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This work demonstrates the tailoring of the microstructure of two FeMnSi-based shape memory alloys during
laser powder bed fusion. Significant variations in the microstructure of the parts can be induced by modifying the
scanning speed or the scanning strategy during the process. Specifically, the volume phase fractions, texture, and
grain size and morphology change with the applied processing parameters as the thermal history experienced by
the material is modified. Additionally, the generally undesired Mn evaporation during laser melting can be
deliberately exploited to manipulate the phase composition in the final microstructure. Taking advantage of this,
graded-microstructure samples with tailored amounts of the two phases (bcc-6 and fee-y) and distinct micro-
structure at different locations can be fabricated. A good combination of pronounced shape memory effect and
ultrahigh strength can be achieved in this way. The findings of this study offer valuable insights that can drive
future research and advancements in additive manufacturing, opening exciting opportunities for the fabrication

of multifunctional and high performance materials.

1. Introduction

Fe-based shape memory alloys (Fe-SMAs) are special alloys that re-
turn to their original configuration after being deformed. The mecha-
nism responsible for the shape recovery is the reversible phase
transformation between the fcc-y austenite phase and the hcp-e
martensite phase [1]. When a load is applied, the fcc-y austenite
partially transforms to hcp-¢ martensite. The latter changes back to the
austenite phase if heating is applied. In this way, the shape memory
effect (SME) is activated, and the SMAs can partially recover their
original shape [2]. A partial recovery of deformation already takes place
when the load is removed because of the so called material’s
pseudo-elasticity (PE). The extent of recoverability strongly depends on
microstructural features, such as volume phase fractions (fcc-y and bce-8
phases) [3], grain size [4], and crystallographic texture [5,6].

Laser powder bed fusion (LPBF) is an additive manufacturing (AM)
technique that allows for the manipulation of the microstructure of the
fabricated parts. By changing the LPBF process parameters, components
with varying microstructures can be manufactured, as the thermal

history experienced by the material during deposition can be site-
specifically modified [7,8]. The solidification mode of the material
can be controlled by varying laser parameters (e.g., laser power, scan-
ning speed) [9] and scanning patterns [10]. With this approach, it be-
comes feasible to effectively adjust the crystallographic texture, as well
as the grain size and morphology of various alloy categories, such as
stainless steels and Ni-alloys, both in the LPBF process and in electron
beam melting (EBM) techniques [11-17]. This development opens up
new possibilities for deliberate microstructural engineering, facilitating
the manufacturing of customized components with distinct microstruc-
tures (and consequently, unique properties) in different regions across
the sample [9]. By changing the scanning strategy, for example, equi-
axed solidification only in certain regions of a Ni-alloy sample could be
introduced [18]. With the variation in the laser scanning angle during
the process, stainless steel samples with areas displaying distinct tex-
tures could be manufactured [12]. Arabi-Hashemi et al. demonstrated
that site-specific modifications of the LPBF parameters (i.e. Volumetric
Energy Density, VED) can selectively stabilize the ferromagnetic bcc
phase while suppressing the paramagnetic fcc phase through controlled
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evaporation of nitrogen in selected places of high-nitrogen steel parts
[19].

In the context of SMAs, it has been observed that the microstructure
of LPBF-manufactured parts and the resulting shape memory properties
are rather sensitive to the applied processing conditions. Several studies
on Ni-Ti SMAs show the potential of LPBF for controlling chemical
composition and transformation temperatures of this alloy system [20,
21]. Modifications of processing parameters affect the amount of Ni
evaporation, size and density of precipitates, and grain size. As these
microstructural factors have a direct impact on the transformation
temperatures of the material, LPBF parameters can be utilized to tune
the shape memory properties of Ni-Ti parts based on the desired appli-
cations [22,23].

Contrary to the Ni-Ti alloys, the effect of laser parameters on the
microstructure of LPBF-fabricated Fe-SMAs has been only scarcely
studied until now. The work in [24] points out that the microstructure
evolution upon processing of a Fe-Mn-Al-Si SMA is strongly affected by
specimen geometry and laser parameters. Significant changes in the
microstructure with variation of bar size has been demonstrated,
showing a drastic transition from a fine-grained to a strongly-textured
columnar-grained microstructure with increasing bar diameter. Recent
papers investigate the microstructure modifications introduced by
varying VED during LPBF of Fe-Mn-Si-based SMAs [5,25]. For the
Fe-17Mn-5Si-10Cr-4Ni SMA [5], a significant reduction in ferrite con-
tent and grain refinement are induced by the use of high VEDs. The
generated (almost) fully austenitic microstructure leads to a better
combination of pronounced ductility, high strength and large recovery
strain compared to parts fabricated with lower VED. The amount and
distribution of becc-8 ferrite and fec-y austenite of a similar alloy but
containing V and C (Fe-17Mn-5Si-9Cr-5Ni-(V,C)) could also be modified
by varying the scanning speed during the LPBF process, affecting the
components’ performance [3].

The present work is a continuation and an extension of these previ-
ous studies. The possibility of applying LPBF for the microstructure
manipulation in the two SMAs, Fe-17Mn-5Si-10Cr-4Ni and Fe-17Mn-
5Si-10-Cr-4Ni-(V,C), is systematically explored with regard to the
fabrication of graded-microstructure components. Site-specific modifi-
cations of the scan velocity as well as rescanning strategies are applied to
introduce local variations in the microstructure of the LPBF parts by
controlling the evaporation of the volatile element Mn and the solidifi-
cation conditions during the process. This approach allows for the
optimization of material properties, achieving an excellent combination
of strength and shape memory properties. As a result, the overall per-
formance of the parts is enhanced, leading to improved functionality and
reliability. Additionally, this strategy of site-specific microstructure
control paves the way to the production of novel complex geometries
with customized material properties, offering opportunities for inno-
vation and advancement across industries such as aerospace, automo-
tive, and healthcare, and fostering the development of advanced
materials with unique characteristics and tailored properties.

2. Materials and methods
2.1. Sample preparation

In this work, two different Fe-Mn-Si-based SMAs are studied. The
first investigated alloy, designated as Al, is the same SMA as in the
previous studies (all values in wt%: Mn 17.0, Cr 9.9, Si 4.6, Ni 4.6) [5,
26]. The powder particles are generally spherical (Figure Al-a in Ap-
pendix A), with a median particle size (ds) of 29.7 ym and a size dis-
tribution ranging from 10 um to 50 pm.

The second alloy investigated has a similar composition of Al but
also contains V and C (all values in wt%: Mn 17.8, Cr 10.6, Si 4.8, Ni 4.2,
V 0.7, C 0.2). Here, V and C are added to induce carbide precipitation
upon aging, which can significantly improve the strength and pseudo-
elastic properties of the material [27]. This second powder (A2) has
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spherical particles, with some satellites on the surfaces. The powder
particles have a dsg of 33 pm. The particle size is between 22 um and 48
um (Figure Al-b in Appendix A). Both powders were produced by gas
atomization in Argon atmosphere (Metal Player Co., Ltd., Republic of
Korea, for A1, and voestalpine BOHLER Edelstahl GmbH & Co KG, for
A2). According to the powder specifications provided by the manufac-
turers, the alloys contained impurities such as P, S and N in quantities <
0.01 wt%, while the amount of O and H has not been determined.

In a first step, simple cubes (10 mm®) were fabricated using a wide
range of processing parameters. The samples were produced within an
Argon atmosphere (with Oxygen content below 0.1%) utilizing a Sisma
MySint 100 additive manufacturing system (Sisma S.p.A., Italy) oper-
ating in continuous mode. The system employed a 200 W 1070 nm fiber
laser with a Gaussian intensity distribution, resulting in a spot size of 55
um. The VED (Volumetric Energy Density), which ranges between 72 J/
mm?® and 583 J/mm3, is defined as:

P

VED =
vxhxt

@

where P indicates the laser power, v the scanning speed, h the hatch
distance, and t the layer thickness. To achieve different values of VED, P
(between 130 W and 175 W) and v (between 100 mm/s and 600 mm/s)
were changed, whereas h and t were set at 0.1 mm and 0.03 mm,
respectively.

Another set of cubic samples was fabricated using rescanning. With
rescanning, the already solidified layer is scanned again by the laser
before depositing the next powder layer [18]. The first and second scans
were performed using different scanning speeds, whereas the power was
kept constant at 175 W. The scanning speeds applied range from
100 mm/s to 600 mm/s.

Finally, two different approaches have been adopted to produce
functionally-graded samples with spatially varying microstructures. The
first consisted in locally modifying the scanning speed in different areas
of the samples. The second focused on the rescanning strategy. Once the
laser completely scanned the powder layer for the first time, some spe-
cific regions of the layer were scanned for a second time.

2.2. Microstructure characterization

The manufactured samples were cut along the build direction (BD)
for cross-sectional examinations. To prepare the cross section for
microstructure analysis, a sequence of grinding steps was performed
using SiC paper with grit sizes of 600, 1200, 2500, and 4000. For the
final polishing, colloidal silica with a particle size of 50 nm was used.
The microstructure of the samples was evaluated through optical mi-
croscopy (OM) utilizing a Zeiss Axiovert 100 A microscope coupled with
a Canon DSLR camera. Electron backscatter diffraction (EBSD) data
were collected using a Tescan Mira scanning electron microscope (SEM)
equipped with an EDAX DigiView camera and processed with the EDAX
OIM Analysis 7.3 software. The EBSD analysis aimed to investigate
volume phase fractions, grain size, and texture in different areas of the
samples. The chemical composition of the parts was determined by
energy-dispersive X-ray (EDX) using the SEM Tescan Mira equipped
with an EDAX Octan plus 30 mm? EDS detector. Magnetic induction
measurements using the feritscope FMP30C were utilized to (semi)
quantify the amount of the ferrite phase bcc-6 in the samples [28].

2.3. Characterization of mechanical and shape memory properties

A few samples were selected to investigate the mechanical and shape
memory properties by compression uniaxial test of cylindrical samples
with an Electromechanical Central Spindle testing machine [LFMZ-50-
HM]. The samples were pre-strained to 2% with a deformation rate of
0.2 mm/min. Following the unloading process, the samples were sub-
jected to a thermal cycle of heating up to 200 °C and then cooling to
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room temperature (RT) at 2 °C/min. The strain evolution was monitored
throughout the thermal cycle using a side-entry extensometer. The
extensometer recorded the final strains at 200 °C (grec,200 °c), Which
were then designated as the recovery strain [29]. As utilized for
Ni-Ti-SMAs [30-32] or Fe-SMAs [24], the height-to-diameter ratio of the
cylindrical samples is 1.5 (5 mm diameter, 7.5 mm height). Samples
were cut by electro-discharge machining (EDM) from blocks (10x6x6
mm?) such that the loading direction (LD) of the samples is perpendic-
ular to the BD.

The SME was also characterized in a tensile deformation mode with
flat dog-bone shape. Rectangular blocks (63 mm x 20 mm x 20 mm)
were fabricated, from which flat tensile dog-bone samples were cut by
EDM. The flat samples have a gauge with a width of 1.6 mm, a thickness
of 1.5 mm, and a length of 32 mm. The LD of the samples is perpen-
dicular to the BD. Offset yield strengths at 0.1% and 0.2% strain (6¢ 19,
60.29) were measured in a Zwick/Roell Z020 tensile testing machine.
The machine has a climate chamber for SME characterization. The strain
was recorded by a clip-on extensometer equipped with a thermocouple
to measure its temperature during the tests and subsequently compen-
sate for the temperature effect on extensometer readings. After pre-
straining to 2% (deformation rate of 0.2 mm/min), the samples were
unloaded to a load of 10 N. The samples were heated (200 °C) and
cooled, maintaining this load constant. The strain at RT was defined as
recovery strain (grec)-

In addition to the recovery strain, the SME under constraints, i.e., the
material’s recovery stress, was determined. After pre-straining, the same
heating and cooling profile was applied to the samples while the ma-
chine crosshead was fixed. The developed stress at RT (after the thermal
cycle) was defined as recovery stress, 6rc. More information about the
recovery stress measurements for Fe-Mn-Si SMAs can be found else-
where [4,33]. Also, the pseudo-elastic strain (gpse) was calculated from
the pre-straining curves as the difference between the strain achieved
considering a linear unloading and the effective strain measured upon
unloading [34].

Micro-hardness measurements were conducted using a Fischerscope
HM2000 microhardness tester to determine the hardness of the fabri-
cated blocks. A load of 300 mN was applied for a duration of 10 s.
Hardness measurements were performed in an array of 40 points with
0.1 mm spacing between the points.

3. Results
3.1. Microstructure formation

Fig. 1 shows the variation of the amount of bec-6 with the VED
(Fig. 1-a) and the scanning speed (Fig. 1-b,c) for the samples fabricated
from the alloys Al and A2, measured using the feritscope. A different
trend is observed for the two alloys. The amount of ferrite in the Al
samples (Fig. 1-a) decreases with increasing VED until it reaches a
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minimum in the ferrite content (below 10%) for a VED of 194 J, /mm_3 At
very high VED, the ferrite content starts to increase again and reaches
values of more than 90%. From Fig. 1-b, it can be seen that the applied
scanning speed plays a key role in the amount of ferrite formation.
Independently from the applied laser power, the use of a relatively low
scanning speed of 300 mm/s induces a significant reduction in the
amount of ferrite (Fig. 1-b). The highest amounts of ferrite are measured
in the samples fabricated with a high (600 mm/s) or very low scanning
speed (200 mm/s).

A different trend is observed for the A2 samples, for which the
amount of ferrite progressively increases with the increase in the VED
(Fig. 1-a). The microstructure of the A2 samples fabricated at low VED
consists of an almost fully austenitic microstructure (less than 10% of
ferrite). The ferrite content slightly increases for the scanning speed of
450 mm/s and 300 mm/s, and increases significantly for the lowest
speed of 200 mm/s (Fig. 1-c).

Another important parameter, which affects the microstructure of
the fabricated components, is the scanning strategy.

Laser rescanning is normally used to improve the surface quality on
the top surfaces and increase the density of the parts [35,36]. Variations
in the microstructure, such as grain morphology and grain size, can also
be introduced with rescanning [18]. For the rescanned samples in the
present work, the laser power was set at 175 W. Considering the strong
effect of the scanning velocity on microstructure formation (see Fig. 1-b,
c), different scanning speeds for the first scan and the rescanning were
tested. The applied scanning speeds range from 100 mm/s to 600 mm/s.
Table Al in Appendix A summarizes the different fabricated samples and
the applied scanning speeds. Fig. 2 shows the microstructure of two
samples fabricated using the rescanning strategy (Alloy Al). For the first
sample, the scanning speeds are 250 mm/s for the first scan and the
rescan. For the second sample, the scanning speed is 400 mm/s for both
scans. The EBSD analysis of the other samples fabricated using rescan-
ning is shown in Figure A2 in Appendix A. It is observed that, regardless
the applied scanning speeds, rescanning strategy leads to an almost fully
ferritic microstructure, with coarse elongated grains with a preferential
< 001 > orientation along the BD. Despite the high heat accumulation
caused by rescanning, almost no defects are observed in the micro-
structure of the rescanning samples (Figure A3 of Appendix A). Only
when the scanning speed is drastically reduced for both the first scan and
rescanning (250 mm/s) cracking is observed. A few spherical pores form
in the rescanned samples probably due to keyholes and/or porosity of
the powders (red arrows in Fig. A3) [5,37]. Lack of fusion defects are
generated when the high speed of 600 mm/s is applied (Figure A3-b of
Appendix A), especially when the alloy A2 is used, due to a lack of
proper overlapping of melt pools [38]. However, the use of rescanning
seems to eliminate this type of defects (Fig. A3-b).
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Fig. 1. Variation in the amount of bec-6 ferrite in samples fabricated from alloys Al (red) and A2 (blue) with the VED (a) and with the scanning speed (b,c);.
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Fig. 2. EBSD maps with phase coloring (a,d), EBSD maps with IPF coloring related to the BD (b,e) and IPFs related to the BD and the two scanning directions (SD) (c,
f) of the samples fabricated using rescanning (first and second scans at 250 mm/s and 400 mm/s);.

3.2. Graded-microstructure samples

The reported examples demonstrate that full control of the phase and
microstructure formation could be achieved with these alloys during the
LPBF process. Grain size, phase fractions, and texture could be site-
specifically modified by tailoring the processing parameters on a local
scale, allowing the fabrication of graded-microstructure samples.

A first sample with dimensions of 4x4x4 mm® was fabricated from
the alloy Al by modifying the scan velocity and, therefore, the VED in
different areas of the sample (Fig. 3-a).

Simply by changing the scan velocity from 100 mm/s (VED1) to
600 mm/s (VED2) in different regions of the part, a "chess-board"
sample with a dual-phase bcc-6 and fcc-y microstructure could be
fabricated. The areas in which the lower scan velocity was applied are
characterized by refined austenitic grains with a < 101 > texture. The
average grain size is about 7.5 + 3.1 um (Fig. 3-b,d). The austenitic re-
gions are alternated with areas of coarse elongated grains of bec-5 ferrite
preferentially < 001 > oriented and obtained by reducing the VED
(Fig. 3-b,c,d).

Graded-microstructure samples could also be fabricated using alloy
A2. Bigger blocks were manufactured to machine compression samples
and test their mechanical and shape memory properties (see Section
3.3). The scanning speed was locally changed at different locations of
the samples. The fabricated blocks have total dimensions of
10 x 6 x 6 mm?® and the single regions fabricated at different speeds are
1-mm wide. The scan direction was rotated by 90° between two adjacent
regions in order to avoid excessive heat accumulation at the interface.
The samples were produced by alternating fast scanning speeds
(400 mm/s, Figure A4 in Appendix A, or 600 mm/s, Fig. 4) with a low
speed of 100 mm/s in adjacent regions. In every region, the laser power
and the hatch spacing were kept constant at 175 W and 0.1 mm,
respectively. The layer thickness was set to 0.03 mm. In this way,

layered samples with a clear difference in the phase microstructure of
the differently-scanned regions could be fabricated, as shown in Fig. 4
(and Figure A4 in Appendix A). Contrary to the previous sample fabri-
cated from alloy A1, for alloy A2 the reduction in the scanning speed to
100 mm/s causes the formation of ferrite grains that are particularly
coarse (average grain size of 34.0 & 10.1 um), whereas the increase in
speed favors the formation of austenite phase (Fig. 4). As can be seen in
Table 1 and Fig. 4-c,d, Mn is selectively evaporated in the regions
fabricated at high VED, where the amount of Mn reduces below 8 wt%.
The amount of the other elements is almost the same in the differently-
scanned areas. The areas scanned at 100 mm/s are slightly richer in Fe,
Cr, and Ni (Table 1 and Figure A6 in Appendix A). However, the dif-
ference in the amount of Fe, Cr, Ni is rather limited compared to the
amount of Mn (the amount of Mn reduces to almost half in the 100 mm/s
regions). With the high scanning velocity of 600 mm/s (or 400 mm/s),
evaporation phenomena are limited or completely avoided (Fig. 4-b).
The areas created by higher VED do not have equivalent sizes as initially
intended in the CAD input file, where each layer should be 1-mm wide.
The coarse ferritic areas are larger, which can be attributed to the larger
dimensions of the melt pools associated with high VED [19]. Despite the
evaporation of Mn and the use of very low scanning speed, keyhole
porosity is rather limited. Only a few pores are observed in the regions
scanned at 100 mm/s, as shown in Figure A5-a of Appendix A.
Rescanning was also applied for the fabrication of samples with
mixed bcc-8/fcc-y microstructure using the alloy Al. "Islands" with
different microstructures were introduced within the samples using se-
lective rescanning. For example, as shown in Fig. 5, only the letters
"SNF" were scanned a second time after the first laser scan (Fig. 5-a). The
laser parameters used for the first and second scans were optimized to
avoid excessive heat accumulation within the part that can cause defect
formation. Fig. 5 shows the samples fabricated with different scan ve-
locities. The two distinct phases can be identified by OM. The austenite
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Fig. 3. Example of sample with a mixed microstructure; OM image of the top-view of the sample, showing light contrast due to the formation of different phases in
different regions of the sample (a); EBSD maps with phase coloring (b) and with IPF coloring related to the BD (c) showing the distinct phase fraction and grain size in
differently-scanned areas; grain size distribution (d) and IPFs related to the BD for the fully-austenitic areas (scanned at high VED, VED1) and of the fully-ferritic

areas (scanned at low VED, VED 2) (e);.

phase appears brighter, whereas the ferrite phase contrasts darkly.
When the laser speed is too low in the first scan (i.e., 250 mm/s or
300 mm/s), the rescanned areas show high spherical porosity, presum-
ably due to excessive Mn evaporation. Long cracks also form because of
the presence of large regions of brittle ferrite (Fig. 5-b). The best com-
bination of scan velocities was found to be 400 mm/s for the first scan,
followed by the second scan performed at 250 mm/s. The as-fabricated
sample was investigated via EBSD. For these processing conditions, the
fine-grained austenitic microstructure with an average grain size of
11.0 &+ 4.4 ym generated during the first scan at 400 mm/s could be
completely transformed into a coarse-grained ferritic microstructure
(average grain size of 49.3 + 11.7 um) in the rescanned area.

Rescanning was also applied for alloy A2 (Fig. 6). The processing
parameters, i.e., the scan velocity for the first scan and second scan, were
optimized in order to obtain a pronounced difference in the micro-
structure of the two regions (single-scanned and rescanned) in terms of
grain size and bce-8/fcc-y phase fractions. As in the previous case, blocks
of 10 mm length and 6 mm height and width were fabricated. With the
same applied parameters bigger blocks (63x15x15 mm?) were also
fabricated to machine dog-bone samples for tensile testing.

Blocks were firstly entirely scanned at a faster speed of 600 mm/s.
With this speed, the lowest amount of ferrite is observed in the micro-
structure and coarse austenite grains form (Fig. 1). However, lack of
fusion defects are created (Figure A5-b in Appendix A). Directly after the

first scan, only equidistant narrow regions were rescanned with a
scanning speed of 250 mm/s. The width of the rescanned regions was
varied for different samples (R-1 mm, R-0.5 mm and R-0.25 mm). For
comparison, one sample was fabricated without rescanning and using a
speed of 600 mm/s (NO-R sample). Fig. 6 shows the EBSD maps of the
three rescanned samples. The rescanned regions are marked with "R" in
the images. The resulting microstructure is a dual-phase microstructure,
where the austenite grains are relatively refined by the rescanning.
Rescanning also eliminates the lack of fusion defects produced by
scanning at high speed (Figure A5-b of Appendix A). Some regions of the
samples are almost completely free from defects.

The local microstructure modification introduced by rescanning al-
lows for the fabrication of graded samples showing regions of coarser
grains of austenite (single-scanned areas) and regions of fine-grained
austenite and ferrite (rescanned areas). Position and size of the fine-
grained dual-phase areas can be modified as desired, simply by chang-
ing the location and the extent of rescanning in the samples. As shown in
Fig. 6, in samples R-1 mm and R-0.5 mm, the coarse-grained regions are
separated by regions of finer grains of approximately 1 mm or 0.5 mm
width, as rescanning was performed for areas 1 mm or 0.5 mm apart.
The microstructure of the rescanned samples fabricated with the alloy
A2 is characterized by the highest amount of ferrite (about 28%) and the
most refined microstructure (15.4 + 4.2 um).

It is worth noting that the fine-grained areas are not precisely
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Fig. 4. EBSD map with phase coloring of the sample fabricated using the alternation of different scanning speeds, 600 mm/s, and 100 mm/s; EDS map and line scan

for determination of chemical composition in the same region of the sample;.

Table 1

Chemical composition at different locations of the sample fabricated at different
scanning speeds of 600 mm/s and 100 mm/s measured by EDS. The point
numbers of Fig. 4-c, which indicate the locations where the chemical composi-
tion was quantified, and related scanning speed are reported in the table;.

Point — scan Fe (wt Mn (wt Si (wt Cr (wt Ni (wt V (wt
speed %) %) %) %) %) %)
1-100 mm/s 63.9 8.1 10.6 111 4.6 1.7
2 - 600 mm/s 59.8 14.8 9.3 10.5 3.9 1.9
3-100 mm/s 62.8 7.7 11.8 10.2 6.1 1.5
4 - 600 mm/s 60 13.7 9.3 11.0 4.9 1.2
5-100 mm/s 65.6 7.2 10.5 10.7 4.9 1.1
6-600 mm/s 60.6 15.1 9.2 10.1 4.0 1.0
7 — 100 mm/s 63.1 8.7 10.5 11.8 4.3 1.6

equivalently sized as planned in the CAD input file. Instead, the created
rescanned areas are larger due to the use of the lower speed of 250 mm/
.

3.3. Mechanical and shape memory properties

Several functionally-graded samples fabricated using the alloy A2
were selected for compression tests. Fig. 7 shows the shape memory and
mechanical properties of the sample fabricated with the alternation of
different scanning speeds (400 mm/s and 100 mm/s) from the alloy A2
under uniaxial compressive loading. With this graded-microstructure
sample, the most pronounced difference in terms of grain size, texture

and phase fractions has been observed between the differently-scan re-
gions (Figure A4 in Appendix A). The properties of the single-speed
scanned samples (400 mm/s only and 100 mm/s only) were also
measured and are shown in the graphs for comparison. The stress ach-
ieved at 2% strain (629,) was measured. The yield strength at 0.2% strain
could not be accurately determined due to some oscillations in the
stress-strain curves at the beginning of the test. The values of 629, and
€rec,200 °c are plotted and compared in Fig. 7-c. The sample with a mixed
microstructure, which combines mostly austenitic (400 mm/s regions)
with mostly ferritic regions (100 mm/s regions), shows a good combi-
nation of high strength and pronounced shape memory properties.
Compared to the sample scanned at 400 mm/s, 629, could be increased
by approximately 85 MPa. The recovery strain only slightly reduces
compared to the sample fabricated at 400 mm/s (0.71%) and is signif-
icantly higher than the one measured for the 100 mm/s sample (0.61%
and 0.49%, respectively) (Fig. 7-b).

In order to locally probe the change in the mechanical response,
hardness measurements were also performed across the interlayers for
the mixed-microstructure sample (Fig. 7-d). A steep gradient in the
hardness values is observed between the differently-scanned regions,
with a ~ 20% reduction in the hardness for the austenitic areas formed
from scanning at 400 mm/s.

The mechanical and shape memory properties of the rescanned
samples (alloy A2) were also investigated in compression (Fig. 8).
Higher stresses are achieved at 2% strain (compression) for the rescan-
ned samples (Fig. 8-a). A slight increase in the stress values is observed
for the samples R-1 mm and R-0.5 mm compared to the single-scanned
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Fig. 5. Example of samples with mixed microstructure fabricated using rescanning; only a specific region of the sample ("SNF") is rescanned before depositing new
powder (a); OM images of the rescanned samples fabricated using different laser parameters (b,c,d,e); EBSD maps with phase (f) and IPF coloring related to the BD (g)
for the sample fabricated using scanning speed of 400 mm/s and 250 mm/s for the first and second scans;.

sample, i.e. the sample fabricated without the rescanning (NO-R). The
stress at 2% strain becomes more than 40 MPa (R-1 mm) and 20 MPa (R-
0.5 mm) higher after rescanning. The improvement becomes significant
for the sample R-0.25 mm, for which a stress increase of more than
160 MPa is observed. An opposite trend is observed for the recovery
strain (Fig. 8-b,c). The use of rescanning results in a decrease in the
recovery strain at 200 °C and RT. During heating to RT after compres-
sion deformation, tensile strain develops due to the activation of the
SME and the samples’ thermal expansion. During cooling to RT, the
contraction of the samples due to the thermal effect decreases the

recovery strain. The highest ;¢ 200 °c is achieved for the NO-R sample,
and the lowest for the R-0.25 mm sample.

To confirm the variation in material’s performance caused by the
microstructure modifications introduced via rescanning, tensile experi-
ments from the rescanned samples were also performed. Tensile samples
were fabricated using the same scanning and laser parameters applied
for the compression samples. The stress-strain curves during tensile
loading to 2%, the recovery strain and recovery stress after 2% pre-
straining (tension) and heating to 200 °C, and the pseudo-elastic
behavior of the samples were investigated and compared (Fig. 8). The
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Fig. 6. EBSD maps with IPF (related to BD) and phase coloring of the samples fabricated using rescanning (A2 alloy); only layers of the samples of different widths
(1 mm (a), 0.5 mm (b), 0.25 mm (c)) are rescanned;.
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Fig. 7. Stress-strain curves during compression up to 2% strain (a) and strain evolution during heating to 200 °C and cooling to RT (after 2% pre-straining) (b) of the
samples produced with the low speed of 100 mm/s (black curves), high speed of 400 mm/s (blue curves) and combination of two different speeds (red curves);
comparison of the 629, and €rec,200 -c Values of the three samples (c); hardness values along the sample fabricated using the two different speeds of 400 mm/s and

100 mm/s (d); the tested samples were fabricated using the alloy A2;.

obtained trends were very similar to the ones observed during
compression loading (Fig. 8-a,b,c). With rescanning, the strength of the
material can be improved. The 6¢ 19 and cg 29, values (Fig. 8-d,g) in-
crease by more than 20 MPa and 30 MPa for the R-1 mm and R-0.5 mm
samples compared to the single-scanned one (NO-R). The increase is
more than 70 MPa for the R-0.25 mm sample. The evolution of the re-
covery strain is also similar for tension and compression loading. During
heating to 200 °C after the tensile pre-straining, compression strain
develops due to the activation of the SME, whereas tensile strain gen-
erates from the samples’ thermal expansion. The single-scanned sample
shows the maximum strain recovery (compression) at 200 °C and RT
(Fig. 8-,h). The SME of the sample counterbalances the effect of thermal
expansion. For this reason, almost no sample expansion is recorded up to
200 °C. Contrary, tensile strain is recorded during heating of the
rescanned samples, particularly high for the sample R-0.25 mm. During
cooling to RT, compression strain further develops due to the samples’
thermal contraction, The predominance of the thermal expansion over
the SME during heating of the rescanned samples results in the lower
recovery strain values recorded at RT (Fig. 8-h, green points). The grec
decreases from 0.34% for the NO-R sample to 0.29% for the R-0.25 mm
sample.

During constrained heating to 200 °C (Fig. 8-f, recovery stress), the
back transformation hep-e — fee-y causes the generation of tensile stress,
whereas compression stress develops due to the samples’ thermal
expansion. For the R-0.25 mm sample, compressive stress is recorded up
to 200 °C, indicating that the transformation related stress (tensile)
during heating is much smaller than the stress relative to the thermal
effect (compressive) (Fig. 8-f, green curve) [4]. The recorded stress at

200 °Cis around zero for the R-1 mm and R-0.5 mm samples. The higher
SME of these samples compared to the previous case (R-0.25 mm) causes
a better balance between the transformation and thermal expansion
stress. A tensile stress of about 20 MPa is recorded for the NO-R sample
at 200 °C (Fig. 8-f, black curve), confirming the fact that the SME is the
highest in the single-scanned sample. During cooling from 200 °C to RT,
the recovery stress (tensile) further increases for all samples due to
thermal contraction.

A different trend is observed for the pseudo-elastic behavior. PE is
rather pronounced (gpse of 0.415 + 0.006%) for the NO-R sample but
lower than for the R-1 mm and R-0.5 mm ones. For the latter, gps of
0.435 £ 0.004% and 0.428 + 0.004%, respectively, is measured. For
the R-0.25 mm sample &5 reduces compared to the previous cases.

In Fig. 9, the LPBF-manufactured samples from alloy A2 are
compared with previous results from the same alloy but fabricated by
conventional routes (hot-rolling). Several studies on aging treatment
optimization for conventional SMAs have been performed to improve
the mechanical and shape memory properties of the material. As sum-
marized in Fig. 9-a, a simultaneous increase in strength, recovery stress
and pseudo-elastic behavior seems not to be possible. For example,
aging at high temperatures (>700 °C) leads to relatively low strength
and recovery stress (6¢.19 and orec both below 350 MPa), but increased
PE (yellow ellipse in the graph of Fig. 9-a). Aging at lower temperature
(600-632-700 °C) for very short aging time (<4 h) causes a decrease of
both the gy and 6919 (red ellipse). The strength and the recovery stress
of the samples increase at the expense of the gps, which reduces to
almost half the values achieved for the high-temperature aged samples
(light blue ellipse in the graph of Fig. 9-a), if the aging time is prolonged
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Fig. 8. Stress-strain curves during compression loading to 2% (a), evolution of strain as a function of temperature after 2% pre-straining (compression) (b) and o2,
and €rec,200 °c values (c) for the samples fabricated at 600 mm/s (NO-R) and with rescanning; stress-strain curves during tensile loading to 2% (d), evolution of strain
(e) and stress (f) as a function of temperature after 2% pre-straining (tension) and yield stress (at 0.1% and 0.2%) (g), recovery strain (r..), pseudo-elastic strain (gpse)
(h) and recovery stress (6yec) (i) values of the samples fabricated at 600 mm/s (NO-R) and with rescanning; the tested samples were fabricated using the alloy A2;.

(between 15 h and 72 h). Only when the aging time is significantly long
(in some cases up to 288 h) can relatively high strength and PE be
achieved, with values of g of around 0.25% (dark blue ellipse). Long
aging time, however, implies high costs and time of production. The
reason for these variations in the thermo-mechanical properties with the
aging conditions is found in the different generated microstructure. Size,
distribution of precipitates, and SFs density are the main factors that can
be modified via the aging treatment and strongly influence the me-
chanical and shape memory properties of the conventionally fabricated
SMA. Detailed information can be found in previous studies [2,4]. From
the graph in Fig. 9-a, it is clear that better performance can be achieved
with the LPBF-fabricated samples of the present study, which show the
best combination of strength, recovery stress and pseudo-elastic
behavior. A maximum epse of about 0.29% was obtained in the
hot-rolled samples after aging treatment. The average pseudo-elastic
strain of the LPBF-fabricated samples is more than 30% higher. The
values of 6. of the LPBF samples are significantly higher, comparable
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or slightly lower than for the conventional alloy, depending on the
applied aging conditions. The strength (c¢.10,) of the LPBF samples could
be tuned, i.e. significantly increased, with the use of rescanning. The
strength of the LPBF sample fabricated without rescanning is compara-
ble to the strongest conventionally fabricated samples (aged at low
temperature for long time). With the rescanning, the 60 19, values further
increase and exceed the ones of the conventional SMA. The 6 19, of the
R-0.25 mm rises to 672 MPa. Such high yield strength has never been
reported for this specific Fe-Mn-Si alloy system.

In Fig. 9-b, the LPBF-fabricated Fe-17Mn-5Si-10Cr-4Ni-(V,C) alloy is
compared with other SMA systems produced by casting, hot-rolling, as
well as by LPBF, and subjected to specific heat treatments, training,
ausforming or thermo-mechanical treatments. Most of the reported data
are related to deformation levels between 2% and 4%. Compared to our
study, higher activation temperatures have been applied (from 450 °C to
700 °C). The use of higher activation temperatures normally results in
higher shape recovery [33]. It is visible from Fig. 9-b that the
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Fig. 9. Comparisons of 6010, Orec and &ys. between the hot-rolled and heat treated Fe-17Mn-5Si-10Cr-4Ni-(V, C) SMA of previous works [2,33,34,40] and the
LPBF-fabricated Fe-17Mn-5Si-10Cr-4Ni-(V, C) SMA of the present study (a); comparisons of recovery ratio and 6, 20, between the previously reported processed and
casted Fe-Mn-Si and Co-Ni-Si SMAs and the LPBF-fabricated Fe-17Mn-5Si-10Cr-4Ni-(V, C) SMA of the present study (b);.

polycrystalline Fe-Mn-Si SMAs prepared by casting and then annealed
show good strain recovery capability, especially after
thermo-mechanical treatments. The recovery ratio, defined as the ratio
between the recovered and applied strains, can be increased up to almost
90% [41]. However, the cast polycrystalline Fe-Mn-Si SMAs suffer from
poor mechanical properties, probably due to the formation of
coarse-grained microstructures. The maximum values of ©g 29, are
around 400-415 MPa [41]. Higher strength is achieved for the
Fe-21Mn-5Si-9Cr-5Ni alloy when produced via LPBF. The 629, in-
creases to about 480 MPa and 530 MPa [25]. These yield stress values
are significantly lower if compared with the rescanned samples of the
present study. With the extensive rescanning applied for the R-0.25 mm
sample, the yield stress at 0.2% strain increases by more than 30%. A
recovery ratio of 57% is achieved for the R-0.25 mm and increases up to
60% for the R-1 mm and R-0.5 mm samples. Such recovery properties
are comparable or higher than the properties of the Co-Ni-Si SMAs [42]
or the cast Fe-Mn-Si SMAs [43], whose recovery ratio can be signifi-
cantly increased only with special treatments, such as aging,
thermal-mechanical treatments, training and ausforming [44-47].

4. Discussion
4.1. Effect of VED on microstructure formation

It is well reported that the SMAs fabricated by LPBF are characterized
by a dual-phase bce-8/fcc-y microstructure [3,48]. As discussed in [5],
the solidification microstructure of Fe-Mn-Si-based SMAs is defined by
the primary solidification phase and the subsequent solid-state phase
transformations [25]. The primary solidification phase can be predicted
by empirical formulations (primary phase bce-8 ferrite for Creq/Nieg>1.5
and primary phase fcc-y austenite for Creq/Nieq<1.5) [49,50]. According
to these formulations, the alloy A1l of the present study solidifies as bce-6
ferrite [25]. The primary bce-8 tends to transform to fcc-y during cooling
to RT. However, considering the high cooling rates achieved during
LPBF (1 0%-108 K/s) [51], this solid-state phase transformation bcc-6 —
fcc-y may be partially or fully suppressed [52-54]. In the LPBF process,
the cooling rate experienced by the melt pool and the solidified material
depends on the applied processing parameters [55]. When low VEDs are
applied and the cooling rate surpasses a specific threshold, the trans-
formation of bce-§ to fee-y is significantly reduced. Instead, the bce-6
grains, which are initially grown epitaxially as the primary phase during
deposition, do not transform during cooling. As a result, a coarse and
predominantly ferritic microstructure is formed, exhibiting a prominent
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< 001 > texture along the BD (Fig. A7-a). If the VEDs are sufficiently
high, the cooling rate decreases and the bce-8 — fec-y transformation is
no longer inhibited. Kim et al. reported that the transformation of the
primary solidification phase is promoted by the so-called intrinsic heat
treatment (IHT) [48]. Pre-deposited layers experience cyclic heating
during the deposition of the upper layers and the IHT effect becomes
more pronounced with increasing VED. For this reason, the amount of
austenite within the samples increases significantly at relatively high
VED (Fig. 1-a). This solid-state transformation is known to cause pro-
nounced grain refinement [56] and leads to a preferential < 101 > and
< 111 > orientation of the austenite grains due to a strict orientation
relationship (OR) between the two phases fcc-y and bee-6 (Fig. A7-b)
[571.

The use of extremely high VED also seems to favor the formation of
ferrite in the microstructure (Fig. 1-a). The reason for this increase is
found in the significant Mn evaporation induced during LPBF [19,56].
Higher VED implies a greater loss of Mn during the process [58,59]. A
reduction of more than 7 wt% of Mn compared to the nominal compo-
sition of the powder has been observed with the use of a VED of
583 J/mm? [3]. Mn is an austenite stabilizer, so its pronounced evap-
oration stabilizes the ferrite phase. This prevents the formation of fcc-y
during solidification (as a primary solidification phase) and during
cooling of the already solidified layers, explaining the further increase in
the ferrite content for very high VEDs.

The significant variations in microstructure introduced by changing
the processing parameters could be exploited to fabricate the graded-
microstructure specimen (paragraph 3.2) with locally tailored, mixed
microstructure. For the alloy Al, the areas in which low scan velocities
are applied are characterized by refined austenitic grains with
< 101 > preferential orientation as the solid-state transformation bcc-8
— fcc-y is promoted by the high temperature and low cooling rate
achieved in the pre-solidified layers (Fig. 3) [48,57]. In these locations,
the microstructure is refined by the transformation. It is worth
mentioning that despite the use of very high VED (583 J/mm?>), the
microstructure is fully austenitic. Due to the reduced size of the sample,
the heat accumulation is relatively low and probably not high enough to
induce significant Mn evaporation to destabilize the austenitic phase, as
it occurs in the bigger cubic samples (Fig. 1). It is known that the size of
LPBF samples can significantly influence heat build-up during the pro-
cess, affecting microstructure and properties of the samples [60].
Computational modeling techniques can simulate the thermal behavior
and solidification process during LPBF of different-sized parts, making it
possible to predict the microstructure that forms. The austenitic regions
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of the graded-microstructure sample are alternated with areas of coarse
elongated grains of bce-8 ferrite obtained by reducing the VED. The low
VED and the induced high cooling rate hinder the transformation of the
primary ferrite to austenite. The ferritic phase remains after cooling,
maintaining the coarse elongated grains (average grain size of 45.3
+ 13.6 um) with the preferential < 001 > texture along the BD devel-
oped during the deposition (Fig. 3-b,c,d,e).

Contrary to samples Al, the lowest amounts of ferrite are measured
for the A2 samples when fabricated with the highest scanning speed of
600 mm/s. The alloy A2 has 0.2 wt% of C. Carbon is a strong austenite
stabilizer, and small additions of C content can change the primary so-
lidification mode to fcc-y [61]. Indeed, if the powder chemical compo-
sition of the alloy A2 is considered, the ratio Creq/Nieq is 1.19 [50] or
1.45 [62], indicating that the primary phase is presumably austenite in
the alloy A2 and not ferrite as for the alloy Al. The primary austenite
that forms for low VEDs shows coarse grains, preferentially
< 001 > oriented along BD (Figure A7-c in Appendix A) [37]. When
VED increases (>250 J/mm3) the amount of Mn decreases. The forma-
tion of ferrite as primary phase is thus promoted and the amount of bec-6
phase increases significantly in the final microstructure (Figure A7-d in
Appendix A) [56,63-66]. Because of that, the fabrication of
graded-microstructure samples using alloy A2 was possible through
controlled evaporation of Mn. Since changes in the volatile element Mn
content have a pronounced impact on the phase fractions in the samples
(bce-6 and fec-y), and the amount of evaporated Mn varies with the VED,
the generally undesired selective evaporation of certain elements can be
deliberately exploited to manipulate the phase composition in the final
microstructure. A bcc-8/fcc-y duplex microstructure with tailored
amounts of the two phases can be fabricated simply by modifying the
applied VED on a local scale. Following this approach, the example in
Fig. 4 demonstrate the feasibility of microstructure tailoring during
LPBF of SMAs via site-specific in-situ alloying. The very low speed of
100 mm/s was applied to evaporate a high amount of Mn and thus
decrease the fcc-y stability and promote the formation of almost fully
ferritic areas. As ferrite forms as the primary phase, it develops a
< 001 > texture along the BD (Fig. A8). The loss in Mn in the high-speed
scanned regions is not so pronounced to induce a change in the primary
solidification phase to ferrite (Fig. 4). The alloy solidifies primarily as
austenite phase, as predicted from the empirical formulation for Creq
and Nieq, and a fully austenitic microstructure forms at these locations
(Fig. A8) [39,67].

4.2. Effect of rescanning on microstructure formation

Several factors explain the generation of an almost fully ferritic
highly textured microstructure with rescanning, especially for the alloy
Al (Fig. 2). In the first place, the amount of Mn evaporation is partic-
ularly enhanced by the multiple rescanning of the same area [19],
especially when low scanning speeds are used. Mn evaporation is
induced during both the first and second scans (Fig. 10). Considering the
role of Mn as an austenite stabilizer, its pronounced evaporation stabi-
lizes the ferrite phase, preventing the formation of austenite in the final
microstructure. The second factor to be considered is the roughness and
the thermal conductivity of the base material, which affect the energy
input from the laser and the cooling rate [35,68,69]. During the first
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scan, the generated melt pools are in contact with a layer of powder
(Fig. 10). During rescanning, the formed melt pools are entirely sur-
rounded by solidified material (Fig. 10). The heat transfer conditions are
therefore different for the first scan and the rescan. Since the dense
material has a higher heat-conductivity than the powder, heat is quickly
dissipated from the melt pool into the surrounding dense material dur-
ing the rescanning, resulting in a higher cooling rate.

The energy input from the laser into the material, which is finally
converted into heat, also depends on the absorptivity of the material
[69-72]. Tolochko et al. reported that the laser absorptivity of powders
is approximately double that of dense material [73]. A reduced energy
transfer is thus expected during rescanning, leading to the formation of
shallower and narrower melt pools. The reduced energy input further
contributes to an increase in the cooling rate within the melt pools
generated with rescanning. This results in the (partial) suppression of
the transformation bce-8 — fece-y and the bee-5 phase passes rapidly
through the austenite phase field without transforming. This phenom-
enon can be visualized as if the bce-§ ferrite by-passes the fcc-y phase
[54,74-77]. The solidification in the melt pools generated during
rescanning occurs similarly to the first-scan melt pools. However, the
solidification of ferrite as the primary phase is even more favored
because of the further decrease in Mn content, and its transformation to
austenite during cooling is less probable due to the high cooling rate
achieved.

From the EBSD images shown in Fig. 2, it is clear that rescanning
increases the epitaxial growth through the sample during solidification,
enhancing the texture of the ferrite phase along the BD [78]. The shal-
lower melt pool generated with the second scan preferentially remelts
the material near the top of the pool. Remelting does not eliminate the
bce-8 grain boundaries (GBs) in the bottom layers, but causes an
extension of the ferrite GBs [79]. As the melt pool solidifies, grains
exhibit epitaxial growth, aligning themselves with the orientation of the
existing grains [55]. This process leads to the formation of columnar
grains that can extend over multiple powder layers, reaching lengths of
several hundred micrometers. Moreover, a highly noticeable
< 001 > texture is developed along the BD. The elongation of grains
along the BD occurs as they grow in response to the vertical thermal
gradient between the melt pool and the solidified layers at the bottom
[54]. The formation of a < 001 > texture is also promoted by the change
in melt pool morphology in the second scan. Columnar grains grow with
the easy growth directions < 001 > closely aligned to the normal of the
melt pool boundary [37]. Since the bottom of the shallower melt pools
generated with the rescanning is nearly horizontally oriented, grains
show a preferential alignment of the < 001 > directions with the BD.

In the fabrication of graded-microstructure samples using the alloy
Al, it can be seen that the use of a speed of 400 mm/s for the first scan
seems to be ideal for producing an almost entirely austenitic micro-
structure through the bcc-8 — fce-y phase transformation, avoiding
excessive Mn evaporation and rescanning-induced defects (Fig. 5-b).
The reduction of the scanning speed to 250 mm/s or 300 mm/s for the
second scan causes Mn evaporation and stabilizes the ferritic phase at
the desired rescanned regions (scan velocity of 400 mm/s seems too
high for this scope). In this way, important modifications in the micro-
structure can be introduced simply by local rescanning specific regions
of the samples.

Double scan

Fig. 10. Sketch detailing the melt pool formation and Mn evaporation during single and double (rescanning) scans;.
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The formation of austenite with the first scan is favored by the use of
higher speed in the alloy A2 (Fig. 6). With a scanning speed of 600 mm/s
a fully-austenitic microstructure with rather coarse grains is observed.
This austenite phase is primary austenite that forms upon solidification.
Indeed, austenite shows elongated grains along the BD with a prefer-
ential < 001 > texture. As for alloy Al, low scanning speeds have to be
applied to exploit the possibility of site-specific in-situ alloying offered
by LPBF and form ferritic regions in the microstructure of the compo-
nents. The use of rescanning in specific regions of the samples locally
modifies the microstructure. The second scan at 250 mm/s favors the
formation of ferrite through the reduction in Mn content caused by the
multiple rescanning and the use of a rather slow speed in the second scan
[63]. A high amount of fine austenite is still observed in the rescanned
regions presumably due to the fact that part of the primary ferrite
transforms to austenite upon cooling. Unlike alloy A1, the trans-
formation from ferrite to austenite seems to be promoted in alloy A2
despite rescanning. The reduced Mn evaporation during scanning at
600 mm/s and the presence of C, which are both austenite stabilizers,
leads to more austenite phase in the A2 samples with similar rescanning
conditions.

For the layered sample of Fig. 6, it seems that higher amounts of
ferrite form at the edges of the rescanned regions. At these locations,
defined as laser-turn regions, the laser ends the line scan, turns direction,
and starts with the subsequent line scan. The continuous back-and-forth
movement of the laser during LPBF causes heat accumulation at these
turn locations. As the melt pool formed at this region during the scan-
ning of the previous track may not fully solidify while the subsequent
track is being scanned, melt pool size and morphology are affected [67].
Melt pools often overlap and are bigger in size at these locations due to
the residual heat from the previous track. For this reason, a more pro-
nounced Mn evaporation and, subsequently, higher ferrite content have
been observed at the borders of the rescanned regions. According to the
numerical analysis reported in the work of Shresthaet al. [67], the
magnitude of heat accumulation and melt pool overlap is generally
higher for short scan lengths. Therefore, the highest amount of ferrite is
observed in the R-0.25 mm sample, where the scan length of the
rescanned region is 0.25 mm. Pronounced heat accumulation in this
sample is also expected considering the fact the rescanned regions,
which experience a significantly high heat input, are narrowly spaced.

These examples show how the tuning of the LPBF processing pa-
rameters can be applied for microstructure manipulation of SMA parts.
This can be achieved by exploiting the fact that modifications in the
alloys’ composition can be introduced during LPBF and the applied
processing parameters have a direct impact on the thermal history
experienced by the material, affecting the solidification behavior and
the phase transformation sequences in the processed alloys. In this way,
site-specific modification in grain size, morphology and orientation, and
phase volume fractions (fcc-y and bee-8) can be induced, and different
microstructures can be incorporated into a single component. These
graded microstructure can significantly alter the mechanical and func-
tional properties of the material. In the recent reports it is shown that a
stength and ductility synergy is obtained in various enginnering mate-
rials (e.g. pure Cu or Ti [80,81]) by promoting the formation of hybrid
microstructures. In this context it is important to examine the mechan-
ical and shape memory properties of the SMAs investigated in the pre-
sent study.

4.3. Effect of graded-microstructure on shape memory and mechanical
properties

The possibility of generating graded microstructure allows for the
fabrication of components with tunable properties. Significant varia-
tions in the mechanical and shape memory performance of the samples
are observed due to changes in the scan speed or the use of rescanning.
In the previous studies [3,25], improved strength and hardness were
observed in those samples characterized by phase fractions of bcc-8
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higher than 10% and relatively fine microstructure [3]. The ferrite phase
is generally harder than the austenite and GBs act as obstacles for
dislocation movements [82-84]. The increase in strength is achieved at
the expense of the shape memory properties due to the fact that the
ferrite phase is not involved in the martensitic transformation respon-
sible for the SME [85,86]. A fully austenitic microstructure appears to be
more appropriate to improve the shape memory performance with,
however, a certain loss in strength. The idea of fabricating
mixed-microstructure components aims to overcome this trade-off in the
properties of Fe-SMAs fabricated by LPBF and manufacture samples with
high strength without compromising the shape memory effect. The
strength and shape memory properties of the mixed-microstructure
sample fabricated by alternating different VEDs with alloy A2 (Fig. 7)
lay in the middle of the two extreme cases of the single-scanned samples
(100 mm/s and 400 mm/s samples). This means that the scanning of
some regions of the sample at lower scanning speeds allows for
increasing the strength of the sample without significantly reducing the
shape memory properties (Fig. 7-c). The formation of bcc-§ ferrite
significantly improves the material’s hardness and strength in the lo-
cations scanned at the lowest speed of 100 mm/s (Fig. 7-d). Based on
these results, it is evident that the stacking sequence of areas with
different microstructures has an influence on the mechanical properties
of the LPBF-fabricated SMAs. The strength-SME trade-off can be
partially overcome. The reported examples can be seen as a proof of
concept of the possibility of local microstructure manipulation during
LPBF and its advantages. The local and full control of the microstructure
and its effects on the material’s functionalities are demonstrated.
Further potential is seen if this possibility of microstructure control is
exploited to modify extent and distribution of the
different-microstructure areas based on the desired properties. For
example, regions scanned at low speeds could be extended when higher
strength is required. These areas should be confined to applications
where the SME rather than the strength is important. Using this strategy
of microstructure manipulation, parts that show SME or high strength
only in specific locations could also be fabricated.

Rescanning also increases the strength of the alloy A2 due to grain
refinement and formation of ferrite phase in the microstructure. The
formation of ferrite, however, deteriorates the SME of the material. As
the ferrite phase does not contribute to the alloy’s SME, the recovery
strain decreases from 0.63% for the NO-R sample to 0.49% for the R-
0.25 mm sample. It can be assumed that because of the reduced amount
of ferrite in the NO-R sample a relatively high amount of martensite
forms during pre-straining. Its back transformation to fcc-y causes
considerable shape recovery during heating. The increase in the ferrite
phase with the rescanning reduces the amount of hcp-¢ that can form via
the fcc-y — hcep-¢ transformation during loading and transform back
during heating, causing an overall decrease in the SME. Some shape
memory effect is activated, but it is not enough to prevent the effect of
thermal expansion. The reduction in the SME is not very pronounced for
the other two rescanned samples, especially for the sample R-1 mm, for
which a recovery strain of 0.6% is measured at 200 °C. Considering that
for this sample, the stress at 2% increases by more than 40 MPa
compared to the single-scanned sample, it can be stated that appropriate
use of rescanning can be applied to improve the strength of the material
without compromising the shape memory properties. The very high
strength achieved for the rescanned samples might also result from the
so-called Bauschinger effect, which is observed with multiphase mate-
rials or materials with heterogeneous structures that have different
strengths and deformation abilities [87]. The difference in plastic
deformation of different areas causes constrains and back stress in the
softer regions making them appear stronger (hetero-deformation
induced strengthening [88]). The global strength of the component is in
this way improved [89]. In order to confirm this, further investigations
are required, involving microstructure investigation on a microscale and
in-situ deformation monitoring [90].

In addition to the lower strength due to the coarser grains and less



L Ferretto et al.

ferrite content in the microstructure, the reduced yield stress of the NO-
R sample can be linked to the easy and more pronounced martensite
formation, which is expected to occur during the loading of this sample
containing the highest amount of transformable austenite. The onset of
the deformation-induced martensitic transformation causes an early and
more pronounced non-linearity in the stress-strain curve [40]. With the
activation of the SME under constrains, the o, developed during the
cooling stage can be sufficiently high to induce again the transformation
fcc-y —» hep-e and exceed the yield strength of the material, causing a
certain bending in the curve recovery stress versus temperature [2,4].
This explains why all the investigated samples show comparable final
recovery stress at RT despite the different SME. Because of its lower
strength (lowest yield strength among all the samples) and more pro-
nounced martensite transformation (highest amount of austenite in the
as-fabricated condition), during cooling the single-scanned sample ex-
periences an early bending of the recovery stress-temperature curve
(Fig. 8-f). Therefore, despite the higher o, value measured at 200 °C,
the final o, value is the same or even lower than for the rescanned
samples. This indicates that increasing the SME does not necessary lead
to higher recovery stress [4]. The opposite effect is observed for the
sample R-0.25 mm, which shows the lowest 6. at 200 °C but the
highest value at RT. Because of the finer microstructure and the larger
amount of ferrite introduced during rescanning, the movement of per-
fect dislocations and the phase transformation to hcp-¢ martensite are
confined, increasing the yield strength of the sample. The highest yield
strength results in a recovery stress-temperature curve that increases
almost linearly during cooling, reaching extremely high recovery stress
values at RT (494 MPa). The lowest o, Values are achieved for the
samples R-1 mm and R-0.5 mm, for which neither the SME nor the yield
strength are particularly high. The recovery stress associated to the SME
is lower at RT compared to the single-scanned sample and the curve
bending during cooling is more pronounced and occurs at lower stress
compared to the R-0.25 mm sample.

PE is defined by the amount of the fcc-y < hep-¢ transformation, and
the formation and (forward-back) movement of stacking faults (SFs) in
the austenitic matrix. The martensitic transformation and the forma-
tion/movement of SFs are facilitated by a high amount of transformable
austenite in the material prior to deformation, fine-grained micro-
structure and high strength of the material [4,91]. The NO-R sample is
mainly characterized by an austenitic microstructure. Compared to the
rescanned samples, however, the austenite grains are rather coarse and
the strength of the sample is lower. This leads to a PE that is rather
pronounced (gpse of 0.415 + 0.006%) but lower than the eps of the
R-1 mm and R-0.5 mm samples. For the latter, the combination of
fine-grained microstructure, high strength, and relatively low amount of
ferrite leads to epse of 0.435 & 0.004% and 0.428 =+ 0.004%, respec-
tively. Despite the highest strength and the finest microstructure of the
R-0.25 mm sample, eps reduces compared to the previous cases due to
the increased amount of ferrite, which rises to almost 30%.

As for the previous case of the samples fabricated using different
scanning speeds, the location and extent of rescanning can be easily
adjusted, giving the possibility of tuning the mechanical and shape
memory properties. Larger areas of the sample can be rescanned when
high strength rather than shape recovery is required. Contrary, rescan-
ning can be applied in limited and narrower areas of the sample to
achieve good shape recovery in combination with some increase in
strength.

It is worth noting that, despite the presence of a few lack of fusion
defects and keyhole pores, a very good performance of the samples
fabricated with different speeds at different locations as well as with
rescanning is achieved in. All samples could be pre-strained up to 2%
without problems of fracturing, and a very high strength has been
measured. The orientation of the lack of fusion defects with respect to
the LD probably plays a crucial role. These defects are indeed oriented
parallel to the LD of the samples. Generally when oriented perpendicular
to the LD they have a much more detrimental effect, causing high stress
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concentration at their edges [92,93].

This study provides effective and innovative strategies for micro-
structure manipulation during LPBF of SMAs, highlighting the great
potential of this process for the development of materials with enhanced
performance, customized properties, and improved functionality. The
findings extend beyond the specific alloys investigated and have broad
implications for the fabrication of other alloys containing volatile ele-
ments. This opens up possibilities for the development of tailored ma-
terials with unique properties and performance.

5. Conclusions

This work shows the feasibility of site-specific control of the micro-
structure of the Fe-17Mn-5Si-10Cr-4Ni and Fe-17Mn-5Si-10Cr-4Ni-(VC)
SMAs. Components with tailored phase volume fractions, grain size, and
orientation are fabricated by varying the processing parameters. In
particular, different microstructures can be integrated within single
components when the scanning velocity or the scanning strategy are
locally tuned. Based on the obtained results, several conclusions can be
drawn:

1. The Fe-17Mn-5Si-10Cr-4Ni SMA solidifies as bce-6 ferrite when high
scan velocities are applied. The use of lower scanning speeds pro-
motes the transformation of the primary bcc-§ ferrite to fcc-y
austenite during cooling, leading to the formation of a fine fully
austenitic microstructure.

2. A different solidification behavior is observed for the Fe-17Mn-5Si-
10Cr-4Ni-(VC) SMA, whose primary phase is fcc-y austenite when
processed with high scanning speeds. The addition of C (austenite
stabilizer) increases the stability of austenite. Some ferrite formation
and austenite grain refinement are introduced by using low scanning
speeds. The austenite stability decreases with the evaporation of the
austenite stabilizer Mn induced during the process.

3. The use of rescanning also promotes the formation of ferrite through
pronounced Mn evaporation. Higher cooling rate are also achieved in
the melt pools during the second scanning, thus limiting the bcc-8 —
fec-y transformation during cooling.

4. The variations in the phase volume fraction and grain size/orienta-
tion induced by changing the scan velocity or using the rescanning
strategy can be exploited to locally modify the microstructure of
LPBF components and build graded-microstructure samples. Local
variations in grain size and orientation, and in phase fractions and
distribution are induced in specific areas of the LPBF-fabricated
samples by controlling the thermal history and the amount of Mn
in the material. Such parts with hybrid microstructure can only be
fabricated by LPBF.

5. Following this approach, SMA samples with unique thermo-
mechanical properties can be fabricated. An excellent combination
of pronounced shape memory properties and ultrahigh strength can
be achieved.

This research highlights the potential of additive manufacturing for
the production of advanced alloys, paving the way for the development
of innovative and high-performance materials with tailored micro-
structures and properties.
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Fig. A1. SEM images of the two powders, alloy 1-Al (a), and alloy 2-A2 (b).
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Fig. A2. EBSD maps with phase coloring (a,d,g), EBSD maps with IPF coloring related to the BD (b,e,h) and IPFs related to the BD and the two SDs (c,f,i) of the
samples fabricated using rescanning (scanning speeds of the first and second scans are reported on the top of the images).
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@ Alloy A1
R:250 mm/s-400mm/s R:400 mm/s-250mm/s R:250 mm/s-250mm/s R:400 mm/s-400mm/s » R:600 mm/s-100mm/s

R:100 mm/s-600mm/s SC: 100 mm/s SC: 250 mm/s SC: 400 mm/s

R:400 mm/s-400mm/s

R:100 mm/s-600mm/s SC: 100 mm/s SC: 250 mm/s_ SC: 400 mm/s SC: 600 mm/s

SC: 600 mm/s

(®) Alloy A2

R:250 mm/s-400mm/s R:400 mm/s-250mm/s R:250 mm/s-250mm/s R:600 mm/s-100mm/s

Fig. A3. OM of the samples fabricated at different scanning speeds (single scan, SC) and with different rescanning conditions (rescanning, R) from the alloy Al (a)
and A2 (b), showing the formation of a few defects; the contrast in the pictures is caused by etching originally performed to identify the different phases.
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Fig. A4. EBSD analysis of the sample fabricated using alternation of different scanning speeds, 400 mm/s and 100 mm/s; EBSD maps with phase (a) and IPF coloring
(b) of the sample.
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(a) Alloy 2

100 mm/s 400 mm/s 100 mm/s 400 mm/s 100 mm/s 400 mm/s 100 mm/s 400 mm/s 100 mm/s 400 mm/s

(b)

R-1 mm: 600 mm/s - 250 mm/s

R-0.5 mm: 600 mm/s - 250 mm/s

R-0.25 mm: 600 mm/s - 250 mm/s

Fig. A5. OM of the sample fabricated by alternating different scanning speeds, 400 mm/s and 100 mm/s (Alloy 2) (a); OM of the samples fabricated by rescanning,
600 mm/s and 250 mm/s (Alloy 2) (b).
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Fig. A6. EDS maps of the sample fabricated using alternation of different speeds (600 mm/s and 100 mm/s), showing the distribution of Fe, Mn, Si, Cr, Ni and V
within the sample.
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Fig. A7. EBSD maps with phase coloring and IPF coloring, and IPFs for the alloy A1 fabricated at low VED (a) and high VED (b); EBSD maps with phase coloring and
IPF coloring, and IPFs for the alloy A2 fabricated at low VED (c) and high VED (d).

(a) I fcc-y MM bcc-6 (b) Mn

transformed fcc-y

\V|

(C) fce-y
[100] [100]

0.104

0.08 4

Avrea fraction
o
o
8
!

0.04

40 60 80 100
Grain size (diameter) [um]

Fig. A8. EBSD maps with phase coloring (a) and EDS map showing Mn distribution (b); IPFs and grain size distribution (d) of the fcc-y phase and bcc-8 phase related
to the BD of the sample fabricated using alternation of two different scanning speeds (600 mm/s and 100 mm/s).

Table A 1
List of samples fabricated using rescanning; scanning speeds applied for the first and second scans are reported.

Alloy Sample First scan speed (mm/s) Second scan speed (mm/s)
Al R-250/400 250 400
Al R-400/250 400 250
Al R-250/250 250 250
Al R-400/400 400 400
Al R-600/100 600 100
Al R-100/600 100 600
A2 R-250/400 250 400
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Table A 1 (continued)
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Alloy Sample First scan speed (mm/s) Second scan speed (mm/s)
A2 R-400/250 400 250
A2 R-250/250 250 250
A2 R-400/400 400 400
A2 R-600/100 600 100
A2 R-100/600 100 600
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