RESEARCH ARTICLE

ENGINEERING

www.aem-journal.com

On the Impact of Additive Manufacturing Processes on
the Microstructure and Magnetic Properties of Co—Ni—Ga

Shape Memory Heusler Alloys

Franziska Scheibel,* Christian Lauhoff, Stefan Riegg, Philipp KroofS, Enrico Bruder,
Esmaeil Adabifiroozjaei, Leopoldo Molina-Luna, Stefan Bohm, Yury I. Chumlyakov,

Thomas Niendorf, and Oliver Gutfleisch

Microstructure design allows to prevent intergranular cracking and premature
failure in Co—-Ni-Ga shape memory alloys. Favorable grain boundary configu-
rations are established using additive manufacturing techniques, namely, direct
energy deposition (DED) and laser powder bed fusion (L-PBF). L-PBF allows to
establish a columnar grain structure. In the Co—Ni-Ga alloy processed by DED, a
microstructure with strong (001) texture is obtained. In line with optimized
microstructures, the general transformation behavior is essential for perfor-
mance. Transition parameters such as transition temperature and thermal
hysteresis depend on chemical composition, homogeneity, and presence of
precipitates. However, these parameters are highly dependent on the processing
method used. Herein, the first-order magnetostructural transformation and
magnetization properties of Co—Ni-Ga processed by DED and L-PBF are com-
pared with single-crystalline and as-cast material. In the alloy processed by L-PBF,
Ga evaporation and extensive formation of the ferromagnetic Co-rich y’-phase are
observed, promoting a very wide transformation range and large thermal hys-
teresis. In comparison, following DED, the material is characterized by minor
chemical inhomogeneity and transition and magnetization behavior being similar
to that of a single crystal. This clearly renders DED-processed Co-Ni-Ga to
become a promising candidate material for future shape memory applications.

1. Introduction

Ferromagnetic  shape memory alloys
(FMSMAs) show a large magnetic field-
induced strain up to 10%,"? which makes
this materials interesting for magnetic
actuators.”! A promising material class for
FMSMAs are Heusler alloys, such as
Ni-Mn-X (X: Ga, In, Sn, Al)>*®
Ni-Fe-Ga,”’ or Co-Ni-X (X: Al, Ga),l'**?
exhibiting a large shape memory effect
owing to a reversible martensitic transforma-
tion. The investigated Co-Ni-Ga Heusler
alloy undergoes a first-order magnetostruc-
tural transformation (FOMST) from high-
temperature B2-ordered austenite to low-
temperature tetragonal L1, martensite.”” A
fully reversible superelastic response as
well as excellent cydic stability up to
temperatures of 373 K has been reported for
single crystals.*? However, polycrystalline
Co-Ni-Ga as well as other polycrystalline
Heusler alloys suffer from intergranular crack-
ing and premature failure after several transfor-
mation cycles due to the anisotropic volume
change of randomly orientated grains."**
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Efforts in the fields of grain boundary engineering and direct
microstructure design have been carried out to realize FMSMAs
with favorable grain boundary configurations to fully prevent
intergranular cracking and premature failure.'"*®! For example,
in Cu-based SMAs, the structural and functional limitations
could be overcome by a columnar microstructure with strong
(001) texture and straight, low-angle grain boundaries.!**~2"

For Co-Ni-Ga alloys, a highly anisotropic microstructure, that
is, columnar grained and in some cases even strongly textured,
could be realized using additive manufacturing, namely, laser
powder bed fusion (L-PBF) and direct energy deposition
(DED).”** During the L-PBF process, prealloyed powder is
molten layer by layer utilizing a laser system operating under
inert gas atmosphere to prevent oxidation. The microstructure
can be directly tailored by choice of suitable processing param-
eters like laser power, hatch spacing, layer thickness, or scanning
speed and strategy.**2% In contrast to the L-PBF process, DED is
a powder spraying-based process using nozzles to directly trans-
fer the material powder into a focused laser beam, the latter being
collinear with spraying direction. Similar to the L-PBF process,
the microstructure can be directly designed by employing ade-
quate processing parameters like laser power, focus distance,
or material and gas flow. Owing to the strongly textured and
columnar grained microstructure, additive manufactured
Co-Ni-Ga obtained by DED shows excellent functional proper-
ties without conducting any postprocessing heat treatment.*’]

However, improving the structural integrity of FMSMAs by
tailoring the microstructure also affects the transformation
behavior during the magnetic—structural phase transition.
In Heusler alloys like Co-Ni-Ga, the FOMST depends on
several parameters including grain size, texture, secondary
phases, defects, and atomic ordering.”’** Figure 1 depicts
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schematically the interrelationships between microstructural fea-
tures, that is grain size, texture and chemical composition (pre-
cipitates, chemical inhomogeneity, evaporation losses), the
transition temperature T, transition width, and thermal hystere-
sis ATy for Co-Ni-Ga Heusler alloys. Furthermore, the com-
position also determines the saturation magnetization Mg, and
the Curie temperature Tc. An increase in Tc and M, can result
from higher Co content, due to the higher magnetic moment of
the Co atoms.*”

Defects can reduce T but also lead to an increase in T; due to
the stabilization of the martensite.*>**! Furthermore, the
FOMST of Co-Ni-Ga is strongly dependent on the chemical
composition. T, increases with increasing valence-electron-to-
atom ratio (e/a). The e/a ratio can be increased by substitution
of Ga by Ni or Co by Ni or Ga by Co.?*3*?*3¢7381 T, and M., are
also affected by the formation of secondary phases (y and
y’-phase), as their formation changes the chemical composition
in the surrounding matrix (-phase).'”?”*9=*! The formation of
y-phase is observed after annealing between 623 and
873 K,??*>*"! while the formation of y-phase is observed
after annealing at higher temperatures between 973 and
1473 K 12740.44]

In the present work, microstructure and magnetic properties
of Co-Ni-Ga alloys processed by L-PBF and DED are compared
with single-crystalline and polycrystalline cast material to deter-
mine the influence of the processing method and microstructure
on the FOMST. For this, detailed microstructure analysis was
carried out using high-resolution scanning electron microscopy
(HR-SEM) and transmission electron microscopy (TEM).
FOMST and magnetic properties were investigated using tem-
perature-dependent magnetization measurements. This method
is very sensitive to changes in magnetization or changes in
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Figure 1. Schematic illustrating the correlation between chemical composition as well as grain size and texture and the functional and magnetic proper-
ties, that is, transitional temperature T,, Curie temperature Tc, thermal hysteresis ATy, as well as the transition width and saturation magnetization M,

in the Co—Ni—-Ga system.
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phase. Therefore, determination of FOMST and M., by
temperature-dependent  magnetization measurements in
combination with isothermal magnetization measurements
can provide information on chemical composition, homogeneity,
and microstructure. Major differences were found regarding the
magnetic properties, especially the transition width and AT
of the FOMST; in addition, interrelationships between the
microstructural features and the FOMST are established.

2. Experimental Section

In this study, Co—Ni—-Ga FMSMA processed by different techni-
ques was investigated. The Co-Ni-Ga alloy with a nominal
chemical composition of Co49Niy;Gasg (in at. %) was obtained
in form of polycrystalline ingots in the as-cast condition
(Sophisticated Alloys, USA). The composition was designed
for improved functional properties featuring a high degree of
strain recoverability.**! Using the as-cast ingots, single crystals
were grown by the Bridgman technique under He atmosphere.
For characterization of the functional properties, thin plates of
0.5 mm thickness were electrodischarge machined (EDM) from
the bulk single crystals such that lateral edges were parallel to the
(001) crystal direction of the austenite, while the lateral surfaces
were normal to (001). Following mechanical grinding to remove
the EDM-affected surface layer, the plates were used in their as-
grown state for microstructural and functional characterization.

For studies on the influence of different microstructures, the
Co-Ni-Ga FMSMA was additively manufactured by two different
techniques, namely, L-PBF and DED. For fabrication, spherical-
shaped Co-Ni-Ga powder®” was obtained by gas atomization of
the as-cast material carried out by TLS Technik (Bitterfeld,
Germany). Its chemical composition was double checked using
energy-dispersive X-Ray spectroscopy (EDS), conforming the
same composition as the as-cast material (Co49Niy;Gasg), within
the accuracy of the EDS technique. Powder material with an aver-
age particle size <20 pm was processed by DED on a 773 K pre-
heated Co-Ni—Ga substrate material. The powder was fed to the
jet nozzle with a rate of 16.8 gmin~'. Argon was used as carrier
gas as well as shielding gas to prevent oxidation. A 2kW multi-
mode fiber laser with a wavelength of 1070 nm (YLS-2000-S2, IPG
Photonics) and an operating power of 400 W was used to deposit a
Co-Ni-Ga structure (with dimensions of 40 x 30 x 3.5 mm’)
on the cobalt substrate using a quasi bidirectional scanning strat-
egy. For more details on the DED setup and the processing
parameters used, the reader is referred to other studies.[***®
For L-PBF processing, a SLM280™" (SLM Solutions, Luebeck,
Germany) using a 400 W laser was used. Cuboidal blocks
(10 x 10 x 15 mm?) were manufactured using powder material
with a particle size ranging from 20 to 52 pm, layer thickness
of 50pum, and a hatch distance of 0.12mm. The processing
was done under argon atmosphere on a base plate heated to
773 K. The laser was operated at a nominal power of 250 W
and a scan velocity of 700mms~". A bidirectional scanning
strategy with 90° rotation between the successive layers was
applied. In the remainder of the text, the building direction
(BD) was the direction perpendicular to the building platform.
The chemical compositions determined by EDS of all material
conditions are shown in Table 1. For microstructure analysis
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Table 1. Chemical composition and valence-electron-to-atom ratio (e/a)
of the Co-Ni-Ga samples produced by casting (as-cast), additive
manufacturing using DED and L-PBF, and the Bridgman technique
(single crystal). the compositions were determined via EDS point
analysis (see text for details).

Sample Co [at. %] Ni [at. %] Ga [at. %] e/a ratio
As-cast 48.9 21.0 30.1 7.40
DED 49.9 20.7 29.4 7.44
L-PBF 50.7 21.1 28.2 7.52
Single crystal 50.0 211 28.9 7.48
scanning electron microscopy (SEM) including electron

backscatter diffraction (EBSD) was used employing a TESCAN
CamScan MV 2300 microscope. EDS analysis was conducted
using an EDAX Octane Plus detector and a Tescan Vega 3
SEM. HR-SEM images were acquired using a TESCAN
MIRA3-XMH SEM equipped with a four-quadrant solid-state
backscattered electron (BSE) detector from DEBEN. All
measurements were performed at room temperature. Samples
were mechanically ground down to a grit size of 5pm and
vibration polished for 2.5h using a 0.02 pm colloidal SiO,
polishing suspension.

The lamellae for TEM investigations were prepared conven-
tionally using mechanical polishing and argon-ion milling (pre-
cision ion polishing system [PIPS]; Gatan Dual Ion Mill Model
600). The milling was done at an angle of 7° and an energy of
4 keV for 2 h, while cooling the sample was realized using liquid
nitrogen. Scanning transmission electron microscopy (STEM)
was conducted using a Jeol JEM 2100 F STEM equipped with
an Oxford X-max80 EDX detector operating at 200kV.
Temperature and field-dependent magnetization measurements
in the temperature range between 200 and 450 K were performed
utilizing a LakeShore 7410 vibrating sample magnetometer
(VSM) with a 2T field. For the low-temperature range between
10 and 200K, a Quantum Design Physical Properties
Measurement system (PPMS) with a 9T field and VSM insert
was used.

3. Results and Discussion

3.1. Microstructure and Chemical Composition of Additively
Manufactured Co—-Ni-Ga Compared with Polycrystalline as-Cast
Material and Single Crystals

To evaluate the magnetic properties of the samples processed by
different additive manufacturing techniques, the composition
and microstructure had to be correlated with single-crystalline
as well as polycrystalline as-cast material. Figure 2 shows results
obtained by EBSD for the following three material conditions:
Figure 2a) as-cast, additive manufactured by Figure 2b) L-PBF
and Figure 2c) DED, respectively. The results are illustrated as
color-coded grain maps (color coding is indicated in the standard
triangle in Figure 2d) accompanied by the corresponding inverse
pole figures (IPFs). All samples are in the austenite state, and the
EBSD was indexed with a B2 cubic crystal structure (Pm-3m) and
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Figure 2. Room temperature EBSD analysis of Co-Ni—Ga in polycrystalline a) as-cast, b) L-PBF, and c) DED-processed condition. EBSD IPF mappings
and IPFs are plotted with respect to the out-of-plate direction (as-cast) and the BD (L-PBF and DED). The BD is indicated by arrows; the color-coded

standard triangle is shown on the right side (d).

a lattice parameter of a = 0.2287 nm. The samples differ in aver-
age grain size and texture. The sample in the as-cast condition
(Figure 2a) is characterized by a polycrystalline structure with no
preferred crystallographic orientation and an average grain size
of =1 mm. The microstructure is comparable with that of previ-
ous studies."*'”! The microstructure of the L-PBF-processed
sample (parallel to the BD) is shown in Figure 2b. The micro-
structure is dominated by columnar grains growing parallel to
the BD, and the grains have a length of several millimeters
and a width of ~100 pm. The EBSD IPF plot calculated with
respect to the BD does not reveal a distinct texture. However,
Figure 2b shows that texture can certainly be observed within
a single column; this is caused by epitaxial grain growth along
the BD. During L-PBF processing, previous layers of the material
are partially remelted, leading to epitaxial solidification. The
strong columnarity and the epitaxial growth along the BD have
been reported in previous study.”? In contrast to the previous
work,!*?! process-related defects were avoided in the L-PBF sam-
ple shown here by heating the build plate to 773 K. Previously
reported DED-processed Co-Ni—Ga samples show a strong
near-(001) texture along the BD and excellent superelasticity.**!
DED process parameters used here are the same as in the afore-
mentioned study and, thus, a highly anisotropic microstructure
with a strong (001) texture along the BD is present as well
(Figure 2c). The texture along the BD can be achieved by choos-
ing adequate process parameters for favorable epitaxial solidifi-
cation, but this also depends on the manufacturing process itself.
For cubic materials such as Co-Ni-Ga, the (001) direction is the
preferred growth direction along the maximum thermal gradi-
ent,*”] that is, for the DED process along the BD.

The chemical composition and the e/a ratio of the polycrystal-
line as-cast, additively manufactured (L-PBF and DED), and
the single-crystalline samples are shown in Table 1. The compo-
sitions were determined via EDS (point analysis, spot size
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1-2 pm, accuracy of 1at%). The values in Table 1 represent
the average calculated from 14-point spectra. Apart from the dif-
ferent particle size distributions, the same batch of powder mate-
rial obtained from the as-cast alloy (see Experimental Section)
was used for both additive manufacturing techniques.
Consequently, the deviation of the chemical composition
between the additively manufactured Co—Ni-Ga and the as-cast
condition reveals that (considering the applied process parame-
ters in both cases) during L-PBF processing an amount of 1.9 at%
Ga evaporated, while the DED process only caused a loss of
0.7at% Ga. For the single-crystalline material, a loss of
1.2at% is observed. The e/a ratio increases with decreasing
Ga content and therefore also affects T, which will be discussed
in detail later.

Detailed microstructural investigations were performed by
HR-SEM. BSE images in Figure 3 depict the L-PBF ((a) and
(b)) and DED ((c) and (d)) samples. For the L-PBF sample
(Figure 3a), a columnar grain structure along the BD is visible,
as already seen in the EBSD IPF map in Figure 2b. The high-
magnification micrograph presented in Figure 3b reveals that
the L-PBF condition is characterized by the presence of
needle-like shaped precipitates with a length of 50-400 nm
and a width of 5-25nm. The darker contrast indicates that
the precipitates contain a higher content of Co than the sur-
rounding matrix. This is confirmed by STEM-EDS. Figure 4a
shows a bright-field (BF) TEM image of the L-PBF sample with
the same needle-like shaped structure detailed before. The BF
STEM image in Figure 4b highlights two precipitates (dark
phases) surrounded by the Co-Ni—-Ga matrix (bright phase).
The EDS line scan (Figure 4c) across these two precipitates (dark
contrast within the TEM image of Figure 4b) reveals a higher Co
concentration in the precipitates compared with the surrounding
matrix. The higher Co concentration as well as the needle-like
shape point in the presence of y’-precipitates. In literature, this
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Figure 3. HR-SEM analysis showing BSE images of a,b) L-PBF and c,d)
DED-processed Co—Ni—-Ga. The BD is indicated by arrows. Images were
acquired at room temperature.

nanometric secondary phase is reported to occur mainly in rean-
nealed Co—Ni-Ga alloys at temperatures between 623 and 873 K.
The y’-phase exhibits higher Co content than the surrounding -
phase matrix and elongated or needle-like shapes close to the
equilibrium condition.[*****84 In present work, the formation
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of y’-phase can be most likely attributed to the elevated built tem-
perature of 773 K during processing. Although the DED sample
was processed using the same elevated built temperature, BSE
images in Figure 3c,d do not reveal any needle-like shaped pre-
cipitates. Instead, a stripe-like structure is seen alongside the BD
(Figure 3d). Here, the difference in contrast indicates a variation
in chemical composition. STEM—-EDS was also performed on the
DED sample (not shown). However, the stripe-like structure in
Figure 3d could not be resolved, the effect will be subject of
future investigations. The differences in the microstructure, that
is, precipitation of the y’-phase and chemical inhomogeneity in
the L-PBF and DED-processed Co-Ni-Ga samples, respectively,
can be attributed to the different thermal profiles during additive
manufacturing processing. In both processes, an elevated built
temperature of 773 K was selected; however, the dwell time/build
time of the L-PBF sample is higher than that of the DED sample
by a factor of 10. In addition, in the L-PBF process, the sample is
always in thermal contact with the powder bed, while in the DED
process, the sample is fabricated free standing. Therefore, the evo-
lution of equilibrium phases (Figure 3a,b and 4) can be observed in
the L-PBF sample, while the chemical segregation patterns in the
DED sample (Figure 3c,d) are thought to be related to the epitaxial
solidification along the BD.

3.2. Magnetic Characterization

Figure 5 depicts the results of the temperature-dependent
magnetization M(T) measurements of Co-Ni-Ga in
Figure 5a) the single-crystalline and Figure 5b) polycrystalline
as-cast, DED-, and L-PBF-processed state. The measurements
were performed under isofield conditions in a magnetic field
of 0.05T. In case of the single crystal, the M(T) curve is mea-
sured for three different orientations: (001), (011), and (111) axis
parallel to the external magnetic field (Figure 5a). The single crys-
tal is characterized by a T¢ of 387 K. At temperatures above T¢,
the paramagnetic (PM) austenitic state (B2 crystal structure) is
present, while below T¢, the magnetic moments order ferromag-
netically (FM), and the crystal structure remains B2 (austenite).
At ~256 K, the crystal undergoes a FOMST from FM austenite to
FM martensite during cooling. The reverse transformation upon
heating from the martensite to austenite phase is observed at
276 K. A ATy of the FOMST is observed. The comparison
of the M(T) curves for the different crystal orientations shows
no variation of Tc. Furthermore, T, of the FOMST,P" namely,
austenite and martensite start (As, Ms) and finish temperatures
(Ap, M), and AT, are the same within the range of the experi-
mental error. The austenite and martensite start (As, Ms) and
finish temperatures (Ap, My) were determined by the tangent
method, Y ATy and Tc were determined by the maximum
and minimum of the derivative dM(T)/dT. All characteristic tem-
peratures for the three crystal directions are listed in Table 2 and
will be discussed later in more detail. The different magnetiza-
tion values in the FM austenitic and martensitic state above and
below the FOMST (s. Figure 5a) can be explained by the relatively
low applied field of 0.05 T. In this low field, the magnetization of
the crystal is not saturated and, thus, varies between individual
M(T) measurements depending on the magnetization history
details.
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Figure 4. TEM analysis of L-PBF processed Co-Ni—-Ga: a) BF-TEM image, b) BF-STEM image of two needle-like shaped precipitates embedded in the

Co—Ni-Ga matrix, and c) STEM-EDS line scan across the two precipitates sh

owing Co-rich y'-precipitates. Images were acquired at room temperature.
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Figure 5. Temperature-dependent magnetization of a) single-crystalline Co-Ni-Ga with the orientations of (001), (011), and (111) parallel to the external
magnetic field, and b) polycrystalline Co-Ni—Ga in as-cast, DED-, and L-PBF-processed state. In case of the DED- and L-PBF-processed samples, the
magnetic field is applied parallel to the BD. All measurements were performed in a magnetic field of 0.05T.

The M(T) curves of the as-cast, DED, and L-PBF samples are
depicted in Figure 5b. All samples exhibit a magnetic transition
from PM to FM austenite in the range 348 K < T < 388 K and
a FOMST from austenite to martensite in the range
170K < Ty < 311 K. T; and Tc as well as ATy of the different
samples are listed in Table 2 as well.

To study Mg, and the demagnetization behavior of the mate-
rial states in focus of present work, field-dependent magnetiza-
tion measurements were performed in PM austenite (450 K), FM
austenite (300K), and FM martensite (200, 100, and 10K)
(Figure 6). For the L-PBF sample, the target temperature of
200 K was reached by heating from lower temperatures to ensure
and preserve a fully martensitic state. On the contrary, the 300 K
data point was reached by cooling from higher temperatures to
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maintain a fully austenitic state. Figure 6a shows M, as a func-
tion of temperature at 2 T. All samples exhibit a similar M. The
measurement error of £5% is smaller than the size of the sym-
bols. However, a variation of Mg, in the range of 10% can be
expected due to the slight variations in the composition of the
different samples (see Table 1). Li et al.*% reported M, of 48
and 52 Am? kgf1 for CosoNiyoGasg and CosoNiy,Gayg single crys-
tals at 5 K, respectively. These values are in perfect agreement
with the measurements for all samples probed in the present
work. The DED sample exhibits the highest Mg, in the FM aus-
tenitic and martensitic state (300 K and below). This is in good
agreement with the fact that this sample has the highest T¢. In
case of the L-PBF sample, My, is affected by the Ga evaporation
and the formation of y’-phase at the same time (see Table 1 and
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Table 2. Martensite and austenite start and finish temperatures Ms, M,
As, and A, thermal hysteresis ATy, Curie temperature Tc, and saturation
magnetization Mg, at 300 K for Co—Ni-Ga samples prepared by casting
(as-cast), additive manufacturing using DED and L-PBF, and the Bridgman
technique (single crystal).

Sample  Ms M As  Ar ATwe  Tc Mgy (300[K], 2 [T])
(K [ (K K] [ [ [Am?kg ]

As-cast 248 240 260 268 16 356 304

DED 248 244 264 275 24 397 339

L-PBF 268 251 279 310 39 349 314
Single crystal poH parallel to

(00T1) 258 257 278 279 21 386 322

0171) 256 255 276 277 21 386 324

1 255 254 274 275 20 387 331

Figure 3 and 4, respectively). While Ga evaporation leads to an
increase in Mg, the formation of the Co-rich y’-phase reduces
the Mg, of the surrounding matrix (B-phase).l'”! The presence
of y’-phase in the L-PBF sample leads to higher magnetization
at 450 K compared with the other samples. At 450 K the B-phase
is in the PM austenitic state and the magnetization of the
y’-phase becomes more dominant. The fact that the L-PBF sam-
ple exhibits the highest magnetization at 450 K supports the
results of the microstructure analysis, that is, the sample con-
tains a significant amount of Co-rich y’-phase precipitates.
This is also supported by the demagnetization curve starting
from 2T at 450 K presented in Figure 6b. All samples are in
the PM austenitic state. The as-cast and DED samples and the
single crystal show a very similar demagnetization curve, while
the L-PBF sample reveals a higher degree of FM interaction indi-
cated by the more pronounced drop in the demagnetization
curve in small fields below 0.3 T. Figure 6¢ shows the demagne-
tization curve at 300 K, where all samples are in the FM austenitic
state. In the FM state, the as-cast, DED, and single-crystalline
samples exhibit a similar demagnetization behavior, while the
L-PBF sample is not fully saturated at 2 T. This can be explained
by the measuring temperature being close to T¢ (349 K) and the
presence of y’-phase. Figure 6d—f shows the demagnetization
curves in the FM martensitic state at 200, 100, and 10K.
Here, the as-cast, DED, and L-PBF samples exhibit the same
demagnetization behavior, while the single crystal starts to demag-
netize at lower fields. The latter effect can be rationalized by the
single-crystalline nature of the sample.*** In summary, the
demagnetization behavior in the FM martensitic state is dominated
by the single- and polycrystalline structure of the samples, while in
the FM and PM austenitic state, the influence of the y’-phase in the
L-PBF-manufactured sample becomes more prominent.

For comparison, T¢, T, (Ms, M, As, Ag), and ATy of all sam-
ples are summarized in Figure 7a—c, respectively. A comparison
of T¢ (Figure 7a) shows that the as-cast material and the L-PBF
sample have lower values (at &350 K) compared with the single-
crystalline and the DED samples featuring values around 390 K.
In Figure 7a, Mg, values of austenite (determined at 300 K and
2T) of the individual samples are listed in red. Tc, being an
intrinsic property of Co-Ni-Ga Heusler alloys, depends on
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the chemical composition, magnetization, and atomic order-
ing.?3%4 The EDS measurements in Table 1 show that the
DED sample and single-crystalline condition contain ~1 at%
more Co than the as-cast sample, being consistent with their
higher Tc and Mg,. In contrast, the L-PBF sample contains
the highest Co content. Therefore, one might expect the highest
Tc and M, for this sample as well. However, Figure 7a shows
that the L-PBF sample features the lowest T¢ and only a moderate
Mg, value, being in between that of the as-cast sample and the
single crystal. With the exception of the L-PBF sample all other
material conditions follow an expected trend, that is, a higher
Mg, is associated with a higher Tc. The deviant behavior of
the L-PBF sample regarding T¢ and Mg, can be explained by
the presence of the Co-rich precipitates of y’-phase (Co contents
of about 60 at%*”)). The formation of y’-phase is known to affect
the chemical composition of the surrounding austenitic matrix
(B-phase), that is, the surrounding matrix contains less Co, even-
tually promoting a lower Tc of the matrix phase. As T¢ of the
L-PBF-processed sample is lower than T¢ of the as-cast sample,
it can be assumed that the Co content of the matrix (B-phase)
could be below the Co concentration of 48.9 at% (as-cast condi-
tion). The higher Mg, (300 K and 2 T) of the L-PBF sample com-
pared with the sample in as-cast condition results from the
moment of the precipitates, contributing to the total magnetiza-
tion. The magnetization of the y’-phase leads to the FM back-
ground in the M(T) curve above T (Figure 5b). For the
DED-processed sample, despite the fact that no subsequent heat
treatment was carried out after the additive manufacturing pro-
cess, the sample seems to be characterized by high T and Mg,
values similar to the values provided in literature for single-
crystalline material with the same composition.””*” The chemi-
cal inhomogeneity of the DED sample, which is highlighted in
the HR-SEM BSE image in Figure 3d, seems to have no or
negligible effect on the magnetic properties. This is also consis-
tent with the absence of an FM background signal above Tc.
Figure 7b shows the FOMST temperatures Mg, Mg, As and Ag
for all material conditions investigated. Just like T the FOMST
temperatures are sensitive to changes in the chemical composi-
tion of the austenitic matrix (B-phase). Therefore, the variations
in the as-cast material, the additively manufactured samples, and
the single-crystalline material can be rationalized by Ga evapora-
tion and formation of y’-phase during processing. In literature, it
is reported that the FOMST temperatures increase with increas-
ing e/a ratio.?323*3¢38 Ag the Ga evaporation during DED
processing causes an increase in the Co content and, thus, an
increase in the e/a ratio,[***?! the DED sample exhibits an
increase in the FOMST compared with the as-cast material.
The FOMST temperatures of the single-crystalline material do
not depend on the direction in case of a low applied magnetic
field of 0.05T, considering the error bar of £2K (covered by
the size of the symbol). The FOMST temperatures of the single
crystal are about 10 K higher than in case of the as-cast material.
The increase in the FOMST temperatures can be explained by a
higher Co content, causing a higher e/a ratio (see Table 1). For
the L-PBF sample, it has to be noted that the determination of
Ms, Mg, As, and Ag using the tangent method leads to fairly large
errors for Ag and My, as the transformation is smeared out
toward lower temperatures (cf. Figure 5b). Defining the intersec-
tion of the heating and cooling curves as the finish point of the
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Figure 6. a) Temperature-dependent saturation magnetization Mg, at 2 T for Co-Ni—Ga in as-cast condition, processed by DED and L-PBF and in single-

crystalline state. b—f) Demagnetization curves of these samples at 450, 300, 200, 100, and 10 K.

transition, a transition width (|As—Ag| and |Ms—Mp|) of more than
70 K can be read out. Still, A and Mg are well determinable and
can be compared with those of the other samples. These values
provide an increase in the FOMST temperatures in the L-PBF
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state. The Ga evaporation during L-PBF processing can provide
a rationale for this increase. The evaporation of Ga during proc-
essing leads to an increase in the e/a ratio, which in turn increases
Tc and T, At the same time, it is important to note that the
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Figure 7. a) Curie-temperature Tc, b) transition temperatures (Ms, Mg, As,
Ag) of the martensite and reverse martensite transformation and
c) thermal hysteresis ATy, of the FOMST for Co-Ni-Ga samples in as-cast
condition, fabricated by DED and L-PBF and in single-crystalline state. The
single-crystalline sample was probed with (001), (011) and (111) orienta-
tion parallel to the external magnetic field of 0.05T.

formation of Co-rich precipitates (y’-phase) observed in the L-PBF
sample (Figure 3b and 4) reduces the Co content of the matrix
(B-phase). The decrease in Co content leads to a decrease in
Tc and T, (see also Figure 1). Nonetheless, the influence of Ga
evaporation seems to dominate, resulting in a slight overall
increase in FOMST.

A broadening of the transition range after the formation of
nanometric y’-phase precipitates was observed in Co—Ni-Ga sin-
gle crystals after aging at 650 K.**%%] Hereby, the precipitates
can lead to pinning-induced stabilization of martensite and
increase in international friction.’*>!

The pinning explains the large transformation width of the
martensite (Ms—Mp) and reverse martensite (As—Ag) transforma-
tion of more than 30K for the L-PBF sample. In contrast, the
single crystal exhibits a sudden FOMST, and the full transforma-
tion takes place between two measurement points (step size 1K,
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s. Figure 5a). The polycrystalline as-cast material and the textured
DED sample transform within a temperature interval of about
8 K. The increase in the transition width compared with the sin-
gle crystal can be explained by constraints of the grain bound-
aries and defects; however, the effect is less pronounced as in
the L-PBF sample.

Figure 7c shows AT of the FOMST for different samples.
ATy depends on phenomena related to grain boundaries and
defects, but also on the chemical composition, the magnetic
anisotropy, and T,.?#?%°¢ The Co-Ni-Ga single-crystalline mate-
rial and the DED-manufactured sample exhibit a ATy of about
22K (£2K), while the as-cast material shows a lower ATy of
16 K. These samples differ significantly in grain size and orien-
tation: micrometer-sized textured grains in the DED sample,
millimeter-sized random oriented grains in the as-cast sample,
and a single grain in centimeter size in case of the single crystal.
With respect to the composition, it has to be emphasized that the
as-cast sample has a lower Co content than the other two sam-
ples. This indicates that grain size and orientation play a minor
role in these samples, while a higher Co content seems to
increase ATy The significant increase in ATy in the
L-PBF sample and the broadened phase transition range can
be explained by the presence y’-phase.*”!

The comparison of the magnetic properties of all investigated
samples shows that the DED-manufactured sample reveals char-
acteristics being comparable with the single crystal, while the
L-PBF sample is characterized by a strong broadening of the tran-
sition temperatures due to the formation of y’-precipitates.
Furthermore, the presence of y’-precipitates can easily be
detected by measuring the FM background in the M(T) curve
above Tc (Figure 5b). This analysis method is simple and less
time-consuming than microstructural analysis using HR-SEM
or TEM and, thus, can be used for screening of larger sample
quantities for optimized transformation properties.

4. Conclusion

In this study, the influence of the processing method and micro-
structure on FOMST in Heusler Co-Ni-Ga FMSMA was inves-
tigated. The main results can be summarized as follows:
1) Microstructural HR-SEM and TEM analysis reveals the
presence of Co-rich y’-phase in the L-PBF-processed sample.
The Co-rich y’-phase leads to a FM background above the
Curie temperature of the matrix (3-phase). Most importantly,
the y’-precipitates affect the FOMST, that is, cause a drastic
increase of the transition width and AT compared with
single-crystalline material as well as polycrystalline samples in
the as-cast and DED-processed state. 2) In case of the DED-
processed sample, HR-SEM analysis reveals no evidence of sig-
nificant amounts of y’-phase, but a slight elongated chemical
inhomogeneity along the BD. This inhomogeneity has a minor
or even no effect on the FOMST, as the DED sample exhibits
similar values for T, ATy and Tc as the single crystal.
3) The transition behavior of the DED-processed material is sim-
ilar to that of its single-crystalline counterpart, making additively
manufactured Co-Ni-Ga using DED a promising alternative for
single crystals in FMSMA applications. It is expected that the
DED technique will be suitable to tailor the grain structure in
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other FMSMAs as well, for example, Ni-Mn-based Heusler
alloys, improving their mechanical stability for elastocaloric or
multicaloric applications.
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