their original locations, the central upper regions of the sample
have been considerably altered by grain growth and/or recrystallization. Central regions contain
elongated grains which grew from lower layers or were already present, but the upper region
contains a grain with size on the order of I mm, much larger than its surrounding grains. Notably,
the regions near the surface previously described as “fully dendritic” have given way to equiaxed

grains with size around 100 pm (Fig. 3f), most likely due to recrystallization.
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Fig. 5: Schematic demonstrating differences in the as-deposited microstructure due to regions of

dissimilar thermal history.

Composition
The cross-section’s overall composition, measured by EDS analysis, is given in Table 1
along with the powder’s composition. The slight measured increase in Mn from powder to as-

deposited sample is likely not real, but rather is caused by uncertainty, considering the large
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standard deviation of the values for the powder. EDS line scans performed throughout the cross
section of the sample did not show any compositional heterogeneity or changes beyond noise and

uncertainty of the measurement itself.

Table 1: Composition of feedstock powder and sample in as-deposited and
homogenized-and-ordered conditions obtained from EDS area spectra.

Composition [at.-%]

Ni Mn Ga

Powder 50.6+0.75 272+1.81 222+1.17
As-deposited 509+031 275+028 21.6+0.43

Homogenized 51.0+0.25 269+0.23 22.1+0.08

A series of point spectra arranged in a line crossing the sample-substrate interface showed
that the change from the sample's overall composition to the Ni substrate spans a distance of less
than 10 pm. From the thin zone of intermediate compositions found at the sample-substrate
interface, we infer that little melting of the substrate took place and that the effect of the substrate
on the sample's composition is limited to the very bottom of the first layer.

Homogenization and ordering resulted in a measured decrease in Mn (0.7 at.-%), likely

due to evaporation.

Transformation Behavior and Relationship to Microstructure

Fig. 6 plots heat flow vs. temperature from the DSC scans for powder in the as-received condition,
powder after annealing, and the as-deposited and homogenized-and-ordered conditions of the
sample from 0 to 120 °C. The most important information is summarized in Table 2. For the
as-received powder, no indication of transformation appeared; after annealing, the martensite
transformation (upon cooling) and reverse transformation (upon heating), as well as the Curie
temperature, are clearly visible, and the corresponding transformation temperatures are
summarized in Table 2. The DSC curves of the as-deposited sample show a broad reverse

transformation peak from 27 (4s) to 92 °C (4y) with three distinct slope changes and the peak at
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61 °C (4,). Upon cooling, the broad transformation to martensite took place from 87 (M) to 17 °C
(My), again with three distinct slope changes and a maximum at 52 °C (M,). After homogenization
and ordering, the transformation width was reduced. From the DSC result, the widths are 11 °C
for both transformations, narrower than for the as-deposited sample (65—70 °C) and even narrower
than for the annealed powder (13—17 °C). Although it is difficult to locate an ‘“average”
transformation temperature for the as-deposited sample, transformations clearly shifted to higher
temperatures after homogenization, perhaps by about 10 °C. This shift may correspond to slight
compositional change during heat treatment (the Mn/Ga ratio changed by only 0.01, likely a
smaller change than the relative error of EDS analysis) and also to relaxation of residual stresses.
Results from Wang et al. [33] do not show a clear correlation between transformation temperature
and degree of disorder. Additionally, the 7% values measured by DSC for the homogenized sample
are lower than for the annealed powder. This may be due to either slight compositional change as
mentioned, or due to incomplete homogenization and ordering: Wang et al. [33] suggested that a
greater degree of disorder lowers T-.

The magnetization for the as-deposited and homogenized-and-ordered conditions of the
sample as a function of temperature (from 35 to 110 °C) are also displayed in Fig. 6. The
magnetization of the as-deposited sample increased nearly linearly from the outset of heating at
35 °C until about 75 °C, where it reached its maximum. The Curie temperature 7. was 87 °C. Upon
cooling, the magnetization increased below 7¢ until maximum magnetization and then decreased
linearly again, but with a lower slope than upon heating. The higher magnetization of this phase
upon cooling than upon heating was caused by the applied magnetic field which preferentially
selects martensite variants with the axis of easy magnetization more closely aligned with the
applied field. After homogenization and ordering, as already seen with DSC, the transformation’s
breadth is reduced. A 4 °C increase in 7. might suggest compositional change, as noted earlier, but

the more ordered structure that is expected after the treatment should lead to an increase [31,33].
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Fig. 6. DSC and magnetization vs. temperature (VSM) results for the as-received and annealed

powders, as-deposited sample and homogenized-and-ordered sample. Amplitudes are not to scale.
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Table 2: Transformation temperatures and Curie temperatures.

Transformation temperature [°C] T, [°C]
Sample As Apeak  Af Ms  Mpeak My heating cooling
Annealed 49 59 66 54 47 4l 89 86
Powder
Asdeposited =57 61 90 g7 ;2 17 86 ¢
Sample
. 62 68 73 65 59 54 87 83
Homogenized
Sample
61% 66% 65°? 59¢ 90

?Values obtained from magnetization vs. temperature experiments. All other values obtained by DSC.

Combining the results of DSC and VSM temperature-dependent measurement creates a
better understanding of the phase transformation in powder and the as-deposited sample. While
the as-received powder had a suppressed phase transformation due to the high residual stresses,
the annealed (stress-relieved) powder showed normal transformation behavior of a Ni-Mn-Ga
MSMA. The LMD sample had an abnormal, wide transformation range of 25 — 92 °C as indicated
by DSC (due to the onset of the Curie demagnetization, the complete phase transformation was
not observable above 86 °C in the VSM measurement). This broad transformation behavior far
exceeded those seen in heat treated single crystals [35], polycrystalline ingots [14] and powder
[36]. Broad transformations should be expected given the lack of heat treatment, similarly to the
up to 50 °C transformation breadth of as-cast, untreated material in [30]. Additionally, the presence
of multiple, dissimilar microstructural regions discovered by etching explain the shape of the DSC
result. Three additional, distinct changes in slope occurred between the start and end of each
overall transformation peak, and these do not correspond to the start, peak or finish of the overall
transformation. They may correspond to the regions of similar thermal history which were
proposed earlier. The shift in transformation temperatures between regions may be caused by
multiple factors, including compositional heterogeneity, lattice strains, and the presence of

multiple martensite structures or phases. While EDS line scans did not show any conclusive
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evidence of compositional heterogeneity, the differences in composition needed to produce the
shifts from the main transformation peaks to the slope changes just mentioned may be on the order
of 0.1 to 1 at.-% — Potschke et al. [37] noted that shifts of 5 °C can correspond to differences of
<0.1 at.-%, while Rolfs et al. [38] reported shifts on the order of 1 °C for compositional differences
of about 0.5 at.-%. Therefore, compositional heterogeneity cannot be ruled out as a cause, because
such small changes could not have been reliably detected by EDS. Indeed, the visibility of
dendrites after etching is evidence of chemical segregation. An inhomogeneous residual stress
distribution, which is common in LMD samples [39], is another likely contribution, as residual
stress has been linked to shifts in the martensitic transformation temperature in Ni-Mn-Ga thin

films [40,41].

Magnetic properties

Fig. 7 presents magnetization of the as-received powder, as-deposited sample and
homogenized-and-ordered sample as a function of field strength (hysteresis loops). Table 3 lists
ferromagnetic properties obtained from these plots and shows an increase in the magnetization of
the as-deposited sample over the powder. The inset to Fig. 7 gives a detailed view of the hysteresis
of the deposited sample at lower field strengths, where a notable anomaly appeared in the slope of
the curve. Upon magnetic field increase, the slope of the magnetization changed abruptly. This
change was not part of the rounded decrease in slope due to saturation, and did not re-appear upon
field decrease. The slope change was again visible at a similar but negative field strength. Such
slope changes, which reverse upon reversal of field, have been claimed to be evidence of twin
boundary motion [33], although twin boundary motion has also been attributed to steps which
reverse upon decreasing field directly in the first quadrant [42] or not at all [31]. Differences
between the reported behaviors may be explained by dominance of either magnetoelasticity or
magnetoplasticity in a given situation [43]. Therefore, it is possible that twin boundaries within
some grains of the sample move over short distances.

After homogenization and ordering, the saturation magnetization of the sample increased
by 10 % (Table 3). Lazpita et al. [44] showed that Mn atoms on Ga sites, which are not “proper”
stoichiometric Mn sites, couple antiferromagnetically, and Wang et al. [33] reported that
less-rapidly quenched Ni-Mn-Ga ribbons (smaller degree of disorder) reach higher magnetization.
As annealing at 700 °C promotes order, the present increase in magnetization shows agreement

with the cited articles. However, the magnetization of the homogenized sample was 14 % lower
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than for a very similar composition of a homogenized single crystal [45], perhaps due to
incomplete ordering. The coercive field and remanence of the sample were notably reduced,
leading to softer ferromagnetic behavior and suggesting a decrease in the number of magnetic
domain pinning sites such as defects and grain boundaries [46]. Furthermore, the slope changes in
the hysteresis loop noted for the as-deposited sample were absent for the homogenized sample
(Supplementary Figure 2), which was magnetized prior to data collection. The new behavior is
more akin to that of single crystals and indicates a low density of twin boundary pinning sites.
Change in twinning stress due to the shift in transformation temperatures, relative to experiment

temperature, may play an additional role.
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Fig. 7. Magnetization hysteresis loops for the as-received powder, as-deposited sample and
homogenized sample. Inset shows view of magnetization hysteresis loop for the as-deposited
sample near the origin, with tangents drawn to highlight slope changes (see Supplementary Figure
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Table 3: Magnetic properties: saturation magnetization My at 1.5 T, remanent magnetization M,
upon first decrease from maximum positive field, and coercive field H. in the same segment.

Sampl M; M, He
pie [Am¥kg] [Am¥kg]  [T]
As-received Powder 33.9 0.84 -0.003
As-deposited Sample  51.8 4.07 -0.028
Homogenized 57.0 097  -0.004
Sample
Crystal structure

While the results presented so far make it clear that the as-deposited sample was largely (although
perhaps not completely) martensitic at room temperature, DIC optical microscopy and XRD were
performed to confirm these findings directly. The mounted as-deposited sample was heated above
Arand allowed to cool to room temperature. A DIC micrograph, Fig. 8a, shows parallel, contrasting
areas which thus possess surface gradients with opposite signs — typical of twin domains. The same
was done with the homogenized sample, producing Fig. 8b, where twin variants or domains
manifest themselves more clearly. The visual observation of twins after cooling through the

martensite transformation further shows that martensite was present at room temperature.
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Fig. 8. Differential interference contrast (DIC) optical micrograph of the deposited sample after

mounting, polishing, heating above Af, and cooling to room temperature.

Fig. 9 displays diffractograms obtained from two orientations of the sample (rotations
about the surface normal ¢). The majority of identified diffraction peaks originate from the 14M
martensite structure, and reflections of the 10M martensite phase were not present. By comparison
to [33,35,47,48] and by indexing against calculated peak positions for the monoclinic
approximations of martensite structures, the diffraction patterns overwhelmingly show the
pseudo-orthorhombic structure that is associated with 14M martensite. However, some additional
peaks which could not be identified are present, and may originate from modulations or other
phases, but did not appear as complete sets. In the as-deposited sample, regions with some
remelting and reheating dominate the cross-sectional area, and it is plausible that these regions

could have incompletely transformed further transformed to the 14M structure from another due
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to this thermal treatment. Insufficient counting statistics would explain the absence of further peaks

and the low intensity of those present.
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Fig. 9: Diffractograms obtained from the sample in as-deposited and homogenized-and-ordered

conditions. ¢ is the angle of rotation about the surface normal. Red arrows indicate modulation

peaks.

After homogenization and ordering, the 004 peak has overtaken the 220-type peaks as the
most prominent. Since care was taken to expose the same areas of the sample to the beam, this
suggests that grain growth took place during the homogenization step and positioned a larger
proportion of grains with (004) planes parallel with the surface in those areas. It has been reported
that heat treatment of hot extrusion samples at 1000 °C led to “maximum grain size” after just 60

minutes [49], which implies that grain growth takes place during the homogenization treatment.
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Potential for twin boundary motion

The presence of 14M martensite, if viewed alone, would be promising for functionality: in
Ni-Mn-Ga, 14M is capable of very large magnetic field-induced strain [5]. Additionally, the DSC
and magnetization versus temperature experiments (Fig. 6) revealed that transformation occurs
near room temperature, which may allow a low twinning stress. However, the presence of grain
boundaries as barriers to twin boundary motion would hinder functionality. The sample also
contains cracks in some regions and large voids, both of which may affect twin boundary motion.
On the other hand, there is evidence of grain growth in a direction normal to the substrate in lower
areas of the sample, resulting in columnar grains. Columnar grains have been reported to allow
MFIS along their long axes by Gaitzsch et al. [50]. Furthermore, these grains appear to cross
boundaries between deposition layers. Although grain growth after heat treatment might detract
from a desirable columnar grain structure, decreasing the homogenization temperature may allow
for a balance between achieving homogenization and avoiding grain growth. While it is not known
whether the present sample would show any MFIS if tested magnetomechanically, under refined
deposition parameters and post-deposition processing, directed energy deposition might be used

to produce MSMAs with macroscopic MFIS.

Conclusion

Ni-Mn-Ga, the most commonly studied MSMA, has been processed by laser metal deposition, a
directed energy deposition additive manufacturing method. The laser-deposited material is
ferromagnetic and has a majority 14M martensitic structure at room temperature. Remelting and
reheating of previous layers created regions of dissimilar thermal histories, visible after etching.
These microstructural differences are likely the cause of the additional slope changes in the broad
martensitic transformations that were observed by DSC and of the nearly linear increase in
magnetization with temperature of the as-deposited sample. Notably, magnetization of the
as-deposited sample changes slope in a manner which has been associated with twin boundary
motion by some authors. Homogenization and ordering dissolved dendrites, restored typical
transformation breadth, increased saturation magnetization, reduced the degree of ferromagnetic
hysteresis, but also caused grain growth and/or recrystallization. Based on these findings, directed
energy deposition additive manufacturing methods followed by optimized post-processing may
have the potential to allow cost-effective production of functional polycrystalline MSMAs with

columnar grain structures and novel, otherwise difficult-to-achieve shapes.
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Supplementary Figure 1: Portion of the magnetization hysteresis loop for the as-deposited sample,

with tangents drawn to highlight slope changes (presented previously as the inset of Fig. 7).

60 LI B B B B B N B B B B R R LIRS N B B B S B B B B B B

40 4 —Homogenized Sample ]

20 —Deposited Sample

N T T N N T T N |

Magnetization [A-m?2/kg]
o

T TN T N T T T N

0 0.5
Magnetic field strength, p,-H [T]

©
n

Supplementary Figure 2: Comparison of the magnetization hysteresis loops of the sample in as-

deposited and homogenized-and-ordered conditions over the range of notable slope changes.
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