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Abstract: Additive manufacturing (AM) constitutes the new paradigm in materials processing and
its use on metals and alloys opens new unforeseen possibilities, but is facing several challenges
regarding the design of the microstructure, which is particularly awkward in the case of functional
materials, like shape memory alloys (SMA), as they require a robust microstructure to withstand the
constraints appearing during their shape change. In the present work, the attention is focused on the
AM of the important Fe-Mn-Si-based SMA family, which is attracting a great technological interest in
many industrial sectors. Initially, an overview on the design concepts of this SMA family is offered,
with special emphasis to the problems arising during AM. Then, such concepts are considered in
order to experimentally develop the AM production of the Fe-20Mn-6Si-9Cr-5Ni (wt%) SMA through
laser powder bed fusion (LPBF). The complete methodology is approached, from the gas atomization
of powders to the LPBF production and the final thermal treatments to functionalize the SMA. The
microstructure is characterized by scanning and transmission electron microscopy after each step of
the processing route. The reversibility of the ¢ martensitic transformation and its evolution on cycling
are studied by internal friction and electron microscopy. An outstanding 14% of fully reversible
thermal transformation of ¢ martensite is obtained. The present results show that, in spite of the still
remaining challenges, AM by LPBF offers a good approach to produce this family of Fe-Mn-Si-based
SMA, opening new opportunities for its applications.

Keywords: additive manufacturing; laser powder bed fusion; shape memory alloys; Fe-Mn-Si-Cr-Ni;
martensitic transformation

1. Introduction

Shape memory alloys (SMA) are functional materials that can recover their original
shape after deformation, exhibiting the shape memory effect (SME), thanks to a reversible
martensitic transformation, between the high-temperature phase called austenite and
the low-temperature phase called martensite, which is dominated by a crystallographic
shearing of the austenite lattice; see the textbooks for a general overview [1-3]. Thanks
to their functional behavior, SMAs are widely used in different industrial sectors, e.g.,
civil and structural engineering, aerospace, automotive, biomedical and robotics; see the
recent reviews [4,5]. Among the different families of SMA, Fe-Mn-Si alloys are attract-
ing a renewed interest due to their high recovery stress during shape memory, enhanced
damping capacity and low cost. Discovered in 1982 by Sato et al. [6-8] in a seminal series
of papers on Fe-Mn-Si single crystals, and later by Murakami et al. [9] in polycrystals,
the Fe-Mn-Si-based family evolved towards Fe-Mn-Si-Cr-Ni, to improve the corrosion
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resistance [10-12]. Because of the indicated properties, this family of SMA is becoming
extremely suitable for numerous applications, particularly within the field of civil engineer-
ing [13-28]. This material exhibits a martensitic transformation from an FCC -y austenite
to an HCP & martensite, which occurs by the motion of a/6<112> Shockley partial dis-
locations on every two (111) close-packed planes of the FCC structure, according to the
model of Olson and Cohen [29]. The motion of said partials, and therefore the nucleation
and growth of the € martensite, is fully reversible and is responsible for the SME of these
alloys [30]. However, there is another alternative martensitic transformation from the FCC
7 austenite to a BCC &’ martensite [31]. Nevertheless, contrary to the ¢ martensite, the
concurrent &’ martensite represents a barrier for dislocation movement, hindering the back
motion of the Shockley partials and deteriorating the SME [8,32]. Because of these intrinsic
mechanisms of martensite nucleation and growing, the martensitic transformation of this
family of SMA is non-thermoelastic [1,2,30], unlike the commonly used Ti-Ni- or Cu-based
SMA [1,2,33,34], and the immediate consequence is that only a limited fraction of austenite
transforms into martensite. Thus, the optimization of the transformed volume fraction of
¢ martensite becomes a key aspect for practical applications and many efforts are being
devoted to the enhancement of the ¢ fraction through the composition and microstructure
of Fe-Mn-Si-based alloys.

In parallel, additive manufacturing (AM) of metals emerged as a new paradigm of
materials processing and has evolved very fast from prototyping to a real production
technology in the recent years; see the reviews [35-37] for a general description of AM
in metals and alloys. As an innovative fabrication process with short lead times, AM
opens a new perspective to overcome constrains of conventional manufacturing in terms
of complexity and to exploit the attractive functionalities of SMA, being already applied
mainly to the production of TiNi [38—40], Cu-based [41-43] and Ni-Mn-based [44-47] SMA.
In this context, research on the AM of Fe-based SMA has been only recently approached
by laser powder bed fusion (LPBF) [48-53], laser metal deposition (LMD) [54] and wire
arc (WAAM) [55], and the AM parameters must be still optimized in order to obtain the
required microstructure to exhibit a good martensitic transformation on cycling, in order to
guarantee the expected performances during shape memory and damping applications.

Then, the present work has a twofold objective. First, the state of the art of Fe-Mn-5i-
Based SMA will be overviewed with special emphasis on the key points of the alloy design
and the corresponding challenges for producing these SMA by AM. Second, in light of the
previous analysis, the complete methodology for producing Fe-20Mn-6Si-9Cr-5Ni (wt%)
SMA by AM will be developed, covering the full process, from gas atomization of the alloy
to the AM through LPBF additive manufacturing, also known as the Selective Laser Melting
(SLM) technique. A complete microstructure characterization by electron microscopy is
carried out at the different steps of the processing route. The suitable thermal treatments
are discussed, along with the corresponding microstructures and the study of the reversible
v-¢ martensitic transformation, which is approached by mechanical spectroscopy. The
thermal shape memory properties of the LPBF fabricated samples are compared with the
performance of previously produced specimens by conventional casting. The SMA samples
produced by LPBF exhibit a good martensitic transformation and better cycling evolution,
stimulating further studies and paving the road for the development of new applications.

2. State of the Art and Challenges for AM of Fe-Mn-Si-Based SMA

The Fe-Mn-Si-based SMA constitutes an important family of the high-Mn steels, which
also includes the Hadfield steels, the twinning induced plasticity (TWIP) steels and the
transformed induced plasticity (TRIP) steels; see the review on the Fe-Mn-based alloys [56].
From the early works, it is known that high-Mn steels (from 10 to 30 wt% Mn) exhibit
the ¢ martensitic transformation, particularly in extra-low carbon steels; see [31] for an
overview of those early works. It is also known that Mn is a y stabilizer and, consequently,
the ¢ martensite start temperature Ms decreases when increasing the Mn content; this
dependence was determined for Fe-Mn alloys [57] and for Fe-Mn-5i alloys [42]. However,
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below 14.5 wt% Mn, the two stage transformation y-e-o is promoted [31,57] and it has
been largely observed that the apparition of o/ martensite deteriorates the shape memory
behavior [8,30,32,58-64]; consequently, for the design of Fe-Mn-Si-based SMA, the Mn
content should be above the 15 wt% in Mn. At this point, it must be indicated that in
addition to both martensitic transformations ¢ and o/, the y austenite also undergoes a
magnetic transition from a paramagnetic state at high temperature to an antiferromagnetic
state when cooling below the Neel temperature, Ty, which stabilizes the y phase, lowering
its energy and inhibiting the martensitic transformation [7,57,65-67]. Indeed, the magnetic
transition produces a dynamic modulus softening of the austenite y preventing the ¢
martensite transformation, as was clearly shown in [65] and further confirmed in [66,67].
Thus, if Ty<Mf (martensite finish) no interaction is expected between the magnetic and
martensitic transformation, but, on the contrary, if Ty>Ms the martensitic transformation
may be fully inhibited by the magnetic transition, and partially inhibited when Mf<Tn<Ms.
Consequently, the alloy must be designed to have the Ty as low as possible. Thus, we have
to face a serious quandary, because the Mn decreases Ms, but increases Ty [42,57]. Hence,
one of the reasons to add Si to the Fe-Mn alloys is just to solve this problem, because Si
strongly decreases Ty [42,68]. The other important reason for adding Si comes from the
fact that Si decreases the stacking fault energy, generating large stacking faults between
the two Shockley partial dislocations a/6<112> [69-71], in which the perfect dislocations
of the austenite y are dissociated, therefore constituting the nucleation places for the ¢
martensite lathes. Thus, the addition of Si is a key point for obtaining shape memory effect
in this family of SMA, which increases linearly with the Si content [72]. Nevertheless, the
Si content is limited to 6 wt%, because above this value the alloy becomes very brittle for
further rolling [42,54,67]. Then, values between 5 and 6 wt% of Si are considered for the
family of Fe-Mn-Si SMA.

Other alloying elements were considered, in particular Cr and Ni, to increase the
corrosion resistance of the alloys [10-12]. Another advantage of Cr is that, unlike Mn, it
decreases the Ty [73], whereas the influence on lowering Ms is smaller than the Mn [74],
and contents between 5 and 12 wt% Cr are currently used in Fe-Mn-Si-based SMA [75].
Alloying with Ni, which is a strong y-stabilizer, highly decreases Ms and increases the
stacking fault energy [11], but on the positive side, it decreases Ty, and helps the reverse
martensitic transformation [76]. Nevertheless, above 6 wt% Ni promotes the generation of
mechanical twins suppressing the strain-induced ¢ phase. For these reasons, only 4 to 5 wt%
Ni is currently used in Fe-Mn-Si-based SMA. Cobalt is also being added as an alloying
element, because it also crystallizes in the hexagonal ¢ phase [31] and it was expected that
could help the development of the ¢ martensite in Fe-Mn-Si-based SMA, but the influence
of Co is a source of controversy. Indeed, Co slightly decreases Ty [77-79] as well as the
stacking fault energy [80]. In one of these works [79], with 6 wt% of Co or Si, the authors
concluded that Co has a reduced improvement of the shape memory effect with respect
to Si. On the contrary, in a previous work [80] with a smaller amount of Co, the authors
showed a noticeable increase in the shape memory recovery reaching a maximum between
3 and 4 wt% Co. Taking into account that the content of Si is, in practice, limited to 6 wt%,
the simultaneous addition of such a small amount of Co may offers a supplementary
reduction in Ty, contributing to the formation of a higher fraction of ¢ martensite.

The influence of interstitial atoms, carbon C, nitrogen N and oxygen O, has been
scarcely studied and there are some discrepancies on their effect on the shape memory
behavior. Very often, these elements appear as impurities coming from the precursor master
alloys, or are introduced during processing. From the early works on Mn-rich steels [31],
it was recommended that an extra-low C content could improve the development of
¢ martensite. Indeed, C has only a slight influence on Ty, but a strong influence on
decreasing the Ms in Fe-Mn steels [68] and, consequently, prevents the ¢ martensitic
transformation. Furthermore, in Si-rich alloys, C is depleted from the solid solution of
austenite and compromises the chemical homogeneity of the alloy [81]. In general, C has a
detrimental effect on the SME of Fe-Mn-Si-based SMA [75]. Some authors [82] claim that
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the shape recovery in C-bearing Fe-Mn-Si-based alloys is improved when the deformation
during pre-straining is performed at a low temperature (77 K), although it is smaller when
deformed at room temperature. In our opinion, this experimental fact could have a simple
explanation. Due to the influence of Si, C is segregated from the austenite solid solution and
diffuses towards the core of the dislocations, creating Cotrell or even Snoek atmospheres
around or over the stacking faults. In this scenario, C atoms would anchor the leading
Shockley dislocation, preventing the progress of the ¢ transformation. During deformation
at room temperature, C diffuses easily and the Cotrell atmosphere moves with the faulted
dislocations. On the contrary, when pre-deforming at a very low temperature (77 K), C
atoms cannot diffuse fast enough to follow the dislocation and a breakaway process takes
place; the dislocation becomes free of C and the leading Shockley partial can easily move
forward, allowing the growth of ¢ martensite. The negative influence of C is extremely
important because, in many cases, metals and master alloys used for processing may
contain a noticeable amount of C > 0.1 wt%. There are several authors that utilize second
phase precipitation to strength the austenite matrix, using carbide forming elements like
Nb, V and Ti to precipitate the corresponding carbides: NbC, VC, TiC or even Cry3Cq
carbides. However, there is no general agreement on the reason for the SME improvement;
see [75] for an overview. In our opinion, this effect could be attributed not only to the
precipitation strengthening, but also to the depletion of C from the solid solution to form
the precipitates. This precipitation cleans up the lattice of austenite from C atoms and
the Shockley partials become free for moving, allowing the progress of the ¢ martensitic
transformation.

There are few works about the influence on SME of other interstitials like nitrogen or
oxygen. Apparently, N does not affect the chemical homogeneity of the solid solutions in
this kind of alloys and helps to suppress the apparition of o/ martensite during quench-
ing [81]; so, no detrimental effect is expected at the level of impurities. The influence
of oxygen has not been seriously studied and constitutes an open topic, which may be
particularly relevant in the case of AM-processed alloys, as we will comment on within the
experimental section.

In light of the above analysis, several challenges can be identified for AM processing
of Fe-Mn-Si-based SMA:

e  First, porosity must be reduced to obtain a fully compact alloy. This is a general
requirement for the AM of alloys, but it is particularly relevant for SMA, in order that
the microstructure will not be degraded by the local stresses associated with the phase
transformation and its changes on cycling.

e  Second, it becomes necessary to accurately master the concentration of each element
of these complex alloys, because, as was previously discussed, the optimization of the
properties requires very narrow ranges of each element concentration. This matching
must be guaranteed along all processing routes, from atomization to the pool melting
during AM.

e  Third, in relation to the previous point, the control of the critical elements that may
evaporate or react with crucibles generate important losses, in Mn or Si for instance,
must be compensated. The use of pure metals and clean master alloys is strongly
recommended.

e  Fourth, the control of impurities, coming from the rough materials or unintentionally
introduced during processing, must be a subject of special care. A relevant aspect for
AM is the oxygen, because powders with an oxidized surface are being used.

To face these challenges, a clever design of the AM parameters must be approached: in
particular, laser power and scanning speed. The useful magnitude summarizing the influ-
ence of several parameters is the volumetric energy density (VED) defined in Equation (1).
Here, it is worthy to note that Fe-Mn-Si-based SMAs share some problematic aspects with
Ni-Mn-based SMAs because both kind of alloys contain a high amount of Mn, which is a
highly volatile element prone to important losses. From the literature of AM in these alloys,
some lessons can be learned: for VED < 55 J/mm?, samples are not properly compacted
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exhibiting high porosity and low densities [44,48]; on the contrary, for VED > 145 ]/ mm?3,
important losses of Mn, above 6 wt%, are reported [45,52]. Obviously, these limit values are
strongly modified in case of some preheating being applied on the powder bed platform,
as recently reported [47].

Another important aspect for the design of the final SMA comes from the intrinsic
behavior of the ¢ martensite nucleation in the stacking faults in between the dissociated
Shockley partial dislocations. This fact highlights a key difference between the conventional
processed samples and the AM processed ones. The conventional processing route of
Fe-Mn-Si-based SMA involves casting and further hot rolling (or forging), very often
finishing with a cold rolling. During these deformation processes, a high-density network
of dislocations is developed, and even after recrystallization, the material contains a high
density of dislocations, which constitutes the nucleation points for ¢ martensite. Then,
in order to obtain the maximum transformed fraction from <y austenite to ¢ martensite,
numerous works have been devoted to the study of the thermomechanical treatments more
appropriate to obtain an optimum SME and to control the microstructure, including aspects
such as precipitation, grain size and texture, among others [83-93]. A review on this broad
topic is out of the scope of the present paper but it must be remarked that this is a point
in which AM exhibits less degree of freedom on the design due to its specific processing
route. Indeed, when processing through AM, it is supposed that samples will not undergo
further heavy deformation, as in rolling or forging. Instead, the available variables come
from thermal treatments, or eventually, from the control of internal stresses through the
heating and cooling rates during AM processing. The control of aspects such as the grain
size or texture, traditionally more or less well-controlled by the conventional processing
routes, are more arduous to control by AM and constitutes a challenge (for AM) in order to
optimize the microstructure for a maximum SME in this kind of SMA.

3. Materials and Methods
3.1. Powder Atomization

With these criteria in mind, and in order to obtain a Ms close to room temperature, the
selected composition of the alloy for the production through AM was Fe-20Mn-65i-9Cr-5Ni
(wt%). Powders of the alloy were produced by gas atomization due to its high productivity,
reasonable process control and the possibility to produce spherical particles, with good
packing characteristics, which are optimal for their use in AM [35-37]. The process was
carried out at the CEIT technology center in a small-scale research atomization unit PSI
model HERMIGA 75/3VI (Phoenix Scientific Industries Ltd., Hailsham, UK); a description
of the equipment is presented elsewhere [94]. High purity (>4 N) alloying elements were
used, except for the Cr that was added as a Fe-Cr master alloy. High-purity Argon was
used for both the melting process and the atomization at a pressure of 1.73-1.75 MPa
(gas mass flow rate of 53.5-58 g/s). An overheating of around 180 K was used above the
melt temperature, which, in the furnace, corresponded to 1733 K. The amount of powder
produced per atomization is 3 kg, and three atomizations were necessary to obtain the
quantity of powders required for the LPBF additive process.

After the atomization, the particle size distribution was measured by dynamic image
analysis in a Sympatec QICPIC equipment (Sympatec GmbH, Clausthal-Zellerfeld, Ger-
many), and the result is presented in Figure 1a. In addition, the powders were analyzed
by ICP (Inductively Coupled Plasma) in a Varian 725-ES ICP-OES equipment (Agilent
Technologies, Santa Clara, CA, USA). Once the composition of the powders from the three
atomizations were verified to be homogeneous, all powders were mixed, resulting in a final
composition of Fe-19.4Mn-5.95i-9.2Cr-5.1Ni (wt%). Finally, sieving was also carried out to
isolate the fraction of spherical powders between 20 and 45 um in diameter, as required
for the LPBF used technique; thus, the retained fraction turned out to be about 60% of
the atomized powders. The quality of the finally used powders is shown in the scanning
electron micrographs of Figure 1b.
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Figure 1. (a) Particle size distribution: frequency and cumulative integral for the atomization process
of the Fe-based SMAs; (b) SEM micrography of the atomized powders with a medium size of
20-45 pum.

3.2. LPBF: Selective Laser Melting

The powders were processed by LPBF technology using a Renishaw AM 500Q (Ren-
ishaw plc., New Mills, UK), with dynamic focusing of four ytterbium fiber lasers with
a spot laser of 80 um. For greater efficiency, also used was the so—called reduced build
volume (RBV) module, which allows the construction of AM samples with small amounts
of metal powder (from 2 to 4 Kg).

The proposed design of experiment (DoE) consisted of the fabrication of cubic samples
of 10 x 10 x 10 mm? using different sets of parameters that, taking into account the previous
comments, corresponds to the low intermediate region of VED, in order to minimize the Mn
losses. With a constant value of 120 um for the hatch distance h and a layer thickness ¢ of
30 pm, a series of samples with different experimental conditions were obtained by varying
the scanning speed v and the power P of the laser. The volumetric energy density (VED), E,
can be expressed as a function of the previously mentioned parameters in accordance with
the following Equation (1) [35,95], and are listed in Table 1 for all of the DoE samples.

)

Table 1. Parameters used for the different scan strategies reordered by laser power energy and
scanning speed. The parameters used for the further studied samples are highlighted in green.

Num. of Laser Power Scanning Speed Compactness
Experiment W) (mm/s) VED (J/mm?®) (%)
1 170 650 73 99.91
5 170 750 63 99.91
2 170 850 56 99.89
8 185 650 79 99.93
7 185 750 69 99.92
9 185 850 60 99.91
6 200 650 85 99.93
4 200 750 74 99.91
3 200 850 65 99.92

The scanning strategy also has a great influence on porosity and the final consolida-
tion of the samples, for what the so-called stripes at 67° strategy was chosen, Figure 2a.
Moreover, in Figure 2b, shown is the microstructure along the scanning build direction (YZ
plane) of the samples, in which we can find the characteristic melt pool geometry of the
LPBE-processed samples. It can also be noted that, due to the laser passes at 67°, narrow
and wider pools alternate when looking along the build direction. The compactness of each
sample was measured by image analysis using the software SW Analysis Docu (PAQXOS
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V 5.0), which consists of measuring the area of the corresponding defects with respect to
the total area of the images.

Figure 2. (a) OM image of the XY plane LPBF processed sample where it is shown the 67° stripes
scanning strategy; (b) transversal OM image of the YZ plane LPBF processed sample along the build
direction; (c) mentioned LPBF processed sample (rule numbers are cm).

These images were taken from a cut on the XY plane of the cubes, that is, perpendicular
to the build direction. The optimized parameters for the most compact sample were those
with the highest power, 200 W laser power and 650 mm/s scanning speed, which results
in a VED of 85 J/mm>3. Finally, with a set of dimensions of 5 x 5 x 60 mm?, the massive
material fabricated with those parameters is shown in Figure 2c; this is the sample used for
subsequent studies.

3.3. Microstructural Characterization Methods

After the LPBE, the processed samples were cut by electrical discharge perpendicu-
lar to the build direction and a microstructural characterization was conducted via elec-
tron microscopy techniques. The specimens were prepared by conventional mechani-
cal polishing down to a particle size of 1 um in a Struers Abramin (Struers Tech A/S,
Rodovre/Copenhagen, Denmark). Afterwards, the samples were electro-polished (Struers
ElectroPol-5) with a solution of 700 mL of ethanol, 100 mL of glycerin and 200 mL of HCIOy,
with 10-12 V up to 180 s at room temperature. On the other hand, in order to distinguish the
as-built microstructure at the optical microscope (Leika DMRXA 2, Leica, Cambridge, UK),
a chemical attack was performed with a solution consisting of CuCl, (1 g), HCI (50 mL),
HNOj3 (50 mL) and H,O (150 mL) for 3 s. Additionally, the samples were cleaned in an
Ar-25%0; plasma cleaner (FISCHIONE, model 1020, FISCHIONE Instruments Inc., Export,
PA, USA) before the scanning electron microscopy (SEM) observation. The SEM study
was conducted on a focused ion beam (FIB) (FEI Helios NanoLab650, FEI, Hillsboro, OR,
USA) equipped with backscatter electrons (BSE) and Energy Dispersion X-ray spectroscopy
(EDX) (Oxford X-MAX, Oxford Instruments, Abingdon, UK) detectors, and in a Schottky
SEM (JEOL JSM-7000F, JEOL Ltd., Tokyo, Japan) equipped with BSE, EDX (Oxford inca350)
and electron backscatter diffraction (EBSD) (Oxford CMOS) detectors, with five forescatter
diodes (FSD) to obtain the image of the tilted surface of the sample. Unless expressly
indicated, the BSE experimental conditions were 20 kV, 1.6 nA, and 10 kV, 0.8 nA, for the
FEI and JEOL equipment, respectively; 20 kV and 1.6 nA for the compositional analysis and
20 kV and 1 to 5 nA for the EBSD. Moreover, a Zeiss SEM Ultra Plus (Zeiss, Jena, Germany)
with Oxford Nordlys detector at 15 kV was also used for EBSD characterization.

The transmission electron microscopy (TEM) characterization was performed in a
Phillips CM-200 with a double tilt sample holder operating at 200 kV. In this case, the
samples were flattened and thinned until around 100-75 um foils and jet-polished, using a
70% ethanol, 10% glycerin and 20% perchloric acid solution, in a double-jet Struers TenuPol-
5 with 14 V at 258 K. In addition, Scanning Transmission Electron Microscopy (STEM) was
performed at 300 kV on a FEI Titan Cubed G2 60-300 kV (FEI, Hillsboro, OR, USA) with a
gun monochromator, a Cs-objective aberration corrector (CEOS) and super-X EDX detector.
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3.4. Phase Transformations Characterization Techniques

As previously commented, in these Fe-Mn-Si-based alloys, the austenite undergoes,
during cooling, a magnetic transition from a paramagnetic to an antiferromagnetic state,
at the Neel temperature, Ty, which stabilize the austenite and inhibits the martensitic
transformation [52,60,61]; thus, it is important to determine Ty and reassure that it is lower
than the martensite finish temperature, Mf. For this task, the magnetic susceptibility of
the LPBF sample was measured in a PPMS Quantum Design magnetometer (Quantum
Design North America, San Diego, CA, USA) and compared with an as-cast reference
sample measured in a SQUID MPMS-7 T (Quantum Design). The results are presented in
the Supplementary Information, Figure 51, and shows a Ty = 109 K for the LPBF sample.

The study of the martensitic transformation behavior was approached by internal fric-
tion (IF) and dynamic modulus (DM) measurements. The equipment used is a subresonant
inverted torsion pendulum, homemade equipment [96], working under a low-pressure
(4 mbar) Helium atmosphere in a temperature range between 100 K and 1150 K, with
a frequency range from 103 to 5 Hz. The strength, A, of the IF peak associated with
the martensitic transformation depends on frequency and on the heating—cooling rate

(A =~ T/w) [97], so a constant heating—cooling rate of 1.5 K/min and a frequency of 0.5 Hz
were used for all measurements, as well as a constant strain amplitude of ¢, =2 x 107°.
IF measurements were performed in the temperature range from 100 K to 510 K, so that it
comprised the whole interval Mf-Af of the forward and reverse martensitic transformation.
Nonetheless, it must be mentioned that the cooling rate of 1.5 K/min cannot be kept when
approaching 100 K, breaking the relationship between the IF peak and the transformed
fraction during the direct transformation. However, it is demonstrated [97-99] that the
integral of the IF peak during the forward transformation on cooling is equal to the one
measured during the reverse transformation on heating; thus, the calculations of the trans-
formed fraction were carried out, utilizing the data of the reverse transformation. For the
IF measurements, samples of approximately 40 x 5 x 0.8 mm?> were cut from the massive
LPBF material presented in Figure 2c.

4. Experimental Results

The development of a material through a new additive manufacturing method, like
the LPBEF, always requires a detailed microstructure characterization along the different
processing steps, including the thermal treatments applied to control the microstructure. In
the present work on Fe-Mn-5i-Cr-Ni SMA, this characterization is approached in Section 4.1.
Then, the martensitic transformation (MT), responsible for the functional behavior of the
SMA, is studied in Section 4.2 and its further cycling behavior in Section 4.3. The analysis
of the experimental results will be simultaneously presented, before providing an overall
discussion in Section 5.

4.1. Microstructure Characterization

With the purpose of obtaining the optimum and reversible martensitic transformation
mass fraction, the material must accomplish homogeneity, not only compositional-wise,
but also microstructural-wise, which is not achieved during the LPBF process. Indeed,
the martensitic transformation requires, as the starting phase, the FCC y austenite; this
means that, as it will be shown, the additive manufactured samples should undergo a
post-processing high temperature thermal treatment [83-85]. However, the temperature
of the annealing treatment is controversial. Some authors [83,85] state that recrystalliza-
tion annihilates the nucleation points for the martensite, so the heat treatment should be
performed below the recrystallization temperature, while others [100,101] assure that an
annealing above 1173 K or even 1273 K results in a higher amount of martensite due to the
enlarged grains after recrystallization. With these precedents in mind, in the present work,
two post-processing thermal treatments are considered, namely, 1200 K and 1350 K; in both
cases the treatment consists in one hour in argon atmosphere and quenching in iced water.
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4.1.1. As-Built Microstructure

With the highest density of energy used in the present work (see Table 1) corresponding
to the selected parameters of power P = 200 W and scanning speed v = 650 mm/s, the
achieved compactness of the samples is 99.93%, with only some few processing defects. In
similar samples, Ferreto et al. [44] reached a relative density of approximately 99% with
P =175 W and v = 600 mm/s, but enounced that the compactness could be increased
reducing the scanning speed. However, the Mn content, which evaporates significantly
during LPBF [102], does so even more when decreasing the scanning speed [47]. Therefore,
it can be concluded that the final parameters chosen in the present work, have come to be a
good equilibrium regarding compactness and Mn loss.

Depending on the laser parameters and scanning strategy, the locally obtained tem-
perature gradients and solidification rates will vary and the grain morphology will change
in size and orientation, and an evolution of the present phases, or of its mass fraction, may
also occur. Thus, the surfaces perpendicular and parallel to the build direction (Z) have
been characterized. The BSE image of Figure 3a corresponds to the XY plane (equivalent to
Figure 2a but just polished without chemical attack), where the grains are clearly seen, as
well as two traces of the melting stripes. The EBSD image of Figure 3b, corresponding to
the indicated rectangle in Figure 3a, allows the identification of the FCC y-austenite phase
(Fm-3m, a = 0.3615 nm), in light beige, and the BCC -ferrite phase (Im-3m, a = 0.2884 nm),
in blue. The grain boundary surfaces in austenite have also been identified, mainly as } 3
(<111>/60°) (42.3%) and )9 (<110>/38.9°) (2.7%) interfaces, according the coincidence
site lattice (CSL) nomenclature [103,104]. Apparently, the § ferrite appears in the regions
where the grain size has grown, probably due to the secondary slow cooling during the
superposition of adjacent melting stripes. The surface parallel to the build direction (YZ
plane) is presented in the BSE image of the Figure 3¢, equivalent to the Figure 2b, and the
region of a solidified laser melted pool is clearly seen. This image shows the trace of the
pool limit and the difference on the grain size and shape between the small equiaxed grains
at the top, with a mean size of 4 um, and the large columnar grains at the bottom, with a
mean length about 20 pum.

Figure 3. FSD images of the unspoiled LPBF sample, along with their corresponding EBSD phase
map; (a,b) in the XY plane (EBSD step size 100 nm); (c,d) in the build-direction YZ plane (EBSD step
size 200 nm). In both cases, ferrite is presented in blue and austenite is presented in light beige. Grain
boundaries are presented in green (X3), red (X9) and black (the remaining ones).

On the right, the EBSD image of the same region, Figure 3d, shows the austenite grains
in light beige (76.2%) and the ferrite grains in blue (23.8%). The comparison of such images,
Figure 3c,d, evidences that the ferrite phase was developed at the bottom of the melt pool
where the material solidify slowly given place to columnar grains, which are mainly of %
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ferrite. A similar study on this build surface, including the grain orientation, is presented
in the Supplementary Information, Figure S2. The analysis of these two surfaces evidences
that in the LPBF build material, there is a coexistence of phases, the y austenite and the
b ferrite, in good agreement with previous results in similar alloys [48-53]. Indeed, in a
recent work at many different VED [105], it is shown that the presence of ferrite cannot be
suppressed. Moreover, when Creq/Nieq is higher than 1.5, the precipitation of the BCC
phase is greatly promoted [106]. So, considering that in our alloy the ratio Creq/Nieq is
2.17, it is well assumed that we will indeed have the presence of ¢ ferrite. Thus, it can be
concluded that a further thermal treatment on the build samples will be required to obtain
solely the austenite, from which the further transformation into ¢ martensite can occur.

4.1.2. Microstructure after Thermal Treatment at 1200 K

From the previous section, the need of a thermal treatment to avoid the presence of
b ferrite becomes evident. However, to attain an optimum shape memory, a preexisting
and uniformly arranged array of stacking faults through the matrix is needed [83-85].
Moreover, a single-phase material is required, so the movement of the martensite variants
when growing is not inhibited. Therefore, even though the nucleation point may be reduced,
a first treatment at 1200 K during one hour in argon atmosphere and quenching in iced
water is proposed. Figure 4a shows a BSE micrograph where the existence of an additional
phase is clearly appreciated with a lighter grey color, extensively precipitated at the grain
boundaries. Quantitative EDX analysis shows that these precipitates are poorer in Fe than
the matrix, with a composition Fe-20.0Mn-8.25i-11.2Cr-8.0Ni (wt%). In order to identify
this remaining phase after the thermal treatment, an EBSD study was carried out in several
groups of precipitates. Figure 4b shows the FSD image of some selected precipitates and in
Figure 4c the corresponding EBSD, in which the red phase is indexed as the 3-manganese
phase (P4132, a = 0.63145 nm).

Figure 4. (a) SEM (BSE) image of the LPBF sample, showing the coexistence of two phases after the
1200 K heat-treatment. (b) FSD image of the same sample, along with its corresponding (c¢) EBSD
map; BMn phase is in dark red, whereas the austenite is in light beige. Grain boundaries are in green
(£3), red (£9) and black (the remaining ones).
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According to the ternary Fe-Mn-Si phase diagrams [107,108], 1200 K is a high enough
temperature to obtain a single FCC phase. However, there is a lack of information about
the quinary phase diagrams, which are modified by the presence of Cr and Ni. A slight
shift on the boundaries of the phase stability domains could explain the presence of these
precipitates of 3-Manganese phase. In addition, this result indicates that the alloying
elements, Cr and Ni, have a significant effect on the recrystallization temperature, making
it higher than expected. Indeed, the grain size in Figure 4a remains irregular with a mean
value below 10 pum. Thus, it becomes obvious that a higher temperature is required for the
thermal treatment.

4.1.3. Microstructure after Thermal Treatment at 1350 K

Hence, the next step was to perform a thermal treatment at higher temperature, 1350 K.
This temperature was chosen based on the previous literature [109], which reported that
the single-phase austenite only becomes thermodynamically in equilibrium over 1273 K.

After the treatment at 1350 K, the BSE micrographs confirm the absence of the previous
precipitates and the presence of a single austenite phase. A general view of the microstruc-
ture at low magnification is presented in the Supplementary Information, Figure S3, and
the image of Figure 5 shows the microstructure at the same magnification as the one used
in Figure 4a for comparison. The grain size has grown until an average size of 30 um, and
the matrix composition has become homogeneous. Nonetheless, it must be noted that the
compositional analysis differed slightly from the ICP of the original powders. This leaves a
final composition of the samples Fe-17.3Mn-6.15i-9.4Cr-5.3Ni (wt%). As expected from the
previous literature [106], there has been a loss of Mn during the LPBF process of approxi-
mately 2-3%. It is worth mentioning that the Mn loss expected during the atomization was
already compensated, but, as commented on in Section 2, this result evidences that it is of
capital importance to evaluate the losses along all steps of the processing route. Moreover,
some very small precipitates, which at a first sight could be mistaken with pores, were seen
along the sample, marked with white arrows in Figure 5. Since their size was too small to
be characterized by SEM, a detailed observation was carried out by STEM.

Figure 5. SEM (BSE) image of the LPBF sample, just after the 1350 K heat treatment, without any
further thermal cycle. The thin white plates are the remaining martensite plates produced during

the mechanical polishing. White arrows mark very small precipitates, which are examined by
STEM-HAADF in Figure 6.

Figure 6a shows the STEM High-Angle Annular Dark Field (HAADF) image of such
precipitates. However, taking into account that these precipitates are smaller than the
thickness of the TEM lamella (<90 nm), the attention was focused on several precipitates
close to the edge of the sample, Figure 6b, in order to do a quantitative analysis.
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Figure 6. STEM at 300 kV. (a) HAADF image of the very small precipitates observed by SEM (marked
by white arrows in Figure 5); (b) HAADF of a precipitate in the edge of the sample along with its
corresponding EDX maps (Ipeam = 0.25 nA) for element identification.

The EDX maps of the precipitate in Figure 6b are presented on the right for the main
elements, and show that those precipitates are composed by Al, O and Mn, with a thin
layer of Si segregated to its outline. The composition from the EDX maps is Fe-17.2Mn-
6.65i-9.8Cr-5.6Ni (wt%) for the matrix, and 60.80-26.3A1-11.5Mn (at%) for the precipitates,
which leaves us with oxides of (Al,Mn),0O3 type. Although the apparition of such kind of
precipitates during LPBF was not reported yet in these alloys, it has been considered as
a general problem [110]. According to Jagle et al. [111], the precipitation happens during
the deposition of the material, furthermore, due to the pronounced re-heating and reduced
cooling rates of the previous layers, the precipitates are frequently induced. Regarding
the composition, the presence of Mn oxides is also usual. Kraner et al. [112] reported that
manganese is liable to oxidate during the atomization of the powders, so the oxygen is
carried into the matrix, along with the Mn, forming Manganese oxides that do not dissolve
into the matrix. In our case, the Aluminum, which comes from the impurities of the master
alloys, just happens to replace de role of the Mn (Mn,03), leading to those mixed oxides
of (ALMn),0s3 type. This is an interesting point, because the Al, that is an undesirable
impurity, serves the purpose of cleaning up the lattice from interstitial oxygen, even though
some Mn is also lost from the solid solution.

All in all, it can be concluded that the desired microstructure was achieved with this
last treatment and the following results are based in samples thermally treated at 1350 K.

4.2. Martensitic Transformation

The internal friction spectra and the dynamic modulus curves for a complete trans-
formation cycle are presented in Figure 7. The internal friction peaks correspond to the
forward and reverse martensitic transformations and are associated with an abrupt change
in the dynamic modulus (green). On cooling (blue), the direct or forward transformation
from austenite to martensite occurs between Ms (279 K) and Mf (157 K) temperatures. On
heating (red), the reverse transformation, from martensite to austenite, happens between As
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(324 K) and Af (458 K) temperatures. All temperatures are determined for a specific amount
of the transformed mass fraction, calculated from the integral of the IF peaks [97-99], in
our case 5% and 95%.
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Figure 7. Internal friction spectra and dynamic modulus (green) measurements as a function of
temperature for the heat-treated (at 1350 K) LPBF processed sample, in its 8th thermal cycle. In blue,
the forward martensitic transformation on cooling and, in red, the reverse martensitic transformation
on heating.

The temperature range between the maximum of the forward and reverse phase
transitions defines the thermal hysteresis, which results in a significantly high value of
around 170 K, in good agreement with what is expected from a non-thermoelastic SMA. It
must be mentioned that the dynamic modulus variation also exhibits a hysteresis similar to
the one of the IF peaks. Moreover, it is noted that the dynamic modulus increases during
the transformation, being associated with a hardening of the microstructure proportional
to the transformed fraction, since ¢ has a higher modulus than y. On the other hand,
according to our previous studies [54,65], at low temperatures there is a modulus drop at
the Ty temperature that corresponds to the magnetic transition. The fact that there is no
such drop in our measurements, confirms that there is no interaction between the magnetic
and martensitic transformations.

In parallel to the IF measurements, a direct identification of the ¢ martensite was
carried out by transmission electron microscopy. In Figure 8a, a bright field TEM image,
where the dark martensite plates in diffraction condition are clearly contrasted over the
matrix, is presented. Figure 8b shows a selected area diffraction pattern (SADP) obtained
from the matrix. As expected, this diffraction pattern was indexed as the FCC vy austenite
(Fm3m, a = 0.3615 nm). The dominant existence of this phase was verified in different
sites of the sample. Figure 8c exhibits the nano-diffraction pattern obtained from the plate
labeled S in the BF image. The diffraction pattern was indexed as the hexagonal ¢ martensite
(P63/mmc, a = 0.2555 nm, ¢ = 0.4145 nm).

Figure 8d shows, for a different sample tilt, the nano-diffraction pattern of another
martensite variant inside the austenite phase and the indexation of this pattern corresponds
to the coexistence of y austenite and ¢ martensite, in good agreement with the Shoji-
Nishiyama relationship [31].
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Figure 8. (a) TEM bright field image of a LPBF sample with one thermal cycle; (b) SADP pattern for
the v austenite matrix (T, transmitted beam); (c) Nano-diffraction pattern of the labeled S variant of ¢
martensite; (d) Nano-diffraction pattern for another ¢ variant surrounded by the austenite obtained
for a different sample tilt. Both phases follow the Shoji-Nishiyama relationship.

On the other hand, it is known that the o martensite is usually found in the intersec-
tion of ¢ martensite variants [8] and has a detrimental effect on the shape memory effect [32].
However, it must be mentioned that «’ martensite was not found during the TEM character-
ization. These results were also confirmed by the X-ray diffraction measurements presented
in the Figure 54 of the Supplementary Information. Finally, an EBSD characterization was
conducted on an equivalent sample after one thermal transformation cycle. In Figure 9, a
FSD image and its corresponding EBSD image of the coexisting phases, y in light beige and
¢ in purple, are presented. The grain boundaries of the 'y austenite were also analyzed; the
Y3 (<111>/60°) interfaces are drawn in green and the Y9 (<110>/38.9°) in red, according
to the standard nomenclature [103,104], and the rest in black. As it can be appreciated
when comparing both images, some martensite plates are not detected even with a step as
small as 0.24 um. This is because the thermal martensite develops by the nucleation and
propagation of elementary ¢ layers with a few atomic planes [113]. Moreover, the thickness
of the plates is not due to lateral growth, but the stacking of new ¢ layers grown besides
these phases [114]. That is, & thermal martensite lathes are extremely narrow in comparison
with the stress-induced ones, and frequently are not thick enough to be indexed by the
software, and, consequently, the resulting ¢ fraction obtained by EBSD (AZtechCrystal)
is underestimated. Even so, the calculated fraction from Figure 9b for the third thermal
cycle is around 12% in average of ¢ martensite. This is a good result, taking into account
that maximum values of 10% were reported in similar alloys produced by conventional
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casting and rolling [101]. Moreover, the ¢ thermal martensites growth in each grain have
mainly the same orientation minimizing their intersections and consequently avoiding
the formation of o' martensite, which in fact has not been observed. This means that it
could be expected a good behavior when the stress-induced ¢ martensite be produced by
strain during the SME; this approach is out of the present study and will be the subject of
further works.

Figure 9. (a) FSD image of the heat-treated LPBF sample after 3 thermal cycles; (b) Corresponding
EBSD phase map. The austenite is represented in light beige and martensite in purple (EBSD step
size 240 nm). Grain boundaries are presented in green (}_3), red (3_9) and black (the remaining ones).

4.3. Thermal Cycling Behavior

The internal friction (IF) spectra evolve on cycling as can be seen in Figure 10a. The
strength of the IF peaks increases rapidly for the first few cycles, until it reaches a maximum
at approximately cycle number 8. Given that the IF measures reflect the nucleation and
motion of the martensite variants [97], it can be stated that the ¢ transformed fraction per
cycle is proportional to the area of the IF peaks [65]. Then, the transformed fraction per
cycle is evaluated through the integrated area of the IF peaks measured during the reverse
transformation, Figure 10b, reaching a maximum of 14%.
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Figure 10. (a) Evolution of the internal friction spectra on cycling for the heat-treated LPBF alloy
produced by additive manufacturing; (b) Calculated internal friction peak area for the reverse
transformation, as a function of the number of thermal cycles.

On further cycling, the peaks smoothly decrease, just as the transformed fraction, and
shift towards lower temperatures, meaning that the forward and the reverse transforma-
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tions become delayed, but present an almost constant hysteresis. Finally, the ¢ volume
fraction stabilizes around thermal cycle 60. The observed behavior in Figure 10a,b can
be understood as follows. During the first cycles, the nucleation of martensite variants
produces local stresses that are accommodated plastically in the matrix. This generates
new dislocations in the y structure [115], specifically in the same (111) plane as the variants
that produced them, that remain through the reverse transformation [116]. As the thermal
cycles add up, more nucleation points will occur and consequently, the transformed fraction
rapidly grows, which explains the quick height growth of the IF peaks; a greater amount of
martensite is transformed in the same temperature interval. As the density of dislocations
rises, the stress field makes the nucleation of the martensite difficult and, being a non-
thermoelastic alloy, exacerbates the apparition of local plastic deformation in the matrix [31]
and in the v/ ¢ interfaces [116]. Hence, the growth of the martensite variants is hindered,
resulting in a stasis mechanism in which the transformed volume fraction does not reach
the 100% [117,118]. This phenomenon also leads to a delay in the MT, which agrees with
the shift of the IF peaks because the transformation requires a longer overcooling to get
started. Indeed, in Figure 11, the transformation temperatures, plotted as a function of the
number of cycles, show a shift towards lower temperatures. Particularly, Ms undergoes a
shift of almost 100 K in 50 cycles before stabilizing; the variation being slight for the Mf, Af
and As temperatures. This shift of Ms can be interpreted as follows. Since the density of
nucleation points grows on cycling, creating an stress field that hinders the nucleation and
movement of the variants, a higher driving force is needed for the forward transformation
to begin, and therefore, Ms decreases [89]. Despite the controversy on the Mf, Af and As
temperature shift [118], this result has been widely observed for ternary Fe-Mn-Si [89] and
quinary Fe-Mn-Si-Cr-Ni [65], including additive manufactured alloys [54].
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Figure 11. Evolution of the martensitic transformation temperatures (Ms, Mf, As, Af) for the LPBF
sample presented in Figure 10.

In parallel, to follow the evolution of the microstructure along the cycling behavior,
an equivalent sample was equally cycled for its observation at SEM. Figure 12 shows the
BSE images for said sample after 3 (a), 11 (b) and 51 (c) thermal cycles, respectively. The
three images show the coexistence of the y austenite matrix with the thin white plates of ¢
martensite. Although it is not evident at first sight, the transformed fraction is bigger for
the 3 and 11 cycled samples in comparison with the 51 cycled one. This result is coherent
since after a rapid growth, the highest transformed fraction was found around cycle 8.
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This SEM characterization confirmed the previously commented stasis phenomenon [118];
the martensite fraction never reached a fully transformed austenite. On the other hand,
the observed ¢ martensitic transformation showed a fully reversible behavior, because
no « martensite was created at the intersection of the ¢ plates on cycling. Indeed, the o
martensite is non-reversible and has a detrimental effect on the back-movement of the ¢
variants during the reverse transformation [75,88]. Furthermore, from the BSE sequence it
can also be appreciated that the martensite variants usually nucleate in grain boundaries
and grow towards the inner side, till they reach the boundary of the opposite side. This is
in agreement with previous works on similar SMA with a grain size below 30 um [113],
which is the mean grain size of our treated alloys, too.

Figure 12. SEM (BSE) images taken for different amount of thermal cycles in order to show the
martensite evolution behavior; a rapid growth during first cycles is observed, followed by a further
decrease and stabilization (see Figure 10). (a) 3 cycles; (b) 11 cycles; (c) 51 cycles.
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5. Perspectives and Opportunities of AM in Fe-Mn-Si-Based SMA

Nowadays, the AM activity on Fe-Mn-Si-based SMA is mainly focused on the LPBF
technique. In our knowledge there are no works on AM of these alloys by electron beam
melting (EBM) and scarcely works using LMD [54] or other techniques like WAAM [55],
for instance. Thus, in what follows, we will focus our attention in LPBF processed alloys.
At present, the AM through LPBF seems to be an enough mature technology to produce
compact samples (>99.9%) without pores; apparently this issue is already solved also in
the case of Fe-Mn-5Si-based SMA. A more relevant problem, as described in the presented
results, is the compositional control and particularly the control of Mn due to the strong
losses by evaporation from the melt pool. However, the progress of the evaporation
control during LPBF [102] and the recent work on real time temperature monitoring during
LPBF [119] allow us to be optimistic; perhaps the losses cannot be suppressed but could
be well reproducible and, consequently, easy to compensate from the beginning. In what
concerns to the interstitial impurities, in particular carbon and oxygen, the present work
shows that in this kind of SMA the residual Al impurity becomes very useful to capture
the oxygen dissolved in the austenite lattice, forming mixed (Mn,Al),O3 oxides. The use
of carbides by addition of 0.7 V and 0.2 C (wt%), has been recently employed in LPBF
of Fe-Mn-5i-Cr-Ni SMA [120,121] to strengthen the austenite and increase the internal
stresses. Nevertheless, no relevant improvements of the shape recovery were obtained.
In our opinion, an excess of carbides fully blocks the motion of the Shockley dislocations
preventing the recovery of the ¢ martensite. As commented above, C should not be added
and the carbide formers (Nb, V, Ti) would be added only in small amounts, just to clean up
the residual C in the lattice.

On the other hand, the residual internal stresses play an important role on the driving
force for the recovery during the reverse transformation, as was demonstrated by adiabatic
calorimetry [122] and neutron diffraction [123]. In Fe-Mn-Si-based SMA processed by
AM, the internal stresses may be used to create the dislocation network required for the
nucleation of the ¢ martensite plates, which in conventional processed samples is created by
rolling. The accurate control of the melt pool temperature [119] and the cooling rates [124],
should allow mastering the internal stresses and the cell size of the sub-grains during
solidification [124]. Indeed, a recent work on stainless steel SS316L [125] heads for this
direction. The geometrically necessary dislocations, appearing at the boundaries of the
solidification cells, are arranged in a high-density dislocation network above the melt pool
boundary. Another recent work [126], in the same material, shows that the change in the
solidification mode may allow controlling the micro-texture of the cells. The appropriate
implementation of these advanced concepts should provide a noticeable increase in the
SME in Fe-Mn-Si-based SMA.

Further research and improvements are required to optimize the production of Fe-Mn-
Si-based SMA through LPBF, however the opportunities are certainly there. Obviously,
some applications of these SMA, like the wires or strips used to reinforce concrete [16,22],
are out of the AM capabilities. Nevertheless, there are many applications, like pipe and
shaft couplings, fasteners, retaining rings, self-adjustable devices, seismic dampers, etc.,
for which the flexibility of the AM production of SMA components by LPBF, will offer a
competitive advantage respect to the conventional production technologies. Moreover, the
AM through LPBF of Fe-Mn-5i-based SMA opens the door to new unforeseen applications
of these smart materials.

6. Conclusions

The additive manufacturing of Fe-20Mn-65i-9Cr-5Ni (wt%) shape memory alloy was
approached by laser powder bed fusion (LPBF). The microstructure was studied by SEM
and TEM along the different steps of the processing route, allowing the selection of the
optimum post-processing thermal treatment. The additive manufactured samples exhibit a
reproducible and fully reversible martensitic transformation. At the light of the obtained
results, the main conclusions are summarized as follows:
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e  The use of pre-alloyed powders produced by gas atomization with diameters between
20 and 45 pm, allows the production of Fe-20Mn-6Si-9Cr-5Ni (wt%) shape memory
alloys through additive manufacturing.

o  The parameters of the additive manufacturing process, laser power and scan speed,
were optimized and a remarkable 99.93% relative density was achieved by LPBE.

e  The need of a further post-processing thermal treatment at 1350 K (or at least above
1273 K) was demonstrated through a detailed microstructural characterization by SEM,
with EDX and EBSD and TEM, with HAADF and EDX, detectors.

e  The design of the alloy composition succeeds in achieving a Neel temperature, Ty,
sufficiently low to not interact with the martensitic transformation.

e The presence of nano precipitates of (MnAl),O3 mixed oxides has been reported in
these SMA and its presence could be inherent to the additive manufacturing route of
Mn-rich alloys.

o  The LPBF processed and thermally treated samples exhibit a reproducible and fully
reversible martensitic transformation between the vy austenite and the ¢ martensite.
This reversibility stands over cycling, and the undesirable &’ martensite was not found.

e In the LPBF processed samples an ¢ transformed fraction above 14% was obtained,
which is an outstanding result for a thermally induced transformation in non-strained
samples.

e  The cycling behavior of the ¢ martensite transformation, in LPBF samples, is repro-
ducible and stable after about 60 cycles, with a fully reversible thermally transformed
e fraction above 9%.

We hope that the offered review on the state of the art in this field could be inspiring
for further works on AM of Fe-Mn-Si-based SMA. It can be finally concluded that the AM
by LPBF technique is a feasible methodology for elaborating Fe-Mn-Si-Cr-Ni shape memory
alloys. The present work paves the way for further optimization of this technology, with
regard to already existing and unforeseen new applications of these functional alloys; the
new advances on AM allow us to be excitedly optimistic.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma16247517/s1, Figure S1: Magnetic susceptibility;
Figure S2: BSE image and IPF map; Figure S3: BSE image after 1350 K treatment; Figure S4: X-
ray spectrum for LPBF sample.

Author Contributions: Conceptualization, L.D.-R., M.L.N., N.B. and J.M.S.].; methodology, L.D.-R.,
M.L.N,, L.G.-S, E.U,, AM.M,, N.B. and ].M.SJ; investigation, L.D.-R.,, M.L.N., R.G,, L.G.-S., EU,,
PO.,, AMM.,, MS.S., N.B. and ].M.S].; resources, E.U., M.L.N., M.S.S., N.B. and ].M.S.].; data curation,
L.D.-R, M.LN,,R.G,, L.G.-5,, P.O. and A.M.M.; writing—original draft preparation, L.D.-R., M.L.N.
and ].M.S].; writing—review and editing, L.D.-R., M.L.N. and ].M.S.].; project administration, L.G.-S.,
N.B. and ].M.SJ.; resources, M.L.N., E.U., M.S.S., N.B. and ].M.S.].; supervision, ].M.S.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Industry Department of the Basque Government
through the ELKARTEK-MINERVA (KK-2022/000082) project, and also from the GIU-021/24 from
the University of the Basque Country UPV/EHU. This work made use of the electron microscopes
installed at the General Service of Electron Microscopy of Materials, of the SGIKER—UPV /EHU,
and the Zeiss at LORTEK technology center. Lucia Del-Rio acknowledges the Pre-Doctoral grant
(PRE_2022_1_0109) from the Education Department of the Basque Government.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available because they belong to an on going project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.


https://www.mdpi.com/article/10.3390/ma16247517/s1

Materials 2023, 16, 7517 20 of 24

References

1. Delaey, L. Diffusionless Transformations. In Materials Science and Technology V5; Cahn, R.W., Haasen, P., Kramer, E.J., Eds.; VCH:
Weinheim, Germany, 1991; pp. 339—404. ISBN 3-527-30256-5.

2. Otsuka, K.; Wayman, C.M. Shape Memory Materials; Cambridge University Press: Cambridge, UK, 1998; ISBN 0 521 44487 X.

3. Yamauchi, K.; Ohkata, I.; Tsuchiya, K.; Miyazaki, S. Shape Memory and Superelastic Alloys; Woodhead Publishing: Cambridge, UK,
2011; ISBN 97800 810 17012.

4. Jani, ].M.; Leary, M.; Subic, A.; Gibson, M.A. A review of shape memory alloy research, applications and opportunities. Mater.
Design 2014, 56, 1078-1113. [CrossRef]

5. Concilio, A.; Antonucci, V.; Aurichio, F; Lecce, L.; Sacco, E. Shape Memory Alloy Engineering, 2nd ed.; Butterworth-Heinemann:
Oxford, UK, 2021; ISBN 978-0-12-819264-1.

6. Sato, A.; Chishima, E.; Soma, K.; Mori, T. Shape memory effect in y-¢ transformation in Fe-30Mn-1Si alloy single crystals. Acta
Metall. 1982, 30, 1177-1183. [CrossRef]

7. Sato, A.; Chishima, E.; Yamaji, Y.; Mori, T. Orientation and composition dependencies of shape memory effect in Fe-Mn-Si alloys.
Acta Metall. 1984, 32, 539-547. [CrossRef]

8.  Sato, A.; Yamaji, Y.; Mori, T. Physical Properties controlling Shape Memory effect in Fe-Mn-Si Alloys. Acta Metall. 1986, 34,
287-294. [CrossRef]

9. Murakami, M.; Suzuki, H.; Nakamura, Y. Effect of Si on the shape memory effect of polycrystalline Fe-Mn-Si alloys. J. Trans. Iron
Steel Inst. Jpn. 1986, 27, 87-92.

10. Otsuka, H.; Yamada, H.; Maruyama, T.; Tanahashi, H.; Matsuda, S.; Murakami, M. Effects of Alloying Additions on Fe-Mn-Si
Shape Memory Alloys. Iron Steel Inst. Jpn. Int. 1990, 30, 674—679. [CrossRef]

11.  Rong, L].; Ping, D.H.; Li, Y.Y.; Shi, C.X. Improvement of Shape Memory Effect in Fe-Mn Alloy by Cr and Ni addition. Scr. Metall.
Mater. 1995, 32, 1905-1909. [CrossRef]

12.  Soderberg, O.; Liu, X.W.; Yakovenko, P.G.; Ullakko, K.; Lindroos, V.K. Corrosion behavior of Fe-Mn-Si based shape memory steels
trained by cold rolling. Mater. Sci. Eng. A 1990, 273-275, 543-548. [CrossRef]

13. Maruyama, T.; Kurita, T. Ferrous shape memory alloys and their applications. Kinzoku 2004, 2, 48-51. [CrossRef]

14. Janke, L.; Czaderski, C.; Motavalli, M.; Ruth, J. Applications of shape memory alloys in civil engineering structures—Overview,
limits and new ideas. Mater. Struct. 2005, 38, 578-592. [CrossRef]

15. Sato, A.; Kubo, H.; Maruyama, T. Mechanical Properties of Fe-Mn-5i Based SMA and the Application. Mater. Trans. 2006, 47,
571-579. [CrossRef]

16. Sawaguchi, T.; Kikuchi, T.; Ogawa, K.; Kajiwara, S.; Ikeo, Y.; Kojima, M.; Ogawa, T. Development of prestressed concrete using
Fe-Mn-Si-based shape memory alloys containing NbC. Mater. Trans. 2006, 47, 580-583. [CrossRef]

17. Maruyama, T.; Kurita, T.; Kozaki, S.; Andou, K.; Farjami, S.; Kubo, H. Innovation in producing crane rail fishplate using
Fe-Mn-Si-Cr based shape memory alloy. Mater. Sci. Technol. 2008, 24, 908-912. [CrossRef]

18. Cladera, A.; Weber, B.; Leinenbach, C.; Czaderski, C.; Shahverdi, M.; Motavalli, M. Iron-based shape memory alloys for civil
engineering structures: An overview. Constr. Build. Mater. 2014, 63, 281-293. [CrossRef]

19. Druker, A.V,; Perotti, A.; Esquivel, I.; Malarria, ]. A manufacturing process for shaft and pipe couplings of Fe-Mn-Si-Ni-Cr shape
memory alloys. Mater. Design 2014, 56, 878-888. [CrossRef]

20. Sawaguchi, T.; Maruyama, T.; Otsuka, H.; Kushibe, A.; Inoue, Y.; Tsuzaki, K. Design Concept and Applications of FeMnSi-Based
Alloys—From Shape-Memory to Seismic Response Control. Mater. Trans. 2016, 57, 283-293. [CrossRef]

21. Nikulin, I.; Nagashima, N.; Yoshinaka, F.; Sawaguchi, T. Superior fatigue life of Fe- 15Mn-10Cr-8Ni-45i seismic damping alloy
subjected to extremely high strain amplitudes. Mater. Lett. 2018, 230, 257-260. [CrossRef]

22. Shahverdi, M.; Michels, ].; Czaderski, C.; Motavalli, M. Iron-based shape memory alloy strips for strengthening RC members:
Material behavior and characterization. Constr. Build. Mater. 2018, 173, 586-599. [CrossRef]

23. Hong, K.; Lee, S.; Han, S.; Yeon, Y. Evaluation of Fe-Based Shape Memory Alloy (Fe-SMA) as Strengthening Material for
Reinforced Concrete Structures. Appl. Sci. 2018, 8, 730. [CrossRef]

24. Sawaguchi, T.; Nikulin, I.; Ogawa, K.; Takamori, S.; Yoshinaka, F.; Chiba, Y.; Otsuka, H.; Inoue, Y.; Kushibe, A. Low-cycle fatigue
life and plasticity mechanisms of a Fe-15Mn-10Cr-8Ni-45i seismic damping alloy under cyclic loading at various temperatures.
Acta Mater. 2021, 220, 117267. [CrossRef]

25. Zhang, Z.X.; Zhang, J.; Wu, H.; Ji, Y.; Kumar, D.D. Iron-based shape memory alloys in construction: Research applications and
opportunities. Materials 2022, 15, 1723. [CrossRef] [PubMed]

26. Qiang, X.; Chen, L.; Jiang, X. Achievements and Perspectives on Fe-Based Shape Memory Alloys for Rehabilitation of Reinforced
Concrete Bridges: An Overview. Materials 2022, 15, 8089. [CrossRef]

27. Suzuki, T.; Motomura, S.; Kinoshita, T.; Inoue, Y.; Kushibe, A.; lida, T. Shape optimization of Hourglass-shaped damper using
Fe-Mn-Si-Based alloy considering target Load-displacement relationship and target fatigue characteristics. Constr. Build. Mater.
2023, 366, 130091. [CrossRef]

28. Qiang, X.; Wu, Y.; Wang, Y,; Jiang, X. Research Progress and Applications of Fe-Mn-Si-Based Shape Memory Alloys on Reinforcing
Steel and Concrete Bridges. Appl. Sci. 2023, 13, 3404. [CrossRef]

29. Olson, G.; Cohen, M. A general mechanism of martensitic nucleation: Part, I. General concepts and the FCC-HCP transformation.

Metall. Trans. A 1976, 7, 1897-1904. [CrossRef]


https://doi.org/10.1016/j.matdes.2013.11.084
https://doi.org/10.1016/0001-6160(82)90011-6
https://doi.org/10.1016/0001-6160(84)90065-8
https://doi.org/10.1016/0001-6160(86)90199-9
https://doi.org/10.2355/isijinternational.30.674
https://doi.org/10.1016/0956-716X(95)00049-2
https://doi.org/10.1016/S0921-5093(99)00396-2
https://doi.org/10.1533/9780857092625.2.141
https://doi.org/10.1007/BF02479550
https://doi.org/10.2320/matertrans.47.571
https://doi.org/10.2320/matertrans.47.580
https://doi.org/10.1179/174328408X302585
https://doi.org/10.1016/j.conbuildmat.2014.04.032
https://doi.org/10.1016/j.matdes.2013.11.032
https://doi.org/10.2320/matertrans.MB201510
https://doi.org/10.1016/j.matlet.2018.07.123
https://doi.org/10.1016/j.conbuildmat.2018.04.057
https://doi.org/10.3390/app8050730
https://doi.org/10.1016/j.actamat.2021.117267
https://doi.org/10.3390/ma15051723
https://www.ncbi.nlm.nih.gov/pubmed/35268954
https://doi.org/10.3390/ma15228089
https://doi.org/10.1016/j.conbuildmat.2022.130091
https://doi.org/10.3390/app13063404
https://doi.org/10.1007/BF02659822

Materials 2023, 16, 7517 21 of 24

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gu, Q.; Van Humbeeck, J.; Delaey, L. A review on the martensitic transformation and shape memory effect in Fe-Mn-Si alloys. J.
Phys. IV 1994, 3, 135-144. [CrossRef]

Nishiyama, Z. Martensitic Transformation; Academic Press: New York, NY, USA, 1978; ISBN 9780124145627.

Sawaguchi, T.; Nikulin, I.; Ogawa, K.; Sekido, K.; Takamori, S.; Maruyama, T.; Chiba, Y.; Kushibe, A.; Inoue, Y.; Tsuzaki, K.
Designing Fe-Mn-Si alloys with improved low-cycle fatigue lives. Scr. Mater. 2015, 99, 49-52. [CrossRef]

Otsuka, K.; Ren, X. Physical Metallurgy of Ti-Ni-based shape memory alloys. Prog. Mater. Sci. 2005, 50, 511-678. [CrossRef]
Lopez-Ferreno, I.; Gomez-Cortés, ].F.; Breczewski, T.; Ruiz-Larrea, I.; N6, M.L.; San Juan, ] M. High-temperature shape memory
alloys based on the Cu-Al-Ni system: Design and thermomechanical characterization. J. Mater. Res. Technol. 2020, 9, 9972-9984.
[CrossRef]

Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117, 371-392. [CrossRef]
Milewski, J.O. Additive Manufacturing of Metals; Springer International Publisher AG: Cham, Switzerland, 2017; ISBN 978-
3319582047.

DebRoy, T.; Wei, H.L.; Zuback, ].S.; Mukherjee, T.; Elmer, ].W.; Milewski, ].O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W.
Additive manufacturing of metallic components—Process, structure and properties. Prog. Mater. Sci. 2018, 92, 112-224. [CrossRef]
Elahinia, M.; Moghaddam, N.S.; Andani, M.T.; Amerinatanzi, A.; Bimber, B.A.; Hamilton, R.F. Fabrication of NiTi through
additive manufacturing: A review. Prog. Mater. Sci. 2016, 83, 630-663. [CrossRef]

Van Humbeeck, ]. Additive Manufacturing of Shape Memory Alloys. Shap. Mem. Superelasticity 2018, 4, 309-312. [CrossRef]
Xue, L.; Atli, K.C.; Zhang, C.; Hite, N.; Srivastava, A.; Leff, A.C.; Wilson, A.A ; Sharar, D.J.; Elvany, A.; Arroyave, R.; et al. Laser
Powder Bed Fusion of defect-free NiTi shape memory alloy parts with superior tensile superelasticity. Acta Mater. 2022, 229,
117781. [CrossRef]

Tian, J.; Zhu, W.; Wei, Q.; Wen, S.; Li, S.; Song, B.; Shi, Y. Process optimization, microstructures and mechanical properties of a
Cu-based shape memory alloy fabricated by selective laser melting. J. Alloys Compd. 2019, 785, 754-764. [CrossRef]

Babacan, N.; Pauly, S.; Gustmann, T. Laser powder bed fusion of a superelastic Cu-Al-Mn shape memory alloy. Mater. Design
2021, 203, 109625. [CrossRef]

Pérez-Cerrato, M.; Fraile, I.; Gémez-Cortés, J.F.; Urionabarrenetxea, E.; Ruiz-Larrea, I.; Gonzélez, I.; N6, M.L.; Burgos, N.; San
Juan, .M. Designing for Shape Memory in Additive Manufacturing of Cu-Al-Ni Shape Memory Alloy Processed by Laser Powder
Bed Fusion. Materials 2022, 15, 6284. [CrossRef] [PubMed]

Nilsén, F,; Ituarte, L.F,; Salmi, M.; Partanen, J.; Hannula, S.-P. Effect of process parameters on non-modulated Ni-Mn-Ga alloy
manufactured using powder bed fusion. Addit. Manuf. 2019, 28, 464-474. [CrossRef]

Laitinen, V.; Sozinov, A.; Saren, A.; Salminen, A.; Ullakko, K. Laser powder bed fusion of Ni-Mn-Ga magnetic shape memory
alloy. Addit. Manuf. 2019, 30, 100891. [CrossRef]

Sun, W.; Lu, X.; Wei, Z.; Li, Q.; Li, Z.; Zhang, Y.; Liu, J. Multicaloric effect in Ni-Mn-Sn metamagnetic shape memory alloy by laser
powder bed fusion. Addit. Manuf. 2022, 59, 103125. [CrossRef]

Rittinghaus, S.-K.; Shokri, H.; Shkodich, N.; Bruder, E.; Farle, M.; Gokce, B. Comparative insights into microstructure and
magnetism of Ni-Mn-Sn Heusler alloys manufactured by electron beam and laser beam powder bed fusion. Addit. Manuf. Lett.
2023, 7, 100159. [CrossRef]

Arabi-Hashemi, A.; Maeder, X.; Figi, R.; Schreiner, C.; Griffiths, S.; Leinenbach, C. 3D magnetic patterning in additive manufactur-
ing via sit-specific in-situ alloy modification. Appl. Mater. Today 2020, 18, 100512. [CrossRef]

Ferretto, L.; Kim, D.; Della-Ventura, N.M.; Shahverdi, M.; Lee, W.; Leinenbach, C. Laser powder bed fusion of a Fe-Mn-Si shape
memory alloy. Add. Manuf. 2021, 46, 102071. [CrossRef]

Kim, D,; Ferretto, L; Jeon, ].B.; Leinenbach, C.; Lee, W. Formation of metastable bce-d phase and its transformation to fcc-y in laser
powder bed fusion of Fe-Mn-Si shape memory alloy. J. Mater. Res. Technol. 2021, 14, 2782-2788. [CrossRef]

Kim, D.; Ferretto, I.; Kim, W.; Leinenbach, C.; Lee, W. Effect of post-heat treatment conditions on shape memory property in 4D
printed Fe-17Mn-5Si-10Cr-4Ni shape memory alloy. Mater. Sci. Eng. A 2022, 852, 143689. [CrossRef]

Ferretto, 1; Borzi, A.; Kim, D.; Della Ventura, N.M.; Hosseini, E.; Lee, W.J.; Leinenbach, C. Control of microstructure and shape
memory properties of a Fe-Mn-Si-based shape memory alloy during laser powder bed fusion. Add. Manuf. Lett. 2022, 3, 100091.
[CrossRef]

Jafarabadi, A.; Ferretto, I.; Mohri, M.; Leinenbach, C.; Ghafoori, E. 4D printing of recoverable buckling-induced architected
iron-based shape memory alloys. Mater. Design 2023, 233, 112216. [CrossRef]

Del-Rio, L.; N6, M.L.; Sota, A.; Perez-Casero, I.; Gomez-Cortés, ].E,; Pérez-Cerrato, M.; Veiga, A.; Ruiz-Larrea, I.; Ausejo, S.; Burgos,
N.; et al. Internal friction associated with ¢ martensite in shape memory steels produced by casting route and through additive
manufacturing: Influence of thermal cycling on the martensitic transformation. J. Alloys Compd. 2022, 919, 165806. [CrossRef]
Felice, I.O.; Shen, J.; Barragan, A.F.C.; Moura, .A.B.; Li, B.; Wang, B.; Khodaverdi, H.; Mohri, M.; Schell, N.; Ghafoori, E.; et al.
Wire and arc additive manufacturing of Fe-based shape memory alloys: Microstructure, mechanical and functional behavior.
Mater. Design 2023, 231, 112004. [CrossRef]

Chowdury, P; Canadinc, D.; Seitoglu, H. On deformation behavior of Fe-Mn based structural alloys. Mater. Sci. Eng. R 2017, 122,
1-28. [CrossRef]

Cotes, S.; Sade, M.; Fernandez-Guillermet, A. Fcc/Hcp Martensitic Transformation in the Fe-Mn System: Experimental Study and
Thermodynamic Analysis of Phase Stability. Metall. Mater. Trans. A 1995, 26, 1957-1969. [CrossRef]


https://doi.org/10.1051/jp4:1994319
https://doi.org/10.1016/j.scriptamat.2014.11.024
https://doi.org/10.1016/j.pmatsci.2004.10.001
https://doi.org/10.1016/j.jmrt.2020.07.002
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.pmatsci.2016.08.001
https://doi.org/10.1007/s40830-018-0174-z
https://doi.org/10.1016/j.actamat.2022.117781
https://doi.org/10.1016/j.jallcom.2019.01.153
https://doi.org/10.1016/j.matdes.2021.109625
https://doi.org/10.3390/ma15186284
https://www.ncbi.nlm.nih.gov/pubmed/36143595
https://doi.org/10.1016/j.addma.2019.05.029
https://doi.org/10.1016/j.addma.2019.100891
https://doi.org/10.1016/j.addma.2022.103125
https://doi.org/10.1016/j.addlet.2023.100159
https://doi.org/10.1016/j.apmt.2019.100512
https://doi.org/10.1016/j.addma.2021.102071
https://doi.org/10.1016/j.jmrt.2021.08.119
https://doi.org/10.1016/j.msea.2022.143689
https://doi.org/10.1016/j.addlet.2022.100091
https://doi.org/10.1016/j.matdes.2023.112216
https://doi.org/10.1016/j.jallcom.2022.165806
https://doi.org/10.1016/j.matdes.2023.112004
https://doi.org/10.1016/j.mser.2017.09.002
https://doi.org/10.1007/BF02670667

Materials 2023, 16, 7517 22 of 24

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Hoshino, Y.; Nakamura, S.; Ishikawa, N.; Yamaji, Y.; Matsumoto, S.; Tanaka, Y.; Sato, A. In-situ observation of partial dislocation
motion during y — ¢ transformation in a Fe-Mn-Si shape memory alloy. Mater. Trans. 1992, 33, 253-262. [CrossRef]

Tsuzaki, K.; Fukasaku, S.; Tomota, Y.; Maki, T. Effect of prior deformation of austenite on the y—¢ martensitic transformation.
Mater. Trans. Jpn. Inst. Metals 1991, 32, 222-228.

Jang, W.Y.; Gu, Q.; Van Humbeeck, J.; Delaey, L. Microscopic observation of y-phase and ¢- and «-martensite in Fe Mn Si-based
shape memory alloys. Mater. Charact. 1995, 34, 67-72. [CrossRef]

Otubo, J.; Mei, PR.; Koshimizu, S.; Shinohara, A.H.; Suzuki, C.K. Relationship between thermomechanical treatment, microstruc-
ture and o martensite in stainless Fe-based shape memory alloys. Mater. Sci. Eng. A 1999, 273-275, 533-537. [CrossRef]

Dong, Z.Z.; Kajiwara, S.; Kikuchi, T.; Sawaguchi, T. Effect of pre-deformation at room temperature on shape memory properties
of stainless type Fe-15Mn-5Si-9Cr-5Ni-(0.5-1.5)NbC alloys. Acta Mater. 2005, 53, 4009-4018. [CrossRef]

Min, X.H.; Sawaguchi, T.; Ogawa, K.; Maruyama, T.; Yin, EX.; Tsuzaki, K. Shape memory effect in Fe-Mn-Ni-Si-C alloys with low
Mn contents. Mater. Sci. Eng. A 2011, 528, 5251-5258. [CrossRef]

Peng, H.B.; Song, F.; Wang, S.L.; Zhang, C.Y.; Wen, Y.H. Role of carbon in improving the shape memory effect of Fe-Mn-Si—-Cr-Ni
alloys by thermo-mechanical treatments. Smart Mater. Struct. 2015, 24, 55010. [CrossRef]

Pérez-Saez, R.B.; N6, M.L.; San Juan, ].M. Internal friction in Fe-Mn-Cr-Si-Ni shape memory alloys. J. Alloys Compd. 1994, 211/212,
212-215. [CrossRef]

Chen, S.; Chung, C.Y,; Yan, C.; Hsu, T.Y. Effect of f.c.c. antiferromagnetism on martensitic transformation in Fe-Mn-Si based
alloys. Mater. Sci. Eng. A 1999, 264, 262-268. [CrossRef]

Wu, X,; Hsu, T.Y. Effect of the Neel temperature, Ty, on martensitic transformation in Fe-Mn-Si-based shape memory alloys.
Mater. Charact. 2000, 45, 137-142. [CrossRef]

Zhang, Y.S.; Lu, X; Tian, X.; Qin, Z. Compositional dependence of the Neel transition, structural stability, magnetic properties
and electrical resistivity in Fe-Mn-Al-Cr-Si alloys. Mater. Sci. Eng. A 2002, 334, 19-27. [CrossRef]

Maki, T.; Tsuzaki, K. Transformation behavior of e-martensite in Fe-Mn-Si shape memory alloys. In Proceedings of the Interna-
tional Conference on Martensitic Transformations (ICOMAT-92), Monterey, CA, USA, 20-24 July 1992; pp. 1151-1162.

Sato, A.; Mori, T. Development of a shape memory alloy Fe Mn Si. Mater. Sci. Eng. A 1991, 146, 197-204. [CrossRef]

Yang, J.; Wayman, C.M. Development of Fe-based shape memory alloys associated with face-centered cubic-hexagonal close-
packed martensitic transformations: Part III. microstructures. Metall. Trans. A 1992, 23, 1445-1454. [CrossRef]

Stanford, N.; Dunne, D.P. Effect of Si on the reversibility of stress-induced martensite in Fe-Mn-Si shape memory alloys. Acta
Mater. 2010, 58, 6752—6762. [CrossRef]

Guerrero, L.M.; La Roca, P.; Malamud, F,; Baruj, A.; Sade, M. Composition effects on the fcc-hcp martensitic tranbsformation and
on the magnetic ordering of the fcc structure in Fe-Mn-Cr alloys. Mater. Design 2017, 116, 127-135. [CrossRef]

Guerrero, L.M.; La Roca, P.; Malamud, F; Baruj, A.; Sade, M. A short review on the effect of Cr on the fcc-hcp phase transition in
Fe-Mn-based alloys. Shap. Mem. Superelasticity 2020, 6, 202-212. [CrossRef]

Peng, H.; Chen, ].; Wang, Y.; Wen, Y. Key factors achieving large recovery strains in polycrystalline Fe-Mn-Si-Based shape memory
alloys: A review. Adv. Eng. Mater. 2018, 20, 1700741. [CrossRef]

Kim, R.; Bae, C.; Kim, J. Effects of Ni Content on Reversible Deformation-Induced Martensitic Transformation of Fe-Mn—Cr-Si—Ni
Alloy Under Uniaxial Deformation. Metall. Mater. Trans A 2022, 53, 322-330. [CrossRef]

Hamers, A.A.H.; Wayman, C.M. Shape memory behavior in FeMnCo alloys. Scr. Metall. Mater. 1991, 25, 2723-2728. [CrossRef]
La Roca, P,; Marinelli, P,; Baruj, A.; Sade, M.; Fernandez-Guillermet, A. Composition dependent of the Néel temperature and the
entropy of the magnetic transition in the fcc phase of Fe-Mn and Fe-Mn-Co alloys. J. Alloys Compd. 2016, 688, 594-598. [CrossRef]
Chen, J.; Sun, J.; Yang, Q.; Peng, H.; Wang, S.; Wen, Y. Thermodynamic explanation for the large difference in improving shape
memory effect of Fe-Mn alloys by Co and Si addition. Adv. Eng. Mater. 2016, 18, 1426-1433. [CrossRef]

Jiang, B.; Xu, K.; Qi, X.; Zhou, W. Effects of cobalt content on martensitic transformation and shape memory effect in Fe-Mn-5i-Cr-
Ni alloys. J. Phys. IV France 2003, 112, 393-396. [CrossRef]

Bliznuk, V.V,; Gavriljuk, V.G.; Kopista, G.P,; Grigoriev, S.V.; Runov, V.V. Fluctuations of chemical composition of austenite and
their consequence on shape memory effect in Fe-Mn-(Si, Cr, Ni, C, N) alloys. Acta Mater. 2004, 52, 4791-4799. [CrossRef]

Chen, J.; Peng, H.B.; Yang, Q.; Wang, S.L.; Song, F.; Wen, Y.H. Effect of carbon content on shape memory effect of Fe-Mn-Si-Cr-Ni-
based alloys at different deformation temperatures. Mater. Sci. Eng. A 2016, 677, 133-139. [CrossRef]

Li, H.; Dunne, D.; Kennon, N. Factors influencing shape memory effect and phase transformation behaviour of Fe-Mn-Si based
shape memory alloys. Mater. Sci. Eng. A 1999, 273-275, 517-523. [CrossRef]

Stanford, N.; Dunne, D. Thermo-mechanical processing and the shape memory effect in an Fe-Mn-Si-based shape memory alloy.
Mater. Sci. Eng. A 2006, 422, 352-359. [CrossRef]

Yang, C.H.; Lin, H.C.; Lin, K.M,; Tsai, H.K. Effects of thermo-mechanical treatment on a Fe-30Mn—6Si shape memory alloy. Mater.
Sci. Eng. A 2008, 497, 445-450. [CrossRef]

Wen, Y.H.; Peng, H.B.; Raabe, D.; Gutierrez-Urrutia, I.; Chen, J.; Du, Y.Y. Large recovery strain in Fe-Mn-Si-Based shape memory
steels obtained by engineering annealing twin boundaries. Nat. Commun. 2014, 5, 4964. [CrossRef] [PubMed]

Fuster, V,; Druker, A.V.; Baruj, A.; Malarria, J.; Bolmaro, R. Characterization of phases in an Fe-Mn-Si-Cr-Ni shape memory alloy
processed by different thermomechanical methods. Mater. Charact. 2015, 109, 128-137. [CrossRef]


https://doi.org/10.2320/matertrans1989.33.253
https://doi.org/10.1016/1044-5803(94)00054-O
https://doi.org/10.1016/S0921-5093(99)00394-9
https://doi.org/10.1016/j.actamat.2005.04.035
https://doi.org/10.1016/j.msea.2011.03.059
https://doi.org/10.1088/0964-1726/24/5/055010
https://doi.org/10.1016/0925-8388(94)90485-5
https://doi.org/10.1016/S0921-5093(98)01105-8
https://doi.org/10.1016/S1044-5803(00)00066-8
https://doi.org/10.1016/S0921-5093(01)01781-6
https://doi.org/10.1016/0921-5093(91)90277-T
https://doi.org/10.1007/BF02647328
https://doi.org/10.1016/j.actamat.2010.08.041
https://doi.org/10.1016/j.matdes.2016.12.003
https://doi.org/10.1007/s40830-020-00285-z
https://doi.org/10.1002/adem.201700741
https://doi.org/10.1007/s11661-021-06529-6
https://doi.org/10.1016/0956-716X(91)90146-R
https://doi.org/10.1016/j.jallcom.2016.07.213
https://doi.org/10.1002/adem.201500645
https://doi.org/10.1051/jp4:2003909
https://doi.org/10.1016/j.actamat.2004.06.036
https://doi.org/10.1016/j.msea.2016.09.006
https://doi.org/10.1016/S0921-5093(99)00391-3
https://doi.org/10.1016/j.msea.2006.02.009
https://doi.org/10.1016/j.msea.2008.07.057
https://doi.org/10.1038/ncomms5964
https://www.ncbi.nlm.nih.gov/pubmed/25230134
https://doi.org/10.1016/j.matchar.2015.09.026

Materials 2023, 16, 7517 23 of 24

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Nikulin, I.; Sawaguchi, T.; Ogawa, K.; Tsuzaki, K. Effect of v to ¢ martensitic transformation on low-cycle fatigue behaviour and
fatigue microstructure of Fe-15Mn-10Cr-8Ni-xSi austenitic alloys. Acta Mater. 2016, 105, 207-218. [CrossRef]

Balagurov, A.M.; Bobrikov, I.A.; Pons, J.; Cifre, J.; Sun, L.Y.; Golovin, LS. Structure of the Fe-Mn-Si alloys submitted to y <> €
thermocycling. Mater. Charact. 2018, 141, 223-228. [CrossRef]

Peng, H.; Wang, G.; Wang, S.; Chen, J.; MacLaren, I.; Wen, Y. Key criterion for achieving giant recovery strains in polycrystalline
Fe-Mn-Si based shape memory alloys. Mater. Sci. Eng. A 2018, 712, 37-49. [CrossRef]

Arabi-Hashemi, A.; Lee, W.J.; Leinenbach, C. Recovery stress formation in FeMnSi based shape memory alloys: Impact of
precipitates, texture and grain size. Mater. Design 2018, 139, 258-268. [CrossRef]

Sun, L.; Cheng, W.C.; Balagurov, A.M.; Bobrikov, I. A ; Cifre, J.; Chudakov, I.B.; Jen, S.U.; Cheverikin, V.V.; Zadorozhnyy, M.Y,;
Golovin, LS. Effect of thermal cycling on microstructure and damping capacity of Fe-26Mn—4Si alloy. Mater. Charact. 2020, 159,
110001. [CrossRef]

Arabi-Hashemi, A.; Polatidis, E.; Smid, M.; Panzner, T.; Leinenbach, C. Grain orientation dependence of the forward and reverse
fcc <+ hep transformation in FeMnSi-based shape memory alloys studied by in situ neutron diffraction. Mater. Sci. Eng. A 2020,
782,139261. [CrossRef]

Urionabarrenechea, E. Estudio Experimental y Simulacién del Proceso de Produccion de Polvos Metalicos mediante Atomizacion
con Gas. Ph.D. Thesis, Universidad de Navarra, Donostia-San Sebastian, Spain, 2015.

Meier, H.; Haberland, C. Experimental studies on selective laser melting of metallic parts. Mat. Wiss Wekstoffen. 2008, 39, 665-670.
[CrossRef]

Gutierrez-Urrutia, I.; N6, M.L.; Carrefio-Morelli, E.; Guisolan, B.; Schaller, R.; San Juan, ].M. High performance very low frequency
forced pendulum. Mater. Sci. Eng. A 2004, 370, 435-439. [CrossRef]

San Juan, ].M.; Pérez-Saez, R.B. Transitory effects. Mater. Sci. Forum. 2001, 366-368, 416-436. [CrossRef]

Sato, A.; Ozaki, K.; Watanabe, Y.; Mori, T. Internal Friction due to ¢ — y Reverse Transformation in an Fe-Mn-Si-Cr Shape Memory
Alloy. Mater. Sci. Eng. A 1988, 101, 25-30. [CrossRef]

Pérez-Saez, R.B.; Recarte, V.; N6, M.L.; San Juan, ].M. Anelastic contributions and transformed volume fraction during thermoe-
lastic martensitic transformations. Phys. Rev. B 1998, 57, 5684-5692. [CrossRef]

Robinson, J.S.; McCormick, P.G. Shape Memory in an Fe-Mn-Si Alloy. Mater. Sci. Forum 1990, 56-58, 649-654. [CrossRef]
Federzoni, L.; Gex, D.; Gu, G.; Guénin, G.; Labrosse, D.; Mantel, M.; Van Humbeeck, J. Study of thermal e-phase martensite in a Fe-
Mn-Si-Cr-Ni shape memory alloy by X-ray diffraction and thermoelectric power. In Proceedings of the International Conference
Martensitic Transformations, Monterey Institute Advanced Studies, Monterey, CA, USA, 20-24 July 1992; pp. 1175-1180.

Liu, J.; Wen, P. Metal vaporization and its influence during laser powder bed fusion process. Mater. Des. 2022, 215, 110505.
[CrossRef]

Bollmann, W. (Ed.) Crystal Defects and Crystalline Interfaces; Springer: Berlin/Heilderberg, Germany, 1970; ISBN 978-3-642-49175-7.
[CrossRef]

Pond, R.C.; Bollmann, W. The symmetry and interfacial structure of bicrystals. Phil. Trans. R. Soc. Lond. A 1979, 292, 449-472.
[CrossRef]

Ferreto, I.; Sharma, A.; Kim, D.; Della Ventura, N.M.; Maeder, X.; Michler, J.; Hosseini, E.; Lee, W.].; Leinenbach, C. Fabrication of
FeMnSi-based shape memory alloy components with graded-microstructures by laser powder bed fusion. Addit. Manuf. 2023, 78,
103835. [CrossRef]

Peng, H.; Wen, Y; Du, Y.; Chen, |J.; Yang, Q. A New Set of Creq and Nieq Equations for Predicting Solidification Modes of Cast
Austenitic Fe-Mn-Si-Cr-Ni Shape Memory Alloys. Metall. Mater. Trans. B 2014, 45, 6-11. [CrossRef]

Forsberg, A.; Agren, J. Thermodynamic Evaluation of the Fe-Mn-Si System and the y/¢ Martensitic Transformation. J. Phase
Equilibria 1993, 14, 354-363. [CrossRef]

Zheng, W.; Lu, X.G; He, Y,; Cui, Y,; Li, L. Thermodynamic assessment of the Fe-Mn-Si system and atomic mobility of its fcc
phase. J. Alloys Compd. 2015, 632, 661-675. [CrossRef]

Wen, Y.H.; Peng, H.B.; Sun, PP; Liu, G,; Li, N. A novel training-free cast Fe-18Mn-5.55i-9.5Cr—4Ni shape memory alloy with
lathy delta ferrite. Scr. Mater. 2010, 62, 55-58. [CrossRef]

Zhang, X.; Yocom, C.J.; Mao, B.; Liao, Y. Microstructure evolution during selective laser melting of metallic materials: A review. J.
Laser Appl. 2019, 31, 031201. [CrossRef]

Jagle, E.A.; Sheng, Z.; Wu, L.; Lu, L.; Risse, J.; Weisheit, A.; Raabe, D. Precipitation Reactions in Age-Hardenable Alloys During
Laser Additive Manufacturing. J. Alloys Compd. 2016, 68, 943-949. [CrossRef]

Kraner, J.; Medved, J.; Godec, M.; Paulin, I. Thermodynamic Behavior of Fe-Mn and Fe-Mn-Ag Powder Mixtures during Selective
Laser Melting. Metals 2021, 11, 234. [CrossRef]

Putaux, ].L.; Chevalier, ].P. HREM study of self-accommodated thermal martensite in an Fe-Mn-Si-Cr-Ni shape memory alloy.
Acta Mater. 1996, 44, 1701-1716. [CrossRef]

Bergeon, N.; Guenin, G.; Esnouf, C. Characterization of the stress-induced martensite in a Fe-Mn-S5i—Cr—Ni shape memory alloy:
Microstructural observation at different scales, mechanism of formation and growth. Mater. Sci. Eng. A. 1997, 238, 309-316.
[CrossRef]

Jiang, B.; Tadaki, T.; Mori, H.; Hsu, T.Y. In situ TEM observation of Martensitic Transformation during Tensile Straining in an
Fe-Mn-Si Shape Memory Alloy. Mater. Trans. JIM 1997, 38, 1072-1077. [CrossRef]


https://doi.org/10.1016/j.actamat.2015.12.002
https://doi.org/10.1016/j.matchar.2018.04.052
https://doi.org/10.1016/j.msea.2017.11.071
https://doi.org/10.1016/j.matdes.2017.11.006
https://doi.org/10.1016/j.matchar.2019.110001
https://doi.org/10.1016/j.msea.2020.139261
https://doi.org/10.1002/mawe.200800327
https://doi.org/10.1016/j.msea.2003.07.023
https://doi.org/10.4028/www.scientific.net/MSF.366-368.416
https://doi.org/10.1016/0921-5093(88)90046-9
https://doi.org/10.1103/PhysRevB.57.5684
https://doi.org/10.4028/www.scientific.net/MSF.56-58.649
https://doi.org/10.1016/j.matdes.2022.110505
https://doi.org/10.1007/978-3-642-49173-3
https://doi.org/10.1098/rsta.1979.0069
https://doi.org/10.1016/j.addma.2023.103835
https://doi.org/10.1007/s11663-013-0005-8
https://doi.org/10.1007/BF02668233
https://doi.org/10.1016/j.jallcom.2015.01.261
https://doi.org/10.1016/j.scriptamat.2009.10.004
https://doi.org/10.2351/1.5085206
https://doi.org/10.1007/s11837-015-1764-2
https://doi.org/10.3390/met11020234
https://doi.org/10.1016/1359-6454(95)00268-5
https://doi.org/10.1016/S0921-5093(97)00458-9
https://doi.org/10.2320/matertrans1989.38.1072

Materials 2023, 16, 7517 24 of 24

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Hong, J.S.; Lee, YK. The mechanism of dislocation multiplication during thermally induced -y <+ ¢ transformations in the Fe-17Mn
alloy. Scr. Mater. 2023, 225, 115157. [CrossRef]

Nakada, N.; Ishibashi, Y.; Tsuchiyama, T.; Takaki, S. Self-stabilization of un- transformed austenite by hydrostatic pressure via
martensitic transformation. Acta Mater. 2016, 110, 95-102. [CrossRef]

Hong, J.S.; Choi, S.M.; Lee, Y.K. Stasis mechanism of y — ¢ martensitic transformation in Fe-17Mn alloy. Acta Mater. 2021, 210,
116846. [CrossRef]

Scheel, P.; Markovic, P.; Van Petegem, S.; Makowska, M.G.; Wrobel, R.; Mayer, T.; Leinenbach, C.; Mazza, E.; Hosseini, E. A close
look at remperature profiles during laser powder bed fusion using operando X-ray diffraction and finite element simulations.
Add. Manuf. Lett. 2023, 6, 100150. [CrossRef]

Ferreto, I.; Kim, D.; Mohri, M.; Ghafoori, E.; Lee, W.J.; Leinenbach, C. Shape recovery performance of a (V,C)-containing
Fe-Mn-5i-Ni-Cr shape memory alloy fabricated by laser powder bed fusion. J. Mater. Res. Technol. 2022, 20, 3969-3984. [CrossRef]
Kim, D.; Ferreto, I.; Leinenbach, C.; Lee, W.; Kim, W. Effect of direct aging microstructure, mechanical properties and shape
memory behavior of Fe-17Mn-5Si-10Cr-4Ni-(V,C) shape memory alloy fabricated by laser powder bed fusion. Mater. Charact.
2023, 197, 112705. [CrossRef]

Rodriguez-Aseguinolaza, J.; Ruiz-Larrea, I.; N6, M.L.; Lopez-Echarri, A.; San Juan, J. A new quantitative approach to the
thermoelastic martensitic transformation: The density of elastic states. Acta Mater. 2008, 56, 6283-6290. [CrossRef]

Ruiz-Larrea, I.; Lopez-Echarri, A.; Gémez-Cortés, J.F.; N6, M.L.; Brown, D.W,; Balogh, L.; Breczewski, T.; San Juan, J. Strain
relaxation in Cu-Al-Ni shape memory alloys studied by in situ neutron diffraction experiments. J. Appl. Phys. 2019, 125, 082536.
[CrossRef]

Bertoli, U.S.; Guss, G.; Wu, S.; Matthews, M.].; Schoenung, ].M. In-situ characterization of laser-powder interaction and cooling
rates through high-speed imaging of powder bed fusion additive manufacturing. Mater. Design 2017, 135, 385-396. [CrossRef]
Tehumalla, S.; Seita, M.; Zaefferer, S. Delineating dislocation structures and residual stresses in additively manufactured alloys.
Acta Mater. 2023, 262, 119413. [CrossRef]

Kohnen, P.; Ewald, S.; Schleifenbaum, J.H.; Belyakov, A. Controlling microstructure and mechanical properties of additively
manufactured high-strength steels by taylored solidification. Add. Manuf. 2020, 35, 101389. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.scriptamat.2022.115157
https://doi.org/10.1016/j.actamat.2016.03.048
https://doi.org/10.1016/j.actamat.2021.116846
https://doi.org/10.1016/j.addlet.2023.100150
https://doi.org/10.1016/j.jmrt.2022.08.143
https://doi.org/10.1016/j.matchar.2023.112705
https://doi.org/10.1016/j.actamat.2008.08.059
https://doi.org/10.1063/1.5049216
https://doi.org/10.1016/j.matdes.2017.09.044
https://doi.org/10.1016/j.actamat.2023.119413
https://doi.org/10.1016/j.addma.2020.101389

	Introduction 
	State of the Art and Challenges for AM of Fe-Mn-Si-Based SMA 
	Materials and Methods 
	Powder Atomization 
	LPBF: Selective Laser Melting 
	Microstructural Characterization Methods 
	Phase Transformations Characterization Techniques 

	Experimental Results 
	Microstructure Characterization 
	As-Built Microstructure 
	Microstructure after Thermal Treatment at 1200 K 
	Microstructure after Thermal Treatment at 1350 K 

	Martensitic Transformation 
	Thermal Cycling Behavior 

	Perspectives and Opportunities of AM in Fe-Mn-Si-Based SMA 
	Conclusions 
	References

