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1 Introduction

Effect of Homogenization on the
Microstructure and Magnetic
Properties of Direct Laser-
Deposited Magnetocaloric
Ni43C07Mn3gSn11

Transitioning current cooling and refrigeration technologies to solid-state cooling leverag-
ing the magnetocaloric effect would improve efficiency and eliminate a harmful influence on
the environment. Employing additive manufacturing as a production method would
increase geometrical freedom and allow designed channels and porosity in heat exchangers
made from magnetocaloric materials, to increase surface area for heat transfer via a fluid.
This study is the first to demonstrate a successful deposition of the Niy3Co,Mns9Sn;; mag-
netocaloric material by direct laser deposition. Samples were defined as either properly- or
overbuilt, and representative ones were characterized for microstructural features before
and after homogenization heat treatment, as well as magnetic behavior and constituent
phases. As-built microstructures consisted of dendrites, columnar grains, and elongated
cells, with a mix of both austenite and 7M martensite phases. Homogenization increased
the fraction of 7M martensite, and encouraged distinct equiaxed and columnar grains, elim-
inating dendrites and cellular structures. The increased fraction of the weak magnetic mar-
tensitic phase also resulted in a strong reduction of the saturation magnetization. Some
differences in structure and performance may be related to an energy density difference
causing higher Mn loss in the properly built sample, with a lower powder-to-energy
input ratio. As a whole, it is found that direct laser deposition (DLD) additive manufactur-
ing of Ni-Mn-based magnetocaloric material is very promising, since representative trans-

formation, phase state, and magnetic properties have been achieved in this study.

[DOI: 10.1115/1.4046900]

Keywords: Niyj3Co,MnseSn;; magnetic shape memory alloy, additive manufacturing, X-ray
micro-computed tomography, martensitic transformation, twinning, directed energy
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room-temperature cooling was performed using the vapor-
compression cycle which requires a vacuum environment for the

Cooling in the household and industry consumes a significant
portion of the world-wide electricity; therefore, refrigeration tech-
nologies are constantly under improvement [1]. Until recently, all
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coolant, potentially harmful chemicals as coolants, and a noisy
compressor. Magnetic refrigeration leverages the magnetocaloric
effect (MCE) to generate solid-state cooling that is more efficient
in the refrigeration cycle and does not require a vacuum environ-
ment, harmful chemicals, or noisy compressors. Materials that
exhibit MCE show a temperature change when exposed to a mag-
netic field under adiabatic conditions (AT,;) [2]. According to

JULY 2020, Vol. 142 / 071006-1

Copyright © 2020 by ASME


mailto:ericastevens@pitt.edu
mailto:kak272@pitt.edu
mailto:volodymyr.chernenko@ehu.eus
mailto:patricia.lazpita@ehu.eus
mailto:anna2307.wojcik@gmail.com
mailto:w.maziarz@imim.pl
mailto:jakub.toman@pitt.edu
mailto:chmielus@pitt.edu

theoretical calculations, these multifunctional materials could
increase the efficiency of the room-temperature refrigeration tech-
nology by up to 30% and replace liquid-gas with solid-state
cooling [3-5].

The materials that experience a large temperature change upon
adiabatic  (de-)magnetization resulting from the magnetic
field-induced first-order phase transformations exhibit a so-called
giant conventional or inverse MCE [6,7]. Particularly, the Heusler-
type Ni-Mn-X (X =1In, Sn, and Sb) metamagnetic shape memory
alloys, exhibiting martensitic transformation (MT) from the ferro-
magnetic austenite into weakly magnetic martensite, show a giant
inverse MCE, meaning that they cool upon adiabatic magnetization
[8-11]. A simple refrigeration cycle using an inverse MCE material
is illustrated and explained in Fig. 1. These Ni-Mn-based alloys are
relevant because they can produce a large AT,, near room temper-
ature, do not require rare earth metals, and their MT properties can
be easily tuned by doping.

As already mentioned, the inverse MCE arises due to the exis-
tence of a sharp increase in magnetization upon MT into the austen-
itic phase, causing absorption of thermal energy. In Ni-Mn-X (X =
In, Sn, Sb), the application of a magnetic field shifts the MT temper-
ature [10,12], allowing the tetragonal or orthorhombic martensite
(recognized by a banded surface structure called twinning) to be
transformed into cubic austenite [13]. The higher the difference
between the magnetization of austenite and martensite, the more
sensitive MT is to the applied magnetic field [14].

Currently, magnetocaloric materials are produced by a number of
different methods. La-Fe-Si-based alloys have been fabricated by
arc and induction melting, though a subsequent week-long homog-
enization was required to eliminate coarse dendrites [15]. In order to
avoid long homogenization times, rapid solidification methods of
melt spinning and strip casting became common [16-19].
Ribbons and flakes created from melt spinning or strip casting
can be ground into powder for use in powder metallurgy
methods, a processing route that has been examined for La-Fe-Si,
Mn-P-based, and Ni-Mn-(Sn, In) Heusler alloys [20-24]. Though
there has been only one prior report of laser-based additive
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Fig.1 Cooling cycle for a material exhibiting the inverse magne-
tocaloric effect. (a—b) The material begins at a nominal temper-
ature. When a magnetic field is applied, the material
spontaneously cools down. (b—c) Heat to be removed from an
external source such as a refrigerator is transferred to the mate-
rial via fluid flow. (c—d) The magnetic field is removed, and the
material spontaneously heats up. (d—a) Excess heat is
removed from the material via fluid flow, returning the system
to its original state.
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removed

—

071006-2 / Vol. 142, JULY 2020

manufactured (AM) for magnetocaloric materials, selective laser
melting of LaFe;; 7Co; 3Si [25], combining the spatial freedom of
AM with the functionality of magnetocaloric materials would
greatly increase their potential applications by enabling an increase
in surface area through the creation of designed porosity or channels
needed for the flowing heat transfer fluid [4,26]. There are several
of our previous works regarding the additive manufacturing (both
laser-based and powder bed binder jet 3D printing) of Ni-Mn-based
functional magnetic alloys [23,27-30]. In addition, Laitinen et al.
have also recently published works on the laser powder bed
fusion of Ni-Mn-Ga magnetic shape memory alloys [31,32].

Direct laser deposition (DLD) is a type of directed energy deposi-
tion AM where metal powder is sprayed through nozzles in the
direction of a melt pool created by a laser. Some of the powder
adds to the melt pool volume, and the laser and powder nozzles
move as a unit relative to the part in a pre-determined path with
each layer. This is in contrast with laser powder bed methods of
AM where a laser selectively melts powder that is already deposited
into a bed. Thus, with some attention to the laser power and powder
flow parameters [33], the workpiece in DLD is built up to the
desired specifications in three dimensions with very little powder
waste and low powder volume requirements. This process is most
well-known for the selective repair of parts but can also be used
for fabrication [34,35]. AM is a desirable method for the fabrication
of limited numbers of items and complicated geometries due to the
time and cost-savings over traditional manufacturing.

This study aims to demonstrate the potential of functional DLD
AM for the magnetocaloric Ni-Co-Mn-Sn by microstructural,
phase transformation, and magnetic property evaluation. After
powder characterization by optical microscopy (OM), scanning
electron microscopy (SEM), and X-ray micro-computed tomogra-
phy (uCT), the printed workpiece was assessed through an investi-
gation of the presence and distribution of twinning using OM and
SEM. MT was identified using differential scanning calorimetry
(DSC). The magnetic properties were assessed by using vibrating
sample magnetometry (VSM), and structure was analyzed using
X-ray diffraction (XRD).

2 Experimental

Niy3C07Mn30Sn;; powder was produced by melt spinning and
mechanical grinding. A small amount of powder was cold
mounted and polished to a final step of colloidal silica for character-
ization. As-received powder morphology was qualified for mounted
and unmounted samples (to capture both projected size and cross-
sectional size) with Keyence VHX-600 OM and Zeiss Sigma 500
SEM imaging. Powder size distribution was quantified using OM
and SEM images analyzed using IMAGEJ software [36], as well as
with a Bruker SkyScan1272 uCT. A total of 35 particle images
obtained with OM and SEM from both mounted and unmounted
powders were analyzed using IMAGE! software. Due to resolution
limitations, only particles greater than 5 yum in equivalent diameter
were included in the analysis. The uCT imaging of powders was
performed at 100 kV and 100 uA and with 0.11-mm Cu filter,
with a pixel size of 2 yum and a rotation step of 0.1 deg. Powders
were compacted into an X-ray translucent straw wrapped in Paraf-
ilm, and random movement was turned off during scanning in order
to reduce particle shifting. All subsequent reconstruction, analysis,
and visualization were carried out using Micro Photonics-provided
Bruker software (NRecon, Dataviewer, CTAn, CTVox). The parti-
cle size was measured using 3D volume analysis to calculate equiv-
alent diameter (using only values>5 um for consistency and
resolution limits).

Samples of five layers (two neighboring parallel lines per layer)
were deposited onto a nickel substrate (2 x2 x0.25 in., 99.99% Ni)
using an Optomec LENS 450 system. The Optomec LENS 450
system was equipped with a 1070-nm continuous wave Ytterbium
fiber laser that had a spot diameter of 570 um at standard deposition
nozzle stand-off height. Shielding gas used was industrial-purity Ar,
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Table 1 Printing parameters for exemplary properly built (PB)
and overbuilt (OB) samples. The powder mass flowrate
measurement is described in the experimental section.

Laser Layer Powder Powder mass Hatch

power height feed rate flowrate spacing
Sample W) (mm) (rpm) (g/min) (mm)
PB 200 0.25 5 2.0 0.25
OB 200 0.51 6 2.5 0.51

flowing over the melt pool. Parameter optimization and powder
flow testing were not performed because of the limited amount of
available powder. Two types of samples were identified during
printing: properly built (PB) and overbuilt (OB). Deposition param-
eter changes were not the sole cause of sample type changes;
samples with the same deposition parameters had the potential to
be PB or OB samples. Varied machine parameters are listed in
Table 1 for a PB and OB exemplary sample, each of which was
chosen after initial characterization of seven printed samples.
Note that rotations per minute (rpm) is given as the unit of
measure for powder flow since this is the most replicable value
given the inconsistent powder mass flowrate. However, an
average flowrate is also given from collection experiments lasting
30s for each bag collected. With a very limited amount of
powder, four bags of powder were collected at steady-state condi-
tions for 5rpm (range of 0.4 g/min), but a similar ball-milled
powder was used to collect at both 5 rpm (two samples, range of
0.2 g/min) and 6 rpm (three samples, range of 1.0 g/min), confirm-
ing that the same average value was obtained for 5 rpm. During
deposition, nozzle travel speed was held constant at 2.5 mm/s.
Our study is focused on microstructures present in these two
build types (PB and OB), without assuming any correlation to
build parameters, since irregular powder particles can also cause
inconsistent powder flow.

All samples were cut in half parallel to the laser scanning direc-
tion with a wire saw. One half was mounted and polished in the
same manner as the powder, and the other was retained in the
as-printed state. Mounted samples were examined with the Zeiss
Sigma 500, equipped with energy-dispersive X-ray spectroscopy
(EDS) for elemental analysis. Unmounted samples were character-
ized for magnetic and thermal properties in the as-printed state and
then encapsulated in an argon-purged vacuum atmosphere with a
titanium sponge oxygen-getter and heat-treated for homogenization
at 1000 °C for 4 h, with a ramp of 10 °C/min and air cooling. These
samples were then mounted, polished, and again unmounted. The
final surface finish for SEM imaging was achieved with an SEM
ion mill. Homogenized samples will be referred to as PByep, and
OBhom-

Non-homogenized and homogenized sample halves were used
for DSC, VSM, and XRD measurements. Thermal properties
were measured with a DSC from 0 to 300 °C, though only relevant
ranges will be plotted for clarity. Magnetic property measurements
were taken with a Lakeshore 7407 VSM from —2 to 2 T with a ramp
cycle of 0T—>2T—-2T—2T. Testing with a Cu-Ka source
Bruker D8 Discover XRD was performed in the range of 20 deg
<20 <94 deg with an increment of 0.02 deg, scan speed 1 s/step,
and slit size 0.6 mm. XRD pattern analysis was conducted using
the FULLPROF software [37].

3 Results and Discussion

3.1 Powder. Powder characterization was performed with
OM, SEM, and uCT. Morphological observations showed that the
particle shapes are irregular (as defined by the standard of powder
metallurgy ASTM B243-13), as expected for the pulverized
powder of brittle material.
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Fig. 2 Powder size distribution compared to a lognormal fit.
(@) Data collected using optical and electron microscopy.
(b) Data collected using X-ray uCT. Insets are exemplary binar-
ized images from each technique, showing powder shape and
size in projection for (a) and in a 2D slice for (b).

In view of the probability plots shown in Fig. 2, the particles
approximately followed a lognormal distribution, with the
circle-equivalent diameters from 5-176 um, where the lower limit
of 5 um reflected resolution limits and the upper end of particle
sizes had a positive deviation away from the lognormal line.
IMAGEJ analysis of OM and SEM images took into account the
full range of 5-176 um equivalent diameters, and the data were
plotted in Fig. 2(a). Morphology and size distribution were also
evaluated using pCT, with similar results. A 3D visualization
with uCT confirmed that the powder was mostly granular (approx-
imately equidimensional, non-spherical). The equivalent diameter
calculated from the 3D volume data yielded the results shown in
Fig. 2(b). After conglomerated particles were removed, the
sphere-equivalent diameters ranged 5-138 um. The recommended
spherical particle range for DLD is 44—150 um [38,39].

3.2 Structure and Composition. Two types of samples were
observed after deposition: properly built (PB) and overbuilt (OB),
and one example of each was chosen for comparison of the micro-
structure produced in this material after laser melting and homoge-
nization. Figure 3 shows the lengthwise cross-sectional views of the
PB and OB samples, with the layer boundaries shown as dotted gray
lines. As detailed in Table 2 and indicated with gray and white area
fill in Fig. 3, there are two distinct sections of the samples. In both
samples, there is a bottom section that has relatively even layer
boundary spacing, and melt pool boundaries are also in consistent
intervals. Nearer to the top, however, the layer boundaries
become far apart or inconsistently placed. Hereafter, the sections

JULY 2020, Vol. 142 / 071006-3
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Fig. 3 (a) PB and OB sample schematics showing the PB-1, PB-2, OB-1, and OB-2 sections of the samples as well as the visible
boundaries between printed layers. (b) Right panels showing as-built and homogenized sample micrographs are marked with the
prevalent regions of microstructural features before and after homogenization. Laser travel, incidence, and path are also indicated.

Table 2 Feature descriptions of sections within the PB and OB
samples

Section Melt pools Layers Microstructural features
1 Consistent Thin and Fine, elongated cells
spacing consistent height
2 Inconsistent Thicker and Dendrites, columnar grains,
spacing inconsistent and elemental
spacing microsegregation

will be referred to by the sample name and section name (PB-1,
PB-2, OB-1, and OB-2).

Figure 3 also shows an overview of the microstructural features
observed through backscatter electron images in both the as-built
and homogenized samples. Both the PB-1 and OB-1 as-printed sec-
tions had a relatively fine microstructure of elongated cells, with a
transition to columnar grains and then relatively large (tens of
micrometers long) dendrites by the top of both PB-2 and OB-2.
Magnified views of these microstructural features are shown in
Fig. 4.

After homogenization, layer boundaries were blurred in both
samples as shown in Figs. 4(e)—4(h). Equiaxed grains developed

Fig. 4 Examples of microstructural features throughout (a—d) as-built and (e-h) homogenized samples and the level of Sn micro-
segregation within the dendritic region of (d) as-built OB. Insets indicate the region from which the as-built/homogenized micro-
graph pair was obtained. White dotted areas in (f) trace columnar grains. Crater-like artifacts are a result of ion milling as a final
preparation step and have no effect on grains or twin structures.

071006-4 / Vol. 142, JULY 2020
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Table 3 EDS composition data averaged over sample matrix in
the as-built and homogenized state, all with +1.0at%
uncertainty, together with corresponding electronic
concentration, e/a. OB as-built data are from a comparable
sample

at% Ni Mn Co Sn ela

PB 44.5 36.4 6.6 12.5 8.09
PBhom 46.0 36.6 7.4 10.0 8.23
OB 43.0 37.8 6.5 12.7 8.04
OBiom 45.2 36.8 7.5 10.5 8.19
Nominal 43.0 39.0 7.0 11.0 8.10

Table 4 Phase and lattice parameters determined using XRD
patterns

Sample Phase aldy bA @A  pdeg
PB L2, (Fm3m) 5.98

Monoclinic 7M 4.30 5.36 29.22 93.50
PBhom L2, (Fm3m) 5.97

Monoclinic 7M 432 5.38 29.31 94.47
OB Disordered (Pm3m) 5.96

Monoclinic 7M 4.29 5.34 29.11 94.37
OBhom L2, (Fm3m) 5.96

Monoclinic 7M 431 5.38 29.31 94.49

in the bottom PB-1 and OB-1 sections, as well as some toward the
top sections (Figs. 4(e), 4(g), and 4(h)). Columnar grains remained
unchanged after homogenization (Fig. 4(f)), and twinning was—in
contrast to as-deposited samples—ubiquitous, implying a uniform
or nearly uniform presence of the martensite phase, indicating a
well-homogenized sample.

Composition determined by EDS varied from the nominal Niyz_
Co;sMn3eSn;;, particularly in the dendritic region shown in
Fig. 4. Interdendritic regions were approximately Niy3Co;,MnzoSng
average from all samples, and matrix (excluding interdendritic
regions) compositions for each sample are given in Table 3 and
compared with homogenized composition data. Ni concentration
increased in the as-built matrix from the nominal and increased
further after homogenization. From the nominal composition,
there was a decrease in Mn by 2-3 at% in the as-built sample
matrix, which was not recovered after homogenization. There was
also a slight decrease in Co in the as-built sample matrix, but this
was recovered and surpassed the nominal composition of 7 at% in

v - 7M martensite  , - L2, austenite

p - disordered cubic austenite
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Fig.5 (A) Room-temperature XRD patterns showing L2, austen-
itic and (D) disordered cubic austenitic, and martensitic (M)
peaks and their indices. The # symbol marks an unidentified
peak that does not correspond to the austenitic, martensitic, or
face-centered cubic (FCC)-y phases
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the homogenized samples. Conversely, there was an increase in
Sn in the as-built matrix, which dissipated and reached a level ~
1 at% lower than nominal after homogenization.

With compositions so varied, XRD was necessary to determine
the phases present; all patterns are shown in Fig. 5. The XRD pat-
terns for the as-printed OB sample were indexed as a mixture
between a cubic disordered structure (Pm3m space group) and a
low symmetry 7M monoclinic martensitic phase, with homogeniza-
tion leading to the appearance of an L2, ordered Fm3m phase
(Table 4). Similarly, the PB sample began in the as-printed condi-
tion with a 7M martensitic phase, but was progressively replaced
by the ordered cubic L2, phase, which remained after homogeniza-
tion. For the PB sample, there was also an unidentified peak near
39 deg that was reduced by heat treatment.

In as-deposited samples, EDS analysis showed that sub-grain
boundaries (interdendritic regions) were significantly depleted in
Sn, while dendrite cores (composition given in Table 3) were
slightly Sn-enriched. Sn segregation is a well-known occurrence
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Fig.6 DSC curves for (a) as-built and (b) homogenized samples
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Table 5 Transformation temperatures (Ms, My, Ty, As, Ar, T4, and T¢) and room-temperature magnetization values at 2 T applied
magnetic field for homogenized samples. + values represent uncertainty related to the tangent method measurement of the

transformation temperatures.

M, My Ty Ay Ag Ta Tc Mzzr

°C) (§©) §©) ©)] °C §©) (§©) (Am“/kg)
PBhom 47+1 32+1 39.5+2 52+1 67+1 59.5+2 125+3 14.7
OBhom 57+1 36+1 46.5+2 49+1 66+ 1 57.5+2 121 +1 19.4

in casting of other alloys such as Cu-Ni-Sn due to the low melting
point of Sn [40]; thus, it is not unexpected that fast and repeated
thermal fluctuations experienced by the material in DLD also
produce Sn segregation [41]. Twinning presence varied throughout
the segregated regions, indicating a difference in the phases present.
This is supported by DSC data in Fig. 6(a), where the transforma-
tion peaks are significantly broadened. The broad peak is a combi-
nation of many small peaks at slightly different peak locations that
correspond to the different compositions present on the micro-scale
within these samples. Indeed, even small compositional changes are
known to have a large effect on the MT temperature of
Ni-Mn-based functional magnetic materials [42,43]. After homoge-
nization however, this microsegregation was mitigated, as evi-
denced by the much narrower transformation peaks seen in
Fig. 6(b) and by EDS data.

Composition compared between the nominal, as-built matrix, and
homogenized states shows how the elements are lost and redistrib-
uted within the material. From the nominal composition of Niy3Co-.
Mn3oSn,, there was a loss of Mn in the as-built state that was not
recovered in the homogenized state. Since Mn has a low vapor pres-
sure, it has been shown that a small amount is lost during full
melting with the laser during the deposition process [31,32].
There is slightly greater loss of Mn in the PB sample, which may
be due to the increased energy density present in the process.
Although the laser power and scan speed were held constant,
there would have been a higher energy density in the smaller
sample (PB) because there was less influx of material.

XRD patterns show that the as-built samples did contain 7M mar-
tensite, and either an ordered or disordered cubic phase. The reduc-
tion of the (220), peak intensity of the austenitic phase indicates
that the heat treatment promotes the growth of the martensitic
phase. Moreover, the sharp drop of the (211)p peak intensity in the
OB sample can be associated with an atomic rearrangement of the
cubic phase (cubic disordered to L.2; ordered). The PB sample con-
tained L2, rather than the cubic disordered phase, which is likely a
result of the differences in composition and composition distribution
between the OB and PB samples. The PB sample also showed an
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Fig. 7 M-H plot showing a drop in magnetization from the
as-built to the homogenized samples measured at room
temperature
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unidentified peak that did not match with the cubic disordered,
L2, or 7M phases, and also did not correspond to the FCC-y phase
that has been seen for this composition type [44—46].

3.3 Martensitic Transformation. As-built samples showed
very broad transformation peaks on DSC curves, plotted in
Fig. 6(a). Though distinct MT temperatures are difficult to extract,
the reverse martensitic transformation (martensite to austenite)
occurred over a range of approximately 90-170 °C and the forward
transformation (austenite to martensite) occurred over a range of
60-140 °C. Both the PB and OB as-built DSC curves have the
same shape and do not show a distinct Curie temperature (7¢).

After homogenization (Fig. 6(b)), as expected with the elimination
of microsegregation, the MT peaks were more distinct, and the range
of transformation decreased significantly. Using the tangent method,
martensite and austenite start and finish transformation temperatures
(M, M A, and Ay) were determined and are shown in Table 5, along
with Ty, = (M + Mp/2 and Ty = (As + Ap/2. T was very close in both
samples.

Cong et al. reported the austenitic peak of induction melted and
annealed Niy3Co7Mn39Sn;; to be ~57 °C and the martensitic peak
to be ~34 °C [47]. Observed here for PBy,,,, and OBy, were T4 =
59.5 °Cand 57.5 °C; T),=39.5 °C and 46.5 °C. Though the austen-
itic peak data tends to agree, the martensitic peak for the current
samples is 5.5-12.5 °C higher. This discrepancy is attributed to
slight differences in composition of the samples from the
nominal, giving rise to a difference in e/a from the nominal 8.10-
8.23 in PByoy and 8.19 in OBy, respectively. Due to similar
reasons, there is also a 7 °C increase in Ty, from the PBy,, to
OBpom sample.

3.4 Magnetization Behavior. Figure 7 shows the room-
temperature magnetization curves for each sample and for their
homogenized counterparts. At 2 T, PB and OB samples reached
47.8 A-m*kg and 43.9 A-m*/kg, respectively. Homogenized PB
and OB samples at 2 T reached 14.7 and 19.4 A-m?/kg, respec-
tively. Heat treatment therefore led to a drop of 33.1 A-m“/kg
(69.2%) in PB and 24.5 A-m2/kg (55.8%) in OB. This drop in mag-
netization is due to the increase in the volume fraction of martensitic
phase within the samples, since the weakly magnetic martensite
phase does not react as strongly to an applied field as the ferromag-
netic austenite phase does [14].

4 Summary and Conclusions

In this first study of DLD additive manufactured magnetocaloric
material, we have demonstrated that deposition was successful and
resulted in structurally intact samples. The structural and functional
differences between an overbuilt and properly built part, both
as-built and homogenized have been examined. Particularly, prior
to homogenization, as-built sample structure showed dendrites,
columnar grains in the overbuilt area, elongated cells in the properly
built area, and a mix of cubic austenite and 7M martensite. After
homogenization, sample structure showed equiaxed grains in the
properly built area, persisting columnar grains in the overbuilt
area, and a decrease in the austenite fraction in favor of the 7M mar-
tensitic phase. The latter effect was explained by some loss of Mn.
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The characteristics of the martensitic transformation and magne-
tism of the additive manufactured Ni-Mn-Co-Sn samples have been
tuned to be comparable with those observed in the similar MCE
alloy produced by conventional methods.

Thus, we have shown that DLD additive manufacturing process-
ing of Ni-Mn-based MCE materials is a very promising technology,
as it has demonstrated an effective reproduction of typical MCE
materials transformation and magnetic properties in the present
work. If direct laser deposition is pursued as a fabrication
method, powder flow control would need to be addressed to
correct the inconsistent overbuilding. It is likely that using spherical
powder of 44—150 um, as recommended for DLD, would improve
the consistency of the powder flowrate. Further progress is therefore
expected after the preparation of spherical MCE material powder
with a plasma atomization process. Other future work includes
using an additive manufacturing technique with a wider range of
acceptable powder morphologies (non-powder feeder, powder bed
methods).
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