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Abstract: Ni-Mn-Ga Heusler alloys are multifunctional materials that demonstrate macroscopic
strain under an externally applied magnetic field through the motion of martensite twin bound-
aries within the microstructure. This study sought to comprehensively characterize the microstruc-
tural, mechanical, thermal, and magnetic properties near the solidus in binder-jet 3D printed 14M
NisoMngzoGayg. Neutron diffraction data were analyzed to identify the martensite modulation and
observe the grain size evolution in samples sintered at temperatures of 1080 °C and 1090 °C. Large
clusters of high neutron-count pixels in samples sintered at 1090 °C were identified, suggesting Bragg
diffraction of large grains (near doubling in size) compared to 1080 °C sintered samples. The grain
size was confirmed through quantitative stereology of polished surfaces for differently sintered and
heat-treated samples. Nanoindentation testing revealed a greater resistance to plasticity and a larger
elastic modulus in 1090 °C sintered samples (relative density ~95%) compared to the samples sintered
at 1080 °C (relative density ~80%). Martensitic transformation temperatures were lower for samples
sintered at 1090 °C than 1080 °C, though a further heat treatment step could be added to tailor the
transformation temperature. Microstructurally, twin variants <10 pm in width were observed and
the presence of magnetic anisotropy was confirmed through magnetic force microscopy. This study
indicates that a 10 °C sintering temperature difference can largely affect the microstructure and
mechanical properties (including elastic modulus and hardness) while still allowing for the presence
of magnetic twin variants in the resulting modulated martensite.

Keywords: additive manufacturing; ferromagnetic; neutron diffraction; microstructure; nanoindenta-
tion; sintering

1. Introduction

Ni;—-Mn-Ga-derivative Heusler materials are considered magnetic shape memory
alloys (MSMAs) and demonstrate a large mechanical strain under an externally applied
magnetic field [1,2]. This magnetic-field induced strain (MFIS) occurs through twin variant
reorientation in the low-temperature ferromagnetic martensite phase, due in part to its
large magnetocrystalline anisotropy [2,3]. Ni-Mn-Ga MSMAs were shown to deform by
up to 12% with a fast response time in the order of a few microseconds, high working
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frequencies up to 100 kHz, and long lifetimes exceeding 107 cycles [4-9]. These properties
have generated interest in alternative materials for use as actuators and sensors from the
nano- to macro-scale [10-12]. Additionally, when the Curie and phase transformation
temperatures overlap, Ni-Mn-Ga(-X) alloys were shown to exhibit a magnetocaloric effect
useful in refrigeration, sensors, and energy harvesters [10,12,13].

Significant MFIS requires a compliant microstructure for the motion of martensite
twin boundaries. In particular, the grain size, present phases, compositional additions,
and processing and fabrication conditions are engineering choices that must be considered
when designing MSMAs exhibiting MFIS. For example, Lazpita et al. [14] showed that
fine-grained and randomly textured Ni-Mn-Ga samples exhibit hardly any MFIS under an
external magnetic field due to internal microstructural constraints on the twin-boundary
motion. Furthermore, surface defects strongly influence twin-boundary stresses and can
stabilize fine twin-boundary structures [15-19]. This places a particular emphasis on the
processing and fabrication of Ni-Mn-Ga alloys aiming to maximize the MFIS by producing
a microstructure with fewer defects, grain boundaries, and interstitials.

To promote MFIS in polycrystalline MSMAs, there has been increasing interest in
manufacturing porous Ni-Mn-Ga polycrystalline samples [20]. Unlike fully-densified poly-
crystalline samples containing a large surface area of grain boundaries, porous Ni-Mn-Ga
structures reduce constraints and allow the martensitic twins to move more freely, decreas-
ing the activation stress required to achieve motion [5,9,14,20,21]. A proposed method
for manufacturing samples with intentional porosity is through additive manufacturing,
where single layers of material are deposited and bound one layer at a time [22]. So far,
Taylor et al. [23] have performed work on 3D printed inks using elemental powders, and
Mostafaei et al. [24,25] and Caputo et al. [26] have discussed the use of binder-jet 3D print-
ing (or binder jetting) as a fast and cost-effective additive manufacturing technique with
the capability to produce complex shapes with tunable porosity. Post-processing sintering
and heat-treatment allow user-controlled porosity levels to be achieved following printing
through various parameters including sintering temperature, time, and environment [27].

In this study, binder-jet 3D printed NisoMn3oGayg (at.%) samples were sintered at two
different temperatures and additionally annealed (four samples in total). Microstructural
characteristics including lattice parameters, martensite modulation, and unit cell size
were correlated to grain size, porosity, and hardness measurements. Properties including
martensitic transformation temperature, surface magnetic structure, and magnetization
behavior were correlated to post-processing parameters.

2. Materials and Methods

Sample preparation procedures for materials used in this experiment are provided
in detail in [24] with a brief summary given here. Polycrystalline ingots were fabricated
using induction melting on high-purity elemental Ni, Mn, and Ga powder. Using energy-
dispersive X-ray spectroscopy (EDS), the composition of the ingot was determined to
be Nigg7+05Mn3z00+1.0Gaz3+06 (at-%). The ingots were broken up, ball-milled using
a planetary mill (Retsch Inc., Haan, Germany), and sieved using a US 230 ASTM E-11
standard mesh sieve (Fisherbrand, Pittsburgh, PA, USA). The powder was then binder-
jet 3D printed using an ExOne X1-Lab printer (The ExOne Company, Irwin, PA, USA).
Printing parameters for this fabrication step are as follows: layer thickness of 100 um,
spread speed of 20 mm/s, feed:build powder ratio of 2, drying time of 40 s, and binder
saturation of 80%. Additionally, powder layers were bound with an ethylene glycol
monomethyl ether and diethylene glycol solvent binder. As-printed green samples were
cured at 200 °C for 8 h in air then encapsulated in a glass tube with high purity titanium
sponge (as a sacrificial oxidizer) under an argon atmosphere of approximately 40 kPa
at room temperature. Encapsulated samples were heated at 4 °C/min to the sintering
temperature of 1080 °C or 1090 °C using a Lindberg tube furnace (Lindberg Blue, Asheville,
NC, USA), held at this temperature for 2 h, then air-cooled. Additionally, a heat-treatment
procedure was performed on one sample of each sintering temperature, which comprised
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of an annealing step at 1000 °C for 10 h and an ordering step at 700 °C for 12 h, for a total
of four samples under investigation.

Neutron diffraction data were obtained for Ni-Mn-Ga samples from the E3 beamline
(wavelength A = 1.47318 + 0.00056 A) at the Helmholtz-Zentrum Berlin fiir Materialien
und Energie (HZB) [28]. The beamline utilized a bent Si (400) focusing monochromator
and a 30 cm x 30 cm position-sensitive detector (PSD). The detector center was positioned
at 26 values of 42°, 53°, 64°, and 75° while Q) (sample stage, see Figure 1) was rotated
in increments of 2° from —90° to 0°, and the intensity on the detector was recorded. A
schematic of the goniometer stationed at beamline E3 is shown in Figure 1 with relevant
angles illustrated [29]. Area detector raw were was extracted utilizing in-house plotting
software, and Gaussian peaks were fit to the diffraction curves using OriginPro software
(2018b, OriginLab, Northampton, MA, USA).

X
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20
QC_ D

Figure 1. Schematic of the goniometer setup on Beamline E3 at HZB.

Raw neutron diffraction data were extracted image-by-image within the 20 = 42°
regime using Image] image analysis software (NIH, Bethesda, MD, USA) for conver-
sion [30,31] and an in-house MATLAB program (MathWorks Inc., Natick, MA, USA) for
processing. For the 256 x 256 pixel array, the program isolated, enhanced, and clarified
pixel clusters likely corresponding to individual grains satisfying Bragg diffraction criteria.
An exemplary frame highlighting grain clustering of the 1090 °C sintered-only sample in
the region 26 = 75° at (3 = —90° is shown in Figure 2a. For all raw images (i.e., all () steps)
in the 20 = 42° regime, pixel clusters were counted following image processing for all four
samples to provide qualitative interpretation of the grain size.

Figure 2. Neutron diffraction area detector image received from HZB before (a) and after (b) image
processing. Exemplary clusters are marked using white arrows.
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Samples were mounted, polished, and etched using a Tegramin-25 automatic polisher
(Struers, Ballerup, Denmark) and imaged for grain size using a Keyence VHX-600 digital
optical microscope (Keyence, Osaka, Japan) with a VH-Z100 lens. Grain sizes from several
micrographs were measured and compared using Image] image analysis software through
quantitative stereology of the etched surfaces utilizing a method previously outlined in [32].
Differential interference contrast (DIC) microscopy was performed using a Nikon Optiphot
(Nikon, Scotia, NY, USA) to observe twinning on the sample surfaces.

Mechanical behavior of the samples was quantified through nanoindentation on
mounted materials using a Hysitron TI 950 Triboindenter (Bruker, Tuscon, AZ, USA) with a
Berkovich indentation tip. The following trapezoidal loading function was used for testing:
linear loading from 0 to 10 mN at a rate of 2 mN/s, constant applied load of 10 mN for
5 s, and linear unloading from 10 to 0 mN at a rate of 2 mN/s. Tests were performed
at various distances from pores on the sample surface, and the reduced Elastic modulus
(Er) and hardness were recorded in GPa. Ten load-displacement curves were collected
and analyzed for each of the four samples to isolate and identify homogenous dislocation
motion. Mechanical properties identified via nanoindentation were considered in relation
to material densification throughout the sintering process. Relative density of the four
samples was determined using Archimedes’ principle.

In order to identify first- and second-order major transformation temperatures, differ-
ential scanning calorimetry (DSC) was performed using a DSC 250 (TA Instruments, New
Castle, DE, USA) on the four investigated samples in a temperature window encapsulating
the martensitic phase transformation and Curie temperatures. Cut samples were weighed
and ramped at 5 °C/min from 40 °C to 120 °C, held at 120 °C for one minute, and then
ramped at 5 °C/min from 120 °C to 40 °C. Major peaks and transformation temperatures
were identified, noting the expected presence of a significant thermal hysteresis signature
in Ni-Mn-Ga Heusler alloys. On heating, the austenite transformation is fully described
by the austenite start (Ag), austenite finish (Af), and austenite peak (Ap) temperatures.
Similarly, the martensite transformation is described by martensite start (Ms), martensite
finish (MF), and martensite peak (Mp) temperatures on cooling. The average transformation
temperature (Tyq,s) averaging the martensite and austenite transformation peaks is also
reported. Finally, the Curie temperature (T¢) was determined for all samples.

Vibrating sample magnetometry (VSM) was performed using a series 7400 model
vibrating sample magnetometer (Lakeshore, Westerville, OH, USA) and magnetization
curves in an external magnetic field (1.5 T) were analyzed to determine saturation mag-
netization and magnetic coercivity. Additionally, a set of samples sintered at 1080 °C and
1090 °C (non-heat-treated) were electropolished at a constant voltage of 12 V at —20 °C in
an electrolyte solution containing a 3:1 volumetric ratio of ethanol to 60% HNOj3. Atomic
force microscopy (AFM) and magnetic force microscopy (MFM) was performed using an
Park XE7 atomic force microscrope (Park Systems, Suwon, Korea) on areas identified (using
polarized light microscopy) as regions containing highly dense twin boundaries.

3. Results and Discussion

McIntyre discussed that it is possible to identify single crystalline regions in a material
using neutron diffraction area detector raw data [33]. It is expected that large clusters in
various regions of the raw data (e.g., in Figure 2) correspond to a distinct single grain or
crystal which reflects all permissible (hkl) lattice planes according to the Bragg geometry.
In other words, by processing individual detector images and observing grain clusters,
the relative size of grains can be qualitatively compared. Figure 3 (bottom row) shows
examples of processed single () detector images of the 26 = 42° position. It follows that
larger grains should be present in a () sweep containing large and coherent clusters. It is
observed that the 1090 °C sintered samples have more distinguishable diffraction clusters
compared to the 1080 °C sintered samples, which show more continuous Bragg diffraction
ring sections.
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1080 °C Sintered 1090 °C Sintered

1080 °C Sintered + Annealed 1090 °C Sintered + Annealed

Figure 3. Processed and integrated area detector diffraction images (top) and individual example
processed diffraction images taken at one () step (bottom) for each of the four samples. Images are
taken of the (220) plane family of 14M Ni-Mn-Ga martensite. Insets of each diffraction image display
the location of the integrated diffraction curve for each band. These diffraction angles were used to
determine lattice parameters for each sample.

Figure 3 (top row) shows an example of an integrated detector image following the
processing described prior. The integrated diffraction images at the 20 = 42° position were
used to identify the martensite phase at room temperature. These three rings correspond to
the (220) lattice plane family of 14M martensite for all four samples. The lattice parameters
were calculated using the (400) and (220) lattice plane families using a cubic Cartesian
coordinate system with an assumed orthorhombic unit cell (x = 3 =y = 90°). The c/a ratio
is similar for all samples (between 0.8942 and 0.8965) and corresponds to a 14M martensitic
structure [24]. A summary of the lattice parameters determined by neutron diffraction,
including c/a ratio and unit cell volume, is shown in Table 1.

Table 1. Crystallographic, mechanical, physical, and phase transformation properties of the Ni-Mn-
Ga binder jetted samples.

Parameter 1080 °C Sintered 1080 °C Sintered and 1090 °C Sintered 1090 °C Sintered and

Annealed Annealed

a(Ad) 6.169 + 0.004 6.169 + 0.005 6.190 + 0.005 6.177 & 0.018

b (A) 5.822 + 0.003 5.833 + 0.004 5.820 + 0.003 5.823 + 0.016

c(A) 5531 + >0.001 5.530 = >0.001 5.526 + 0.001 5.530 + >0.001

c/a 0.8965 0.8958 0.8942 0.8958

Unit Cell Volume (A3) 198.6 + 0.2 198.9 + 0.3 199.0 + 0.5 1989 + 1.1
Hardness (GPa) 3.00 £ 0.24 3.36 4 0.37 347 +0.24 3.49 +0.22
ﬁj;ﬁffjg;g; 92.6+73 88.3 £ 137 104.9 + 12.2 108.5 £ 7.0
Relative Density (%) 79.4 + 5.6 80.1 +2.0 942 +2.3 94.6 +35
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Table 1. Cont.
Parameter 1080 °C Sintered 1080 °C Sintered and 1090 °C Sintered 1090 °C Sintered and
Annealed Annealed
Foam Elastic
Modulus (GPa) 91.7 £7.97 87.1+14.7 105 £+ 13.8 109 £+ 7.90
Projected Bulk
Elastic Modulus (GPa) 147 +11.7 136 £ 23.0 119 £ 15.6 123 £ 8.98
Grain Diameter (um) 43.6 1.9 489 +29 824 +£26 916 24
Ag (°C) 84.5 82.4 75.6 80.0
Ar (°C) 91.2 91.3 82.5 89.9
Ap (°C) 89.0 89.2 79.3 86.3
Ms (°C) 86.7 87.2 77.1 82.0
Mg (°C) 78.8 75.7 68.7 70.2
Mp (°C) 83.5 83.2 72.4 77.4
Ttrans (°C) 86.3 86.2 75.9 81.9
Tc (°C) 88 88 88 87
Mzt (Am?2/ kg) 52.4 56.4 58.0 57.9

A qualitative grain size comparison by counting diffraction area clusters was con-
ducted for all samples using an entire ) sweep (46 images at 2° increments) in the 26 = 42°
regime. Each () image was processed as described above, and distinct and coherent clusters
in the area detector diffraction images through subjective human interpretation. Through
this procedure, nearly three times the number of distinct clusters were identified in the
1090 °C sintered samples (nearly 70 counted for each) compared to the 1080 °C sintered
samples (nearly 25 counted for each). The large difference in counted clusters suggests that
the 10 °C increase in sintering temperature has more than doubled the number of crystal-
lites large enough to be identifiable via neutron diffraction and, thus, has a measurable
impact on the final grain size. It was also determined that the optional heat-treatment step
used here does not contribute significantly to grain growth. Overholser et al. [34] reported
a solidus temperature of 1088 °C for samples of composition NisgMnzyGayg, suggesting
the possibility of at least partial super-solidus liquid phase sintering of the binder-jet 3D
printed Ni-Mn-Ga samples sintered at 1090 °C. Mostafaei et al. [24] identified similar
sintering behavior by investigating the sintering characteristics of binder-jet 3D printed
Ni-Mn-Ga at various temperatures near the solidus. This is observed to coincide with
massive densification (~80% to ~95%) of the microstructure through the 10 °C sintering
temperature increase, as seen in Table 1. See Supplementary Figure S1 for example SEM
images of observable grain boundaries on the material microstructure and Supplementary
Figure S2 of a micrograph of an etched sample with marked grain boundaries.

Optical microscopy was applied to visually identify grain boundaries and distinguish
individual grains on various cross-sectional areas of magnification identical for all samples
(see Table 1 for average equivalent grain diameter). This quantitative approach to grain size
identification provides that a sintering temperature increase of 10 °C almost doubles the
grain diameter. This confirms the qualitative interpretation that the increase in visible clus-
ters on neutron diffraction images through increased sintering temperature increases grain
sizes while the additional heat-treatment shows little effect. Additionally, DIC micrographs
for all four samples (presented in Figure 4) show fine twins that are primarily <10 pm
in width, with some twins showing a width of approximately 1-2 um. Twin boundaries,
which separate the twin variants within crystallite regions, are a requirement for MFIS.
Larger grains will contain less grain boundary surface area per volume, reducing twin-
boundary motion incompatibilities. Although the literature has discussed the introduction



Metals 2022, 12, 724

7 of 16

of intentional porosity to reduce the internal constraints on the twin variant reorientation,
large densification observed by sintering at 1090 °C largely purges these intentional pores.
Chmielus et al. [21] demonstrated large MFIS (up to 8.7%) for polycrystalline foams with
pores smaller than the average grain size. Clearly, both grain size and porosity percentage
can be adjusted through the introduction of a sintering step, however, the interplay be-
tween grain size and pore sizes should be explored as a function of sintering temperature to
further optimize MFIS. Porosity characterization could be explored using micro-computed
X-ray tomography to identify and analyze pore channels and isolated pore features and
dimensions (utilized by our group previously to determine relative density in [24]).

50 pm

Figure 4. DIC micrographs of polished samples for the investigated materials during this study. The
top row presents the 1080 °C sintered sample (a) and 1080 °C sintered + heat-treated sample (b),
respectively, whereas the bottom row presents the 1090 °C sintered sample (c) and 1090 °C sintered +
heat-treated sample (d).

Nanoindentation results, summarized in Table 1, show that among the four samples,
the 1080 °C non-heat-treated sample has the lowest hardness, and the samples sintered at
1090 °C have a larger hardness and reduced elastic moduli. The presented data in Table 1
provide that the effect of the heat-treatment step on the final relative density, much like the
effect on grain size, is largely negligible. Increased hardness suggests that densification of
the sample results in a strengthening of the matrix while opposing the effect of Hall-Petch.
The results obtained here on the relative density are comparable to our previous paper [24]
and suggest large densification is possible once the solidus temperature is achieved, and a
corresponding increase in relative density resulting from partial super-solidus liquid phase
sintering was reflected in the reduced elastic modulus increase. The following discussion
provides a quantitative approach to the mechanical properties’ relationship to densification.

Gibson and Ashby [35] predict the following relationship for the elastic modulus
provided the porosity is homogenous:

£* B p* 2
£ = +(5) W
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Here, E* and Eg are the foam (as-printed porous material sample) elastic modulus
and bulk (theoretical 100% relative density) elastic modulus, and p* and pg are the foam
density and bulk density, respectively. Provided an indentation procedure follows Hertzian
contact mechanics, the reduced modulus can be determined as a function of the specimen
and indenter properties [36]. Provided below is a fundamental equation that elucidates the
elastic moduli through material contact (for example, between an indenter and specimen):

1 1—12 1—v?
L~ E +7Ei ()

where E, E;, and E, are the specimen elastic modulus, indenter elastic modulus, and
reduced elastic modulus, respectively, and v and v; are the Poisson’s ratio of the specimen
and indenter, respectively. These two equations provide that reduced elastic modulus (and
correspondingly, the foam and bulk elastic modulus), is a function of porosity. An example
of this relationship was observed in a study by Chen et al. [37], where nanoindentation was
applied to porous lanthanum-based perovskite-structured thin films sintered at various
temperatures and elastic modulus and hardness were reported. It was shown here that
increased porosity could decrease the elastic modulus exceeding an order of magnitude.
Using the commonly assigned Poisson’s ratio of 0.3 [38] and the literature values for the
Berkovich indenter properties [39], the foam elastic moduli for the four different samples
were determined. Furthermore, utilizing Equation (1) and assuming k = 1, the bulk elastic
modulus was calculated and is provided in Table 1 for each sample. The literature does
not provide data for the elastic modulus of bulk NispMn3zyGayg in the 14M state despite
the discussion that the mechanical properties are highly sensitive to alloying additions
and compositional variance. However, our values are comparable to Kart and Cagin, who
utilized first-principle calculations to determine the elastic modulus of 5M stoichiometric
Ni-Mn-Ga to be 144 GPa at 0 K (M is omitted in this work due to the large computational
requirements) [40]. Further work by Kustov et al. [41] reported a significant softening (five
to ten times lower) of the elastic modulus values depending on crystallographic direction
and temperature for Ni-Mn—Ga. We note that nanoindentation had been performed in
this study on mechanically ground, polished, and etched samples, through which minor
surface stress and roughness likely accumulated. It should also be noted that the samples
in this study have not been previously mechanically trained (see [21] for more details
regarding the training process), failing to reduce the twinning stress in this study and
reducing twin-boundary motion compliancy.

Finally, SEM imaging was used following nanoindentation to view indents and observe
possible twin variant build-up at the indented boundary. In all micrographs except one,
variant build-up was absent, suggesting that twin variants may have achieved motion
underneath the sample interface or that twin variant motion was not present entirely
(see Supplementary Figure S3 as exemplary SEM micrographs of the indent (Figure S3a)
with twins visible at the indent and (Figure S3b) without twins). This suggests that twin
variant reorientation through the movement of twin boundaries was largely negligible
during nanoindentation and the corresponding results. This is also supported by the
absence of significant mechanical pop-in behavior (discussed further below). The capability
for twin-boundary motion upon nano-load introduction and its impact on mechanical
properties is not fully elucidated in this study but it is assumed either minor or negligible.
Chmielus et al. [42] discussed surface mechanics and twin-boundary motion in Ni-Mn-Ga
single crystals, where it was mentioned that mechanical polishing partially negates the
surface hardening on cut samples and reduces twinning stress. However, the residual
surface roughness and internal stresses may have prevented twin-boundary motion by
increasing the twinning stress to be large enough to resist movement under the nano-load.
Furthermore, the literature has not provided that Equations (1) and (2) are compatible
but has shown the opportunity for future studies to verify the solid elastic behavior of
Ni-Mn-Ga materials, which are of particular importance, especially in thin-film and micro-
cantilever designs.
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Previous work by Jayaraman et al. [43] discussed the variation in the reduced elastic
modulus during nanoindentation depending on the crystallographic orientation in the high-
temperature austenite phase. This study assumes randomly oriented grains normal to the
nanoindentation surface, leading to varying values of reduced modulus of the mechanically

anisotropic martensite unit cell. Although there is no literature report (to our knowledge) on
mechanical anisotropy of 14M Ni-Mn-Ga martensite, we predict differences in mechanical
properties depending on the crystallographic orientation to the sample interface. The 10
indents per sample were performed at sufficiently large distances (>100 um) so that each
indent was performed on a unique grain. We additionally note that Ni-Mn—Ga material
will also exhibit bulk orientation-dependent properties depending on processing history
(i.e., polycrystalline, crystalline, textured, etc.). In general, polycrystalline Ni-Mn-Ga is
the easiest to manufacture but as stated earlier, the introduction of porosity can improve
the highly diminished MFIS compared to its single crystalline counterpart. Mechanical
anisotropy in 14M martensitic Ni-Mn-Ga definitely may be of interest in future studies, in
particular in parallel with synchrotron grain orientation mapping, but for now provides
that bulk elastic properties may be ascertained from indentation.
Clearly, microindentation tests (such as the Vickers test or the Rockwell test) present

significant deformation in the microstructure compared to the dimensions of the porous

network, increasing the chance that a pore plays a role in the indent. However, pore/matrix
interplay still cannot be neglected in nanoindentation. The force-displacement curve

example provided in Figure 5 suggests that, on average, the maximum indentation depth is

0.4 pm. However, it is still possible that the plastic zone could impinge upon a free surface
under the polished interface, as the plastic zone will be large compared to the indent depth,

leading to another source of nanoindentation depth variation [44].

10,000 -
| 1080 °C Sintered + ;
Heat-Treated '/ I.‘
= ) \
— L (- 1090 °C Sintered + P ]
Z 1 Heat-Treated s
= 7 ;
= 6000 e
< - / ‘.
g /.' 1 ;.'
3 ' P j
=] y i
2 4000 - ;
o, y !
Q - ’l 1]
< l‘/, :/
2 000 = //' ":
l 'I"’ ".I
0 v I v T —= T T
100 200 300 400

0
Displacement (nm)
Figure 5. Force—-displacement curves extracted from nanoindentation tests on the 1080 °C and 1090 °C

sintered and heat-treated samples to display exemplary pop-in observations (see arrows). Larger
deformation in the 1080 °C sintered + heat-treated sample corresponds to the smaller hardness value

observed between the two samples.
Force—displacement curves obtained during nanoindentation contain various loading

points accompanied by brief “bursts” of displacement, referred to as “pop-ins”. A pop-
in manifests as a horizontal or near-horizontal portion of the force-displacement curve.
This phenomenon is commonly accepted to be due to the homogenous nucleation of
mobile dislocations at the sample interface [45]. In a study by Aaltio et al. [46], the surface
preparation was shown to affect the presence of pop-ins. The samples in this study likely
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accumulated dislocations during the polishing step. Additionally, plane orientation may
have contributed to the presence of pop-ins, that is, depending on how the c-axis of the
martensite phase is oriented in the plane of view [47]. As stated previously, this study
assumes the indents were performed on random crystal orientations. It is possible that
pop-in events contributed to indentation depth variation.

Figure 6 presents DSC curves for the various samples under investigation in this
study. Between the 1080 °C heat-treated and non-heat-treated samples, less than a 1 °C
difference in average transformation temperature was observed with no change in the
Curie temperature (see Table 1 for a summary of transformation temperatures). The 1090 °C
sintered and heat-treated sample shows a minor decrease in transformation temperatures
(most notably Tans) compared to both 1080 °C sintered samples. However, the largest
difference was observed for the 1090 °C non-heat-treated sample, where a 10 °C difference
was seen for Ty, versus the 1080 °C non-heat-treated sample. Tian et al. [48] discussed
that decreasing grain boundary and pore boundary area (through the introduction of an
annealing step, for example) will decrease the martensitic phase transformation temper-
ature. However, this does not explain the major difference between the 1090 °C sintered
and heat-treated versus the 1090 °C sintered and non-heat-treated samples, as the grain
size is comparable. Instead, the large deviation in T},s for the 1090 °C sintered and non-
heat-treated sample in this study is attributed to chemical inhomogeneity, compositional
variation, decreased atomic ordering, or elemental Mn evaporation [49]. Previous work by
Mostafaei et al. [24] on equivalent samples of the present study discussed the accumulation
of Mn at the grain boundaries following sintering, which may reduce martensitic phase
transformation temperature due to less effective Mn in the grains of the matrix. The addi-
tion of a heat-treatment step improves chemical homogeneity, once again increasing the
transformation temperature. Thus, our data suggest that the shift to lower transformation
temperatures for 1090 °C sintered samples due in part to chemical inhomogeneity and
Mn precipitation may be partially increased through the introduction of a heat-treatment
step. This assertion is supported in the work by Schlagel [50] where it was discussed the
systematic increase in martensitic transformation temperature across a compositional gra-
dient of increasing relative Mn content. It follows that, with decreased Mn available within
the uniform grains, the martensitic phase transformation temperature decreases where
the effective Mn content is lower. It is also established in the literature that the Mn vapor
pressure in the Ni-Mn—-Ga solution is relatively large compared to Ni and Ga [51], which
enhances the ability of the vapor transport sintering mechanism at elevated temperatures,
another means for Mn precipitation. Consequently, enhanced vapor transport of elemental
Mn may have resulted in partial evaporation of the species during the 1090 °C sintering
step. It is apparent that heat-treatment may remedy the chemical segregation, but cannot
return evaporated Mn to the material, thus partial recovery of Ttus is observed instead of
full recovery. Utilizing EDS following the DSC measurements, we were able to confirm a
minor decrease (on the order of 0.5 at %) in the overall Mn content in the 1090 °C sintered
samples versus the 1080 °C sintered samples. One additional note is that the relatively
high transformation temperatures would correspond with relatively high twinning stress
at ambient temperature [52]. This restricts the ability for MFIS to be demonstrated, as twin-
ning stress must be overcome for twin variant reorientation and twin-boundary movement.
Future studies may be concerned with compositional or post-processing adjustment to
lower this transformation temperature slightly.
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Figure 6. DSC curves presenting the transformation temperatures of the four investigated samples.
Tangent lines at transformation onsets and ticks at peak maxima are presented to aid the eye. Curie
temperature was determined at heat flow stepwise increase at ~90 °C. See Table 1 for observed
transformation temperatures.

Figure 7 presents regions identified as containing many twin boundaries for the
1080 °C and 1090 °C sintered and non-heat-treated electropolished samples and the corre-
sponding AFM and MFM measurements taken at these regions. Based on the presented
data, it is concluded that MFM contrast is present in the form of magnetic anisotropy
at the interface. In both samples, tightly spaced variants <10 pm (many approximately
1-2 um) in width are observed and exhibit magnetic anisotropy. Laitinen et al. [53] showed
similar narrow and finely spaced twin variants revealed by MFM in 14M martensite printed
via laser powder bed fusion. In addition, it was shown that MFM contrast was greatly
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improved after homogenization at 1080 °C for 24 h compared to the as-built material in [52].
Thus, the weaker contrast in the present research may point to a not-fully relaxed structure
that could be relieved with additional annealing. This MFM experiment confirms that twins
are seen in both 1080 °C and 1090 °C sintered samples with similar magnetic anisotropy
behavior, suggesting that MFIS is possible no matter if partial melting is achieved during
sintering.

Figure 7. Optical micrographs (left) and corresponding AFM (middle)/ MEM (right) scans of the
red squares of the left micrographs for the 1080 °C (row (a)) and 1090 °C (row (b)) sintered samples
at twin-dense regions. The square red regions are 20 um x 20 um as indicated in the AFM/MFM
micrographs.

Saturation magnetization per unit weight (Mg, in Table 1) is the observed magne-
tization at an applied field of 1.5 T (M-H curves in Figure 8). There is a minor increase
in saturation magnetization in the 1080 °C sintered sample following heat treatment and
nearly identical saturation magnetization in both 1090 °C sintered samples. Additionally,
magnetic coercivity (determined using the calculation technique in [54]) approximately
40 mT is observed for the non-heat-treated samples, whereas the heat treatment in both
the 1080 °C and 1090 °C sintering temperature cases tightens the hysteresis and reduces
magnetic coercivity to approximately 10 mT. All values presented here are comparable to
our previously published paper on identical non-heat-treated samples within the bounds
of uncertainty [24]. Comparing values in both this and our previous study [24], it is deter-
mined that the saturation magnetization is largely indifferent to the heat-treatment step
and the magnetic hysteresis tightening exhibited by heat-treated samples likely results
from increased chemical ordering and homogenization (including integration of Mn from
the grain boundaries to the grains) within the matrix.
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Figure 8. Magnetization (M-H) curves comparing saturation magnetization and coercivity for the
different sintering and post-processing conditions. Inset is a magnified view of the hysteresis (note
the unit change on the horizontal axis).

4. Conclusions

The sintering of binder-jet 3D printed 14M NispMnzyGayg samples for 2 h at 1080 °C
and 1090 °C, respectively, shows a large difference in grain size as identified by neutron
diffraction area detector raw data inspection and quantitative stereology. This is accompa-
nied by an increase in relative density (~80% to ~95%) through a 10 °C sintering temperature
increase. This minor increase in sintering temperature accompanied a significant differ-
ence in mechanical properties, including an increase in hardness and reduced foam elastic
moduli, and in transformation temperatures including a decrease in martensitic phase
transformation onset. An additional heat-treatment step (annealing and ordering) was seen
to only slightly affect the grain size, densification, and mechanical properties. However,
heat treatment slightly homogenizes the sample following 1090 °C sintering, evident in the
martensitic phase transformation onset temperature change versus the non-heat-treated
sample. Magnetic anisotropy in differently sintered samples with twin variants finely
spaced in the order of <10 um in width suggests the possibility of MFIS in all presented
sintering conditions. Magnetization curves suggested only slight saturation magnetiza-
tion differences in the samples and hysteresis tightening, due in part to compositional
homogenization. This study provided an avenue to identify the solid bulk elastic modulus
utilizing equations from porous systems theory, as well as the elastic moduli for samples
at respective processing conditions and sintering history. The transformation tempera-
tures of NisoMnspGayg presented in this study provide the capability for further material
composition and property tailoring through the introduction of heat-treatment steps and
smart alloy design. Finally, by combining tailored composition, properties, grain and pore
microstructure, binder-jet 3D printed polycrystalline Ni-Mn—-Ga with low blocking stresses
and, thus, a significant magnetic field-induced strain, may be achievable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12050724 /51, Figure S1: SEM micrographs of the (a) 1080 °C
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sintered and (b) 1090 °C sintered only samples showing twinning, grain boundaries, and inherent
porosity; Figure S2: Example grain boundary tracing for grain size determination; Figure S3: Exem-
plary SEM micrographs of nanoindentations of the 1080 °C sintered only sample (a) with and (b)
without twin boundary build-up.
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