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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 boundaries
within the microstructure. This study sought to comprehensively characterize the microstructural,
mechanical, thermal, and magnetic properties near the solidus in binder-jet 3D printed 14M
NisoMnsoGaz. Neutron diffraction data were analyzed to identify the martensite modulation and
observe the grain size evolution in samples sintered at temperatures 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. 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 larger
elastic modulus in 1090 °C sintered samples (relative density ~95%) compared to the samples sin-
tered 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 transformation temperature. Microstructurally, twin variants <10 um 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;
Nanoindentation; Sintering

1. Introduction

Ni:MnGa-derivative Heusler materials are considered magnetic shape memory al-
loys (MSMAs) and demonstrate a large mechanical strain under an externally applied
magnetic field [1,2]. This magnetic-field induced strain (MFIS) occurs through twin vari-
ant reorientation in the low-temperature ferromagnetic martensite phase due in part to its
large magnetocrystalline anisotropy [2,3]. Ni-Mn-Ga MSMAs have been shown to deform
up to 12% with a fast response time on the order of a few microseconds, high working
frequencies up to 100 kHz, and long lifetimes exceeding 107 cycles [4-9]. These properties
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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 tem-
peratures overlap, Ni-Mn-Ga(-X) alloys have been shown to exhibit a magnetocaloric ef-
fect 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 consid-
ered 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 un-
der an external magnetic field due to internal microstructural constraints on twin bound-
ary 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 pro-
ducing 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 pol-
ycrystalline 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,
decreasing the activation stress required to achieve motion [5,9,14,20,21]. A proposed
method for manufacturing samples with intentional porosity is through additive manu-
facturing, where single layers of material are deposited and bound one layer at a time [22].
So far, Taylor et al. [23] has 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
printing (or binder jetting) as a fast and cost-effective additive manufacturing technique
with the capability to produce complex shapes with a tunable porosity. Post-processing
sintering and heat-treatment allow user-controlled porosity levels to be achieved follow-
ing printing through various parameters including sintering temperature, time, and envi-
ronment [27].

In this study, binder-jet 3D printed NisoMnsoGazo (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 mar-
tensitic transformation temperature, surface magnetic structure, and magnetization be-
havior were correlated to post-processing parameters.

2. Materials and Methods

Sample preparation procedures for materials used in this experiment is provided in
detail in [24] with a brief summary given here. Polycrystalline ingots were fabricated us-
ing induction melting on high-purity elemental Ni, Mn, and Ga powder. Using energy
dispersive X-ray spectroscopy (EDS), the composition for the ingot was determined to be
Nisoz: 05Mnso.o:1.0Gaza:06 (at.%). The ingots were broken up, ball-milled using a Retsch
planetary mill and sieved using a US 230 mesh sieve. The powder was then binder-jet 3D
printed using an ExOne X1-Lab printer. 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 atmos-
phere 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 fur-
nace, held at this temperature for 2 h, then air-cooled. Additionally, a heat-treatment pro-
cedure was performed on one sample of each sintering temperature, which comprised 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.
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Neutron diffraction data were obtained for Ni-Mn-Ga samples from the E3 beamline 97
(wavelength A =1.47318 + 0.00056 A) at the Helmholtz-Zentrum Berlin fiir Materialienund 98
Energie (HZB) [28]. The beamline utilized a bent Si (400) focusing monochromator and a 99
30 cm x 30 cm position sensitive detector (PSD). The detector center was positioned at 26 100
values of 42°, 53°, 64° and 75° while (J (sample stage, see Figure 1) was rotated in incre- 101
ments of 2° from -90° to 0° and the intensity on the detector was recorded. A schematic of 102
the goniometer stationed at beamline E3 is shown in Figure 1 with relevant angles illus- 103
trated [29]. Area detector raw were was extracted utilizing in-house plotting software, and 104
Gaussian peaks were fit to the diffraction curves using OriginPro 2018b. 105

20

29

QC_ D

106
Figure 1. Schematic of the goniometer setup on Beamline E3 at HZB. 107

Raw neutron diffraction data was extracted image-by-image within the 20 = 42° re- 108
gime using Image] image analysis software (for conversion) [30,31] and an in-house 109
MATLAB program (for processing). For the 256 x 256 pixel array, the program isolated, 110
enhanced, and clarified pixel clusters likely corresponding to individual grains satisfying 111
Bragg diffraction criteria. An exemplary frame highlighting grain clustering of the 1090 112
°C sintered-only sample in the region 20 = 75° at (2 = -90° is shown in Figure 2a. For all = 113
raw images (i.e., all Q steps) in the 20 = 42° regime, pixel clusters were counted following 114
image processing for all four samples to provide qualitative interpretation of the grain 115
size. 116

117
Figure 2. Neutron diffraction area detector image received from HZB before (a) and after (b) im- 118
age processing. Exemplary clusters are marked using white arrows. 119
120

121
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Samples were mounted, polished, and etched using a Struers Tegramin-25 automatic 122
polisher and imaged for grain size using a Keyence VHX-600 digital optical microscope 123
with a VH-Z100 lens. Grain sizes from several micrographs were measured and compared 124
using Image] image analysis software through quantitative stereology of the etched sur- 125
faces utilizing a method previously outlined in [32]. Differential interference contrast 126
(DIC) microscopy (Nikon Optiphot) was performed to observe twinning on the sample 127
surfaces. 128

Mechanical behavior of the samples was quantified through nanoindentation on 129
mounted materials using a Hysitron TI 950 Triboindenter with a Berkovich indentation 130
tip. The following trapezoidal loading function was used for testing: linear loading from 131
0to 10 mN at a rate of 2 mN/s, constant applied load of 10 mN for 55, and linear unloading 132
from 10 to 0 mN at a rate of 2 mN/s. Tests were performed at various distances from pores 133
on the sample surface, and the reduced Elastic modulus (Er) and hardness were recorded 134
in GPa. 10 load-displacement curves were collected and analyzed for each of the four sam- 135
ples to isolate and identify homogenous dislocation motion. Mechanical properties iden- 136
tified via nanoindentation were considered in relation to material densification through- 137
out the sintering process. Relative density of the four samples was determined using Ar- 138
chimedes’ principle. 139

In order to identify first- and second-order major transformation temperatures, dif- 140
ferential scanning calorimetry (DSC, TA Instruments DSC 250) was performed on the four 141
investigated samples in a temperature window encapsulating the martensitic phase trans- 142
formation and Curie temperatures. Cut samples were weighed and ramped at 5 °C/min 143
from 40 °C to 120 °C, held at 120 °C for one minute, and then ramped at 5 °C/min from 144
120 °C to 40 °C. Major peaks and transformation temperatures were identified, noting the 145
expected presence of a significant thermal hysteresis signature in Ni-Mn-Ga Heusler al- 146
loys. On heating, the austenite transformation is fully described by the austenite start (As), 147
austenite finish (Ar), and austenite peak (Ar) temperatures. Similarly, the martensite trans- 148
formation is described by martensite start (Ms), martensite finish (Mr), and martensite 149
peak (Mpr) temperatures on cooling. The average transformation temperature (Ttans) aver- 150
aging the martensite and austenite transformation peaks is also reported. Finally, the Cu- 151
rie temperature (Tc) was determined for all samples. 152

Vibrating sample magnetometry (VSM, Lakeshore series 7400 model) magnetization 153
curves in an external magnetic field (+ 1.5 T) were analyzed to determine saturation mag- 154
netization and magnetic coercivity. Additionally, a set of samples sintered at 1080 °C and 155
1090 °C (non-heat-treated) were electropolished at a constant voltage of 12 V at -20 °Cin 156
an electrolyte solution containing a 3:1 volumetric ratio of ethanol to 60% HNOs. Atomic 157
force microscopy (AFM) and magnetic force microscopy (MFM) was performed using a 158
Park Systems XE7 on areas identified (using polarized light microscopy) as regions con- 159
taining highly dense twin boundaries. 160

3. Results and Discussion 161

McIntyre discussed that it is possible to identify single crystalline regions in a mate- 162
rial using neutron diffraction area detector raw data [33]. It is expected that large clusters 163
in various regions of the raw data (e.g. in Figure 2) correspond to a distinct single grain or 164
crystal which reflects all permissible (hkl) lattice planes according to the Bragg geometry. 165
In other words, by processing individual detector images and observing grain clusters, 166
the relative size of grains can be qualitatively compared. Figure 3 (bottom row) shows 167
examples of processed single 2 detector images of the 20 = 42° position. It follows that 168
larger grains should be present in a (2 sweep containing large and coherent clusters. Itis 169
observed that the 1090 °C sintered samples have more distinguishable diffraction clusters 170
compared to the 1080 °C sintered samples, which show more continuous Bragg diffraction 171
ring sections. 172

Figure 3 (top row) shows an example of an integrated detector image following pro- 173
cessing described prior. The integrated diffraction images at the 20 = 42° position were 174
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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 param-
eters were calculated using the (400) and (220) lattice plane families using a cubic Carte-
sian coordinate system with an assumed orthorhombic unit cell (o = p =y = 90°). The c/a
ratio is similar for all samples (between 0.8942 and 0.8965) and corresponds to a 14M mar-
tensitic structure [24]. A summary of the lattice parameters determined by neutron dif-
fraction, including c/a ratio and unit cell volume, is shown in Table 1.

1080 °C Sintered 1090 °C Sintered
1080 °C Sintered and annealed 1090 °C Sintered and annealed

AVl

/ /\, 1 \ 42.10°

Figure 3. Processed and integrated area detector diffraction images (top) and individual example
processed diffraction image taken at one Q 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 dis-
play the location of the integrated diffraction curve for each band. These diffraction angles were
used to determine lattice parameters for each sample.

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

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

Annealed Annealed
a[A] 6.169 + .004 6.169 + .005 6.190 + .005 6.177 + .018
b[A] 5.822 +.003 5.833 +.004 5.820 +.003 5.823 +.016
c[A] 5.531 +>.001 5.530 +>.001 5.526 +.001 5.530 +>.001
c/a 0.8965 0.8958 0.8942 0.8958
Unit Cell Vol- 198.6 +0.2 198.9+0.3 199.0 + 0.5 1989+ 1.1
ume [A3]
Hardness [GPa] 3.00+0.24 3.36 +0.37 347 +0.24 3.49+0.22
Reduced Elastic 92.6 +7.3 88.3+13.7 1049 +12.2 108.5+7.0
Modulus [GPa]
Relative Den- 79.4+5.6 80.1+2.0 942+23 94.6 +3.5
sity [%]
Foam Elastic 91.7 +7.97 87.1+14.7 105 +13.8 109 +7.90
Modulus [GPa]
Projected Bulk 147 +11.7 136 +23.0 119+15.6 123 +8.98
Elastic Modulus
[GPa]
Grain Diameter 436+19 489+29 82.4+2.6 91.6+2.4
[um]
As [°C] 84.5 82.4 75.6 80.0

Ar [°C] 91.2 91.3 82.5 89.9
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Ar [°C] 89.0 89.2 79.3 86.3
Ms [°C] 86.7 87.2 77.1 82.0
M [°C] 78.8 75.7 68.7 70.2
M [°C] 83,5 83.2 72.4 77.4

Tirans [°C] 86.3 86.2 75.9 81.9
Tc [°C] 88 88 88 87
Mt [Am?/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 (2 sweep (46 images at 2° increments) in the 26 =
42° regime. Each (2 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
suggest that the 10 °C increase in sintering temperature has more than doubled the num-
ber of crystallites 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
NisoMnsoGazo, suggesting the possibility of at least partial super-solidus liquid phase sin-
tering 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
coinciding 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 bound-
aries.

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
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(b), respectively, whereas the bottom row presents the 1090 °C sintered sample (c) and 1090 °C 214
sintered + heat-treated sample (d). 215

Optical microscopy was applied to visually identify grain boundaries and distin- 216
guish individual grains on various cross-sectional areas of magnification identical for all 217
samples (see Table 1 for average equivalent grain diameter). This quantitative approach 218
to grain size identification provides that a sintering temperature increase of 10 °C almost 219
doubles the grain diameter. This confirms the qualitative interpretation that the increase 220
in visible clusters on neutron diffraction images through increased sintering temperature 221
increases grain sizes while the additional heat-treatment shows little effect. Additionally, 222
DIC micrographs for all four samples (presented in Figure 4) show fine twins that are 223
primarily < 10 pum in width, with some twins showing a width approximately 1-2 um. 224
Twin boundaries, which separate the twin variants within crystallite regions, are a re- 225
quirement for MFIS. Larger grains will contain less grain boundary surface area per vol- 226
ume, reducing twin boundary motion incompatibilities. Although the literature has dis- 227
cussed the introduction of intentional porosity to reduce the internal constraints on the 228
twin variant reorientation, large densification observed by sintering at 1090 °C largely 229
purges these intentional pores. Chmielus et al. [21] demonstrated large MFIS (up to 8.7%) 230
for polycrystalline foams with pores smaller than the average grain size. Clearly, both 231
grain size and porosity percentage can be adjusted through the introduction of a sintering 232
step, however interplay between grain size and pore sizes should be explored as a func- 233
tion of sintering temperature to further optimize MFIS. Porosity characterization could be 234
explored using micro-computed X-ray tomography (microCT) to identify and analyze 235
pore channel and isolated pore features and dimensions (utilized by our group previously 236
to determine relative density in [24]). 237

Nanoindentation results, summarized in Table 1, show that among the four samples 238
the 1080 °C non-heat-treated sample has the lowest hardness, and the samples sintered at 239
1090 °C have a larger hardness and reduced elastic moduli. The presented data in Table 1 240
provides that the effect of the heat-treatment step on the final relative density, much like 241
the effect on grain size, is largely negligible. Increased hardness suggests that densifica- 242
tion of the sample is resulting in a strengthening of the matrix, while opposing the effect 243
of Hall-Petch. The results obtained here on the relative density are comparable to our pre- 244
vious paper [24] and suggest large densification is possible once the solidus temperature 245
is achieved, and corresponding increase in relative density resulting from partial super- 246
solidus liquid phase sintering was reflected in the reduced elastic modulus increase. The 247
following discussion provides a quantitative approach to the mechanical properties’ rela- 248

tionship to densification. 249
Gibson and Ashby [35] predict the following relationship for the elastic modulus pro- 250
vided the porosity is homogenous: 251
E* * 2
—=k%) (1)
Es Ps

Here, E* and Es are the foam (as-printed porous material sample) elastic modulus and 252

bulk (theoretical 100% relative density) elastic modulus, and p* and ps is the foam density 253

and bulk density, respectively. Provided an indentation procedure follows Hertzian con- 254

tact mechanics, the reduced modulus can be determined as a function of the specimen and 255

indenter properties [36]. Provided below is a fundamental equation that elucidates the 256

elastic moduli through material contact (for example, between an indenter and specimen): 257
1 1-v2 1— 2

— 2
E, E T E @

Where E, Ei, and E; are the specimen elastic modulus, indenter elastic modulus, and re- 258
duced elastic modulus, respectively, and v and v: are the Poisson’s ratio of the specimen 259
and indenter, respectively. These two equations provide that reduced elastic modulus 260
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(and correspondingly, the foam and bulk elastic modulus), is a function of porosity. An 261
example of this relationship was observed in a study by Chen et al. [37], where nanoinden- 262
tation was applied to porous lanthanum-based perovskite-structured thin films sintered 263
at various temperatures and elastic modulus and hardness was reported. It was shown 264
here that increased porosity could decrease the elastic modulus exceeding an order of 265
magnitude. Using the commonly assigned Poisson’s ratio of .3 [38] and literature values 266
for the Berkovich indenter properties [39], the foam elastic moduli for the four different 267
samples were determined. Furthermore, utilizing Equation 1 and assuming k=1, the bulk 268
elastic modulus was calculated and is provided in Table 1 for each sample. The literature 269
does not provide data for the elastic modulus of bulk NisosMnsoGazo in the 14M state despite 270
discussion that the mechanical properties are highly sensitive to alloying additions and 271
compositional variance. However, our values are comparable to Kart and Cagin, who uti- 272
lized first-principle calculations to determine the elastic modulus of 5M stoichiometric Ni- 273
Mn-Ga to be 144 GPa at 0 K (7M is omitted in this work due to the large computational 274
requirements) [40]. Further work by Kustov et al. [41] reported a significant softening (five 275
to ten times lower) of the elastic modulus values depending on crystallographic direction 276
and temperature for Ni-Mn-Ga. We note that nanoindentation had been performed in this 277
study on mechanically ground, polished, and etched samples, through which minor sur- 278
face stress and roughness likely accumulated. It should also be noted that the samples in 279
this study have not been previously mechanically trained (see [21] for more details re- 280
garding the training process), failing to reduce the twinning stress in this study and re- 281
ducing twin boundary motion compliancy. 282

Finally, SEM imaging was used following nanoindentation to view indents and ob- 283
serve possible twin variant build-up at the indent boundary. In all micrographs except 284
one, variant build-up was absent, suggesting that twin variants may have achieved mo- 285
tion underneath the sample interface or that twin variant motion was not present entirely 286
(see supplementary Figure S3 as exemplary SEM micrographs of the indent (a) with twins 287
visible at the indent and (b) without twins). This suggests that twin variant reorientation 288
through the movement of twin boundaries was largely negligible during nanoindentation 289
and the corresponding results. This is also supported by to the absence of significant me- 290
chanical pop-in behavior (discussed further below). The capability for twin boundary mo- 291
tion upon nano-load introduction and its impact on mechanical properties is not fully elu- 292
cidated in this study but it is assumed either minor or negligible. Chmielus et al. [42] dis- 293
cussed surface mechanics and twin boundary motion in Ni-Mn-Ga single crystals, where = 294
it was mentioned that mechanical polishing partially negates the surface hardening on cut 295
samples and reduces twinning stress. However, the residual surface roughness and inter- 296
nal stresses may have prevented twin-boundary motion by increasing the twinning stress 297
to be large enough to resist movement under the nano-load. Furthermore, the literature 298
has not provided that equations 1 and 2 are compatible, but have shown the opportunity = 299
for future studies to verify the solid elastic behavior of Ni-Mn-Ga materials, which are of 300
particular importance especially in thin film and micro-cantilever designs. 301

Previous work by Jayaraman et al. [43] discussed variation in the reduced elastic 302
modulus during nanoindentation depending on crystallographic orientation in the high- 303
temperature austenite phase. This study assumes randomly oriented grains normal to the 304
nanoindentation surface, leading to varying values of reduced modulus of the mechani- 305
cally anisotropic martensite unit cell. Although there is no literature report (to our 306
knowledge) on mechanical anisotropy of 14M Ni-Mn-Ga martensite, we predict differ- 307
ences in mechanical properties depending on the crystallographic orientation to the sam- 308
ple interface. The 10 indents per sample were performed at sufficiently large distances 309
(>100 pm) so that each indent was performed on a unique grain. We additionally note that 310
Ni-Mn-Ga material will also exhibit bulk orientation-dependent properties depending on 311
processing history (i.e. polycrystalline, crystalline, textured, etc.). In general, polycrystal- 312
line Ni-Mn-Ga is the easiest to manufacture but as stated earlier, introduction of porosity = 313
can improve the highly diminished MFIS compared to its single crystalline counterpart. 314
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Mechanical anisotropy in 14M martensitic Ni-Mn-Ga definitely may be of interested in 315
future studies, in particular in parallel with synchrotron grain orientation mapping, but 316
for now provides that bulk elastic properties may be ascertained from indentation. 317

Clearly, microindentation tests (such as the Vickers test or the Rockwell test) present 318
significant deformation in the microstructure compared to the dimensions of the porous 319
network, increasing the chance that a pore plays a role in the indent. However, pore/ma- 320
trix interplay still cannot be neglected in nanoindentation. The force-displacement curve 321
example provided in Figure 5 suggests that, on average, the maximum indentation depth ~ 322
is 0.4 um. However, it is still possible that the plastic zone could impinge upon a free 323
surface under the polished interface, as the plastic zone will be large compared to the 324

indent depth, leading to another source of nanoindentation depth variation [44]. 325
326
327
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328
Figure 5. Force-displacement curves extracted from nanoindentation tests on the 1080 °C and 1090 329
°C sintered and heat-treated samples to display exemplary pop-in observations (see arrows). 330
Larger deformation in the 1080 °C sintered + heat-treated sample corresponds to the smaller hard- 331
ness value observed between the two samples. 332

Force-displacement curves obtained during nanoindentation contain various loading 333
points accompanied by brief ‘bursts’ of displacement, referred to as “pop-ins”. A pop-in 334
manifests as a horizontal or near-horizontal portion of the force-displacement curve. This = 335
phenomenon is commonly accepted to be due to the homogenous nucleation of mobile 336
dislocations at the sample interface [45]. In a study by Aaltio et al. [46], the surface prepa- 337
ration was shown to affect the presence of pop-ins. Samples in this study likely accumu- 338
lated dislocations during the polishing step. Additionally, plane orientation may have 339
contributed to the presence of pop-ins, that is, depending on how the c-axis of the mar- 340
tensite phase is oriented in the plane of view [47]. As stated previously, this study assumes 341
the indents were performed on random crystal orientations. It is possible that pop-in 342
events contributed to indentation depth variation. 343
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Figure 6. DSC curves presenting the transformation temperatures of the four investigated sam- 346
ples. Tangent lines at transformation onsets and ticks at peak maxima are presented to aid the eye. 347
Curie temperature were determined at a heat flow stepwise increase at ~90 °C. See Table 1 for ob- 348
served transformation temperatures. 349

Figure 6 presents DSC curves for the various samples under investigation in this 350
study. Between the 1080 °C heat-treated and non-heat-treated samples, less than 1 °C dif- 351
ference in average transformation temperature was observed with no change in the Curie = 352
temperature (see Table 1 for summary of transformation temperatures). The 1090 °C sin- 353
tered and heat-treated sample shows a minor decrease in transformation temperatures 354
(most notably Tians) compared to both 1080 °C sintered samples. However, the largest dif- 355
ference was observed for the 1090 °C non-heat-treated sample, where a 10 °C difference 356
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was seen for Tuas versus the 1080 °C non-heat-treated sample. Tian et al. [48] discussed 357
that decreasing grain boundary and pore boundary area (through the introduction of an 358
annealing step, for example) will decrease the martensitic phase transformation tempera- 359
ture. However, this does not explain the major difference between the 1090 °C sintered 360
and heat-treated versus the 1090 °C sintered and non-heat-treated samples, as the grain 361
size is comparable. Instead, the large deviation in Ttmns for the 1090 °C sintered and non- 362
heat-treated sample in this study is attributed to chemical inhomogeneity, compositional 363
variation, decreased atomic ordering, or elemental Mn evaporation [49]. Previous work 364
by Mostafaei et al. [24] on equivalent samples of the present study discussed accumulation 365
of Mn at the grain boundaries following sintering, which may reduce martensitic phase 366
transformation temperature due to less effective Mn in the grains of the matrix. The addi- 367
tion of a heat-treatment step improves chemical homogeneity, once again increasing the 368
transformation temperature. Thus, our data suggests that the shift to lower transformation 369
temperatures for 1090 °C sintered samples due in part to chemical inhomogeneity and Mn 370
precipitation may be partially increased through the introduction of a heat-treatment step. 371
This assertion is supported in work by Schlagel [50] where it was discussed the systematic =~ 372
increase in martensitic transformation temperature across a compositional gradient of in- 373
creasing relative Mn content. It follows that, with decreased Mn available within the uni- 374
form grains, the martensitic phase transformation temperature decreases where the effec- 375
tive Mn content is lower. It is also established in the literature that the Mn vapor pressure 376
in the Ni-Mn-Ga solution is relatively large compared to Ni and Ga [51], which enhances 377
the ability for the vapor transport sintering mechanism at elevated temperatures, another 378
means for Mn precipitation. Consequently, enhanced vapor transport of elemental Mn 379
may have resulted in partial evaporation of the species during the 1090 °C sintering step. 380
It is apparently that heat-treatment may remedy the chemical segregation, but cannot re- 381
turn evaporated Mn to the material, thus partial recovery of Tins is observed instead of 382
full recovery. Utilizing EDS following the DSC measurements, we were able to confirma 383
minor decrease (on the order of 0.5 at %) in the overall Mn content in the 1090 °C sintered = 384
samples versus the 1080 °C sintered samples. One additional note is that the relatively 385
high transformation temperatures would correspond with relatively high twinning stress 386
at ambient temperature [52]. This restricts the ability for MFIS to be demonstrated, as 387
twinning stress must be overcome for twin variant reorientation and twin boundary 388
movement. Future studies may be concerned with compositional or post-processing ad- 389
justment to lower this transformation temperature slightly. 390

391
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392
Figure 7. Optical micrographs (left) and corresponding AFM (middle)/MFM (right) pairs for the 393
1080 °C (row a) and 1090 °C (row b) sintered samples at twin-dense regions. The square outline 394
annotations indicate the regions of 20 x 20 um? scanned with AFM/MFM. 395

Figure 7 presents regions identified as containing many twin boundaries for the 1080 396
°Cand 1090 °C sintered and non-heat-treated electropolished samples, and corresponding 397
AFM and MFM measurements taken at these regions. Based on the presented data, itis 398
concluded that MFM contrast is present in the form of magnetic anisotropy at the inter- 399
face. In both samples, tightly spaced variants < 10 um (many approximately 1-2 um) in 400
width are observed and exhibit magnetic anisotropy. Laitinen et al. [53] showed similar 401
narrow and finely spaced twin variants revealed by MFM in 14M martensite printed via 402
laser powder bed fusion. In addition, it has been shown that MFM contrast was greatly 403
improved after homogenization at 1080 °C for 24 h compared to the as-built material in 404
[52]. Thus, the weaker contrast in the present research may point to a not-fully relaxed 405
structure that could be relieved with additional annealing. This MFM experiment con- 406
firms that twins are seen in both 1080 °C and 1090 °C sintered samples with similar mag- 407
netic anisotropy behavior, suggesting that MFIS is possible no matter if partial melting is 408
achieved during sintering. 409
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Figure 8. Magnetization (M-H) curves comparing saturation magnetization and coercivity for the 411
different sintering and post-processing conditions. Inset is a magnified view of the hysteresis (note 412
the unit change on the horizontal axis). 413

Saturation magnetization per unit weight (Ms«in Table 1) is the observed magnetiza- 414
tion at an applied field of 1.5 T (M-H curves in Figure 8). There is a minor increase in 415
saturation magnetization in the 1080 °C sintered sample following heat-treatment, and 416
nearly identical saturation magnetization in both 1090 °C sintered samples. Additionally, 417
magnetic coercivity (determined using the calculation technique in [54]) approximately 40 418
mT are observed for the non-heat-treated samples, whereas heat-treatment in both the 419
1080 °C and 1090 °C sintering temperature cases tighten the hysteresis and reduces mag- 420
netic coercivity to approximately 10 mT. All values presented here are comparable to our 421
previously published paper on identical non-heat-treated samples within the bounds of 422
uncertainty [24]. Comparing values in both this and our previous study [24], it is deter- 423
mined that the saturation magnetization is largely indifferent to the heat-treatment step 424
and the magnetic hysteresis tightening exhibited by heat-treated samples likely results 425
from increased chemical ordering and homogenization (including integration of Mn from 426
the grain boundaries to the grains) within the matrix. 427

4. Conclusions 428

Sintering of binder-jet 3D printed 14M NisoMnsoGaz samples for 2 h at 1080 °C and 429
1090 °C, respectively, show a large difference in grain size as identified by neutron dif- 430
fraction area detector raw data inspection and quantitative stereology. This is accompa- 431
nied by an increase in relative density (~80% to ~95%) through a 10 °C sintering tempera- 432
ture increase. This minor increase in sintering temperature accompanied a significant dif- 433
ference in mechanical properties including an increase in hardness and reduced and foam 434
elastic moduli, and in transformation temperatures including a decrease in martensitic = 435
phase transformation onset. An additional heat-treatment step (annealing and ordering) 436
was seen to affect only slightly the grain size, densification, and mechanical properties. 437
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However, heat-treatment slightly homogenizes the sample following 1090 °C sintering 438
evident in the martensitic phase transformation onset temperature change versus thenon- 439
heat-treated sample. Magnetic anisotropy in differently sintered samples with twin vari- 440
ants finely spaced on the order of <10 um in width suggests the possibility of MFIS in all =~ 441
presenting sintering conditions. Magnetization curves suggested only slight saturation 442
magnetization differences in the samples and hysteresis tightening due in part to compo- 443
sitional homogenization. This study provided an avenue to identify the solid bulk elastic 444
modulus utilizing equations from porous systems theory, as well as the elastic moduli for 445
samples at respective processing conditions and sintering history. The transformation 446
temperatures of NisoMnsoGax presented in this study provide the capability for further 447
material composition and property tailoring through the introduction of heat-treatment 448
steps and smart alloy design. Finally, by combining tailored composition, properties, 449
grain and pore microstructure, binder jet 3D printed polycrystalline Ni-Mn-Ga with low 450
blocking stresses and, thus, significant magnetic field-induced strain may be achievable. 451
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Supplementary Figures
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Supplementary Figure S1. SEM micrographs of the 1080 °C sintered and 1090 °C sintered only samples showing
clearly twinning, grain boundaries, and inherent porosity.

100 um

Supplementary Figure S2. Exemplary micrograph of etched 1090 °C sintered only sample used to evaluate grain size
with identified grain boundaries marked.
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600
Supplementary Figure S3. Exemplary SEM micrographs of indents of the 1080 °C sintered only sample (a) with and (b) 601

without twin boundary build-up. 602



