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Abstract: Fe-Mn-Al-Ni is an Fe-based shape memory alloy (SMA) featuring higher stability and
low temperature dependency of superelasticity stress over a wide range of temperatures. Additive
manufacturing (AM) is a promising technique for fabricating Fe-SMA with enhanced properties,
which can eliminate the limitations associated with conventional fabrication and allow for the
manufacture of complicated shapes with only a single-step fabrication. The current work investigates
the densification behavior and fabrication window of an Fe-Mn-Al-Ni SMA using laser powder
bed fusion (LPBF). Experimental optimization was performed to identify the optimum processing
window parameters in terms of laser power and scanning speed to fabricate Fe-Mn-Al-Ni SMA
samples. Laser remelting was also employed to improve the characteristics of Fe-Mn-Al-Ni-fabricated
samples. Characterization and testing techniques were carried out to assess the densification behavior
of Fe-Mn-Al-Ni to study surface roughness, density, porosity, and hardness. The findings indicated
that using a laser power range of 175-200 W combined with a scanning speed of 800 mm /s within
the defined processing window parameters can minimize the defects with the material and lead to
decreased surface roughness, lower porosity, and higher densification.

Keywords: Fe-based shape memory alloy; additive manufacturing; laser remelting; processing
parameters; surface properties; densification behavior

1. Introduction

Shape memory alloys (SMAs) are one category of smart materials that have recently
gained high interest in a wide range of industrial applications across many different
fields due to their distinctive properties, including workability, weldability, superelasticity
(SE), and shape memory effect (SME). SME and SE are the two main properties that set
them apart from other metallic materials [1]. The shape memory effect is their ability
to undergo a reversible, non-diffusive martensitic solid-to-solid phase transformation,
allowing them to return to their original shape after being triggered by some type of
stimulus [2]. SMAs’ key features are induced by the martensitic transformation, which
is defined by the two phases’ critical temperatures including austenite start temperature
(As), austenite finish temperature (A¢), martensite start temperature (Ms), and martensite
finish temperature (M) [3,4]. The four temperatures are crucial in the design of those smart
metallic materials [5]. SMAs either exhibit one-way SME, which can be observed when
heating the material above the austenite finish temperature, or two-way SME, which can
be explored either at temperatures above the austenite finish temperature or below the
martensite finish temperature [6]. Active biomedical devices [7], compact actuators [8],
adaptive couplings [9], and seismic damping structural components [10] are only a few of
the significant innovations made possible by the ability to utilize these transformations.
SE is the property that allows for a significant recovery of a nonlinear elastic strain under
unloading [11]. SMAs have gained a lot of interest due to many applications that can
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benefit from such a property. Nickel titanium is the most popular SMA used mainly in
aerospace and biomedical applications [12]. The high cost of a NiTi SMA limited its use in
other less-sensitive industries’ applications, such as structural and automotive [13]. Thus,
there is a huge need for cheaper, more affordable options. Fe-based [14] and Cu-based [15]
SMAs have the potential to fill this need; they provide a cheaper, more feasible alternative
for large-scale production [16].

Fe-SMAs have been known for a long time; however, the development of FeNi-
CoAlTaB [17] and FeMnAINi [18] alloys marked an abrupt change in the field of alloy
design. FeNiCoAlTaB alloys have been shown to exhibit noticeably more superelastic strain
in their polycrystalline state than NiTi alloys [19]. Fe-SMAs are substantially stronger than
NiTi and Cu-based SMAs and have a higher capacity for energy absorption [20]. Fe-SMAs
can produce a superelastic strain greater than 13% and an ultimate strength of more than
1 GPa compared to Ni-Ti SMAs [17]. The exceptional characteristics of these Fe-SMAs make
them suitable for energy-damping and strain-sensing applications [21]. However, they did
not display these amazing qualities until they were precipitation-hardened, cold-rolled to
impart the orientation of miller indices of [100], and embedded with boron elements for
grain refining [17].

The presence of shape memory characteristics in Fe-Mn-Al-Ni SMA was first iden-
tified in 2011 [18]. Fe-Mn-Al-Ni exhibited minimal temperature dependence across an
extensive temperature range (—263 °C to 240 °C) concerning the SE stress [22]. It was
illustrated that Fe-Mn-Al-Ni SMA has a very low temperature dependence of the critical
stress for the martensitic transformation of about 0.5 MPa/°C due to its minimal entropy
difference between the (BCC) parent phase and the (FCC) martensite phase [23]. This
system is usually conventionally manufactured via casting after using a vacuum induction
furnace for melting under an argon environment, highlighting that this system also had the
advantage of good cold workability [22]. On the other hand, the formation of cracks during
water quenching is a problem with this alloy [24]. However, by increasing the quenching
temperature while slowing the quenching rate, a ductile second phase can emerge at the
grain boundary, which significantly mitigates this problem [24].

Additive manufacturing (AM) technologies have shown great promise for the manufac-
turing of metals [25,26]. AM offers several advantages that can advance the manufacturing
industries, such as the ability to produce complex geometries [27], cost- and waste sav-
ings [28], accelerated manufacturing [29], and enhanced overall qualities and efficiency of
produced components [30]. These advantages can get beyond the geometric complexity re-
strictions and reduce the formation of stable secondary phases associated with conventional
manufacturing methods [31]. The research in additive processing mainly concentrated on
process optimization [32], examining the influence of post-process treatments on the mi-
crostructural evolution and mechanical performance of different alloying compositions [33].
The main interest is to fabricate a defect-free Fe-based SMA part. However, it is challeng-
ing due to the many factors involved, starting with the selection of fabrication process
parameters and ending with the alloying elements in the material.

Laser powder bed fusion (LPBF) has been extensively used in the production of SMAs.
These published papers provide recent research and findings about the additive manu-
facturing of SMAs [34-36]. The research that has been described indicates that NiTi LPBF
processing is somewhat challenging. Shape memory behavior can be affected by changes
in the alloy’s chemistry brought on by the heating and cooling cycle that occurs during
LPBF [37], as well as by the development of particular or distinctive microstructures [38].
The most critical step in the fabrication using LPBF is to identify the right window of
process parameters that produce defect-free or minimally defective parts [39], thus yielding
better a microstructure and mechanical properties [40]. Laser power, scanning speed, layer
thickness, hatching space, build orientation, and scanning patterns are among the primary
process factors in LPBF [41,42] that can be quantified by the volumetric energy density
(VED) [43]. Higher VED selection will result in various defects such as keyholes, hot
spatters, loss of alloying elements, gaseous pores, and more [44], showing that applying a
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lower VED, on the other hand, will lead to other defects such as a lack of fusion, balling,
powder sputtering, and others [40].

Laser remelting (LR) is an innovative and efficient technique of in situ heat treatment
to enhance surface properties and limit defects in LPBF materials [45]. The solidified layer is
subjected to a laser pass so that the defects in LPBF parts can be reduced and the character-
istics of the part can be improved [46]. Moreover, [47] explained that the higher cooling rate
after LR results in refined grains, causing higher hardness and leading to better resistance
to corrosion. Thus, fewer cracks and porous formations are yielded via the remelting of
each layer [48]. LR has also been shown as an effective way to reduce surface roughness,
enhance surface qualities [49], decrease porosity, and increase the relative density and yield
strength of the LPBF fabricated parts [50,51]. It can be concluded that LPBF is a promising
technique that can overcome the limitations of conventional manufacturing such as TiC
formation during vacuum induction melting and oxygen/carbon absorption during arc
melting processing and can ease the Fe-SMA production with improved properties. LPBF
has the advantage of applying different in situ processing such as the remelting treatment
to improve the fabrication quality. Investigations on the LPBF of Fe-Mn-Al-based SMA are
still limited. There is still a lack of systematic research regarding how the process parame-
ters affect the densification and characteristics of the as-built LPBF Fe-Mn-Al-based SMAs.
In current research, the LPBF processing window and LR techniques are investigated
for fabricating Fe-Mn-Al-Ni SMAs. This study explores the impact of those processing
parameters on surface quality and densification behavior in terms of surface roughness,
density, porosity, and hardness.

2. Experimental
2.1. Material

An Fe-based SMA with the composition of Fe-34Mn-15Al1-7.5Ni (at. %) was used in this
work. The powder was prepared using a gas atomization process under an argon environment.
The chemical composition was evaluated using energy dispersive X-ray (EDX) analysis shown
in Table 1. The EDX analysis confirmed the powder as a good match with the nominal
composition of the Fe-Mn-Al-Ni SMA. The majority of the powder’s particles have been
identified to be spherical using scanning electron microscopy (SEM), as shown in Figure 1,
with a dsp of 33.8 m and a size distribution ranging from 15 to 53 um. The powder had a
uniform distribution, and the spherical shape of the particles improved flowability.

Table 1. Chemical composition of Fe-Mn-Al-Ni SMA.

Element Fe Mn Al Ni
(at. %) Balance 34.04 14.87 6.98

N "4 o
UT-CMSC 20.0kV 15. 0mm *500 SE(M) 100pum

UT-CMSC 20.0kV 15.7mm *250 SE(M) 200pm

Figure 1. SEM images (a) at 250X magnification and (b) a close-up view of 500X of Fe-Mn-Al-Ni SMA
powder.
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2.2. Fabrication and Optimization

The first step in fabricating this system was to determine an optimal window to
produce Fe-Mn-Al-Ni SMA samples with minimal defects. Therefore, the design of the
experiment was conducted to cover all possible combinations of the significant procession
parameters. The processing parameters design also depended on investigating the pro-
cessing window of various alloys fabricated using LPBF including Cu-Al-Ni SMAs [52],
Fe-Mn-Si SMAs [53], and NiTi SMAs [39].

Three alternative scanning patterns (stripes, checkerboard, and lines) with a laser
power range of 150-400 W, scanning speed of 600-1200 mm/s, and hatching space ranging
from 0.05 to 0.13 mm were used in the fabrication process. The layer thickness (t) was
maintained at 30 um. These parameters resulted in a VED range of 46.3 to 291.7 ] /mm?.
Remelting was also applied with a laser power of 100-263 W and scanning speeds of
800 mm/s and 1600 mm /s to minimize the induced defects in the normal fabrication and
enhance the properties of the Fe-SMA as shown in Figure 2b,c. This complete process has
created 173 cubic samples as shown in Figure 2a,b. These sets of samples were allocated
to define the processing window parameters that can be used to produce parts with high
dimensional accuracy and minimal macro-sized cracks. Optimal laser power and scanning
speed ranges were investigated to be 150-250 W and 800-1200 mm/s, respectively. A
stripes scanning strategy with a hatching space of 0.09 mm, remelting at a power of 100 W,
and a scanning speed of 800 m/s were also visualized to produce parts with minimal
defects. These processing parameters were used to manufacture fifteen cubic samples with
dimensions of 10 mm x 10 mm x 4 mm. Five laser power levels and three laser speeds
were employed in the experiment’s design (DOE), as shown in Table 2. A wire electric
discharge machine was performed to remove the samples from the building plate.

© Laser beam

Remelting

Different induced defects

Previously solidified layers

2

After remelting

Previously solidified layers

Figure 2. Fe-34Mn-15A1-7.5Ni samples fabricated to define the optimum processing window for
this system (a) without laser remelting and (b) with laser remelting and (c) schematic showing the
mechanism of laser remelting and how the induced defects are minimized after remelting.
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Table 2. DOE of processing parameters used to fabricate the Fe-Mn-Al-Ni SMA samples. Layer
thickness, t (mm), is set for 0.03 mm, and the scanning pattern is set as stripes for all samples.

Volumetric Energy

Laser Power, P Scanning Speed, Hatchin .
Process Type W) v (mrgn/s) Space, h (n%m) De:}zrtl};;l;/;ED

Fabrication 150 800 0.09 69.44
1000 55.56

1200 46.30

175 800 0.09 81.02

1000 64.81

1200 54.01

200 800 0.09 92.59

1000 74.07

1200 61.73
225 800 0.09 104.17

1000 83.33

1200 69.44

250 800 0.09 115.74

1000 92.59

1200 77.16

Remelting 100 800 0.09 46.30

2.3. Characterization

The samples’ surface area roughness values (S,) were measured using a digital micro-
scope. The magnification of the microscope’s lens is set at X200 to obtain a focused view of
the surface finish of each sample. S, values for each sample were recorded over a specified
2.37 mm? area. Ten readings were taken for each sample and averaged. The ten measured
spots were taken from different places on the surface such as the middle, diagonal, corners,
and edges to ensure capturing surface variation.

A micromeritics pycnometer with high accuracy was used to find the true volume
of each sample to measure the density of the fabricated samples. This method is a non-
destructive technique that employs the volume—pressure relationships based on Boyle—
Mariotte’s law [54]. It uses the deviation of the inert gas (helium) pressure in a calibrated
volume to determine the sample volume [55,56]. Since the helium can penetrate most of the
pores in Fe-34Mn-15A1-7.5Ni samples, the measured volume will be much more accurate
than using other techniques such as Archimedes, which is sensitive to many factors such as
bubble surface tension, chemical changes, calibration of fluid density, and limitation on
accuracy [55]. Overall porosity can be directly measured from the relative density as they
have a negative correlation [56].

The surface porosity was inspected using a digital microscope. The mounted samples
were ground with multiple grit sandpapers from coarse to fine grits (up to 1200 grids)
for a metallographic finish. To polish and remove most surface scratches, alumina oxide
polishing solution suspensions (0.3 and 0.05 microns) were used. The average surface
porosity area ratio (%) was calculated by taking the average of three readings along the
diagonal at X200 magnification.

The metallographic-finished mounted samples were then measured for microhardness.
A digital microhardness tester was used to find Vickers hardness (HV). The instrument
uses a microscopic indenter of a diamond pyramid shape and conforms to ASTM (E-384),
ISO/DIS 6507-2, and JIS B-7734/B-7725 standards [57]. The parameters set for the test
are 1 kg for applied load, 50 um/s for applying load speed, and 15 s dwell time. Five
measurements from different regions on each metallographic-finished mounted Fe-34Mn-
15Al1-7.5Ni sample were taken to find the average Vickers hardness.
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3. Result and Discussion
3.1. LPBF Processing Parameters Window

The optimum LPBF processing window parameters for Fe-34Mn-15A1-7.5Ni SMA,
which yielded high dimensional accuracy and minimal macro defect (macro cracks and
irregular voids) materials in terms of laser power and scanning speed, were determined
and mapped in Figure 3. The optimum processing parameters were found to be in the range
of 150-250 W power and 600-1200 mm /s scanning speed as shown in Figure 3. Micro-sized
free cracks were less affected with different scanning strategies, although a modest increase
in macro-sized fractures was seen when utilizing a line scanning strategy. The investigation
demonstrated that LR significantly improves the build, and it was determined that the ideal
LR settings were a laser power of 100 W and a scanning speed of 800 mm/s. Additionally,
the hatching space that is associated with the most non-macro-sized cracked parts was
0.09 mm.

1300 - -
@ Defected ¢ Non-defective

1200 LR R 2 I N B 2 N

[
S =
[— )
(=T ]

® ¢ 6 6 6 6 06 0 0 0 o0

Scannning Speed (mm/s)
)
(=
S

800 ® O 6 6 ¢ 6 6 0 0 0 o
700
600 1 ® O O O O 0o 0 0 0 o0 o0
500 } } t + } t
100 150 200 250 300 350 400 450

Laser Power (W)

Figure 3. Laser power vs. scanning speed manufacturability map.

A crucial element that needs to be investigated is surface roughness (SR), as AM of
metallic alloys can produce intricately shaped components with interior surfaces that are
difficult to post-machine [58]. SR flaws in metals produced using additive manufacturing
could promote the beginning of cracks and result in decreased fatigue performance [59].
SR is a common indicator of product quality and, for the most part, a prerequisite for
mechanical products on a technical level. For a part to work as intended, the proper
surface quality must be reached [60]. Therefore, SR has been investigated for Fe-Mn-Al-Ni
SMA samples using the digital microscope as illustrated earlier in the characterization
section. The measurements were obtained by creating various 3D topographic images of the
fabricated samples as illustrated in Figure 4. The averaged surface roughness values of the
fabricated samples are represented in Figure 5. The highest average surface roughness S,
was achieved at 250 W and 1000 mm /s with a VED of 92.59 J/mm?, while the lowest value
was produced at 200 W and 1000 mm /s with a VED of 74.07 ] /mm?>. Higher roughness can
be explained by the existence of irregular structures in low VED cases and the emergence
of essentially flat regions in higher VED cases due to neighboring melt pools that can fuse
together at various locations in the case of higher VED [61]. Applying the so-called “laser
polishing method” is one other procedure that can be utilized to reduce surface roughness
in addition to optimizing the fabrication’s processing parameters, as highlighted in [62].

A regression analysis was then performed on the data to check which independent
variable had a statistically significant impact on the averaged S, values using a 95% confi-
dence interval. The fitting plots were developed to visualize the independent variables and
VED correlation with the average S, value, as displayed in Figure S1. The results showed a
moderate positive correlation with a correlation coefficient of 0.677 between laser power
and the area surface roughness value of Fe-34Mn-15A1-7.5Ni SMA [63]. The impact of the
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laser power on the average S, value was found to be statistically significant with a 95%
confidence interval. The correlation suggests that the lower the laser power used within
the defined processing window, the better the surface property.

X
500.0 0.0pm

o) 858
o ym

N\~

0.0pm

Figure 4. 3D topographic images of Fe-34Mn-15A1-7.5Ni SMA samples: (a) sample with the highest
S, fabricated at a power of 250 W and a scanning speed of 1000 mm/s and (b) sample with the lowest
S, fabricated at a power of 200 W and a scanning speed of 1000 mm/s.

100 -

WSl mS2 83
90 =+
80 +
70 4
- 27.03 31.49
50

40

Surface roughness (um)

30

20

10

150 175 200 225 250
Power (W)

Figure 5. Average surface roughness (S,) analysis of the LPBF Fe-34Mn-15A1-7.5Ni SMA fabricated at
150-250 W with corresponding scanning speeds of 800 mm/s (S1), 1000 mm/s (S2), and 1200 mm/s
(S3).

Almost all mechanical properties are directly correlated with the density. Tensile
strength, hardness, and other mechanical properties would all be enhanced by the higher
density. Controlling density is essential in LPBF due to several parameters involved during
the fabrication [64]. A gas pycnometer using an ultra-high purity helium gas was performed
to evaluate the density of Fe-Mn-Al-Ni-fabricated specimens. Considering the theoretical
density of the Fe-Mn-Al-Ni alloy, the relative density of the samples can be calculated using
the following equation.

Relative density (%) = PVariable . 10 1)
PFixed
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Relative density (%)

where pyyriaple 1S the measured density of the fabricated parts, and pgixeq is the theoretical
density of the alloy. The relative density was evaluated and represented in Figure 6. The results
showed fluctuations over the used processing parameters. Lower densities were observed at
the highest and lowest energy input, which confirms the hypothesis of the high presence of
porosity defects in those VEDs. A relative density of around 99% was investigated at a laser
power of 150-175 W and a scanning speed of 800 mm/s. These processing parameters yielded
a VED of 81.02 ]/mm?. On the other side, the sample with the lowest relative density was
produced using 250 W and 1200 mm/s with a VED of 77.16 ] /mm?. The regression analysis
was then performed to check the statistical significance of the independent variables. There
was a strong negative correlation between laser power and relative densities [63]. The impact
of the laser power on the relative density value was found to be statistically significant as
shown in Figure S2. Thus, the correlation suggests that the lower the laser power used, the
better densification the samples undergo during fabrication. This correlation is suggested
within the optimum processing window parameters, as it is well known that lower and higher
VEDs will cause much more defects [40], which will result in a lower relative density with
higher overall porosity. The development of parts with enhanced characteristics, such as
high density, lower porosity, and higher strength, is ensured by determining the optimal
window. Analysis revealed that the material can be generated with increased densification
due to the energy input being roughly 81 J/mm3, which contributes to improved mechanical
and thermomechanical performance.

= 99-100
99-99
" 98-99
= 98-98
m97-98
m 97-97
= 96-97
96-96
= 95-96

S2

175
200

225 S1
Power (W) 250

Figure 6. The relative density of Fe-34Mn-15A1-7.5Ni-SMA-fabricated samples.

3.2. Porosity Evaluation

Surface and overall porosities of Fe-Mn-Al-Ni-SMA-manufactured samples were
evaluated. The overall porosity can be directly calculated from the density using the
following equation. Overall porosity = 100 — P;, where P; is the relative density.

Surface porosity results stood consistent with the overall porosity. The porosity
exhibited a significant dependence on the laser power and energy input used for producing
the samples. The lowest and highest porosities were visualized at 1000 mm/s at a power
of 150 W and 250 W, respectively, which yielded a VED of 55.56 ] / mm? and 77.16 J/mm?3,
respectively, as illustrated in Figure 7. The higher porosity percentage can be attributed
to entrapped gases, gas reactions, unstable moving keyhole tips in higher VEDs, and
insufficient energy input in lower VEDs [65]. The results showed a moderate positive
correlation between laser power and the average surface porosity area ratio. The impact of
laser power on the average surface porosity area ratio is found to be statistically significant
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as shown in Figure S3. The correlation indicates that the lower the laser power, the better the
densification of the part fabricated. It is important to state that this correlation is suggested
within the optimum processing window parameters defined, as it is well known that lower
and higher VEDs will cause much more defects [66]; therefore, a higher relative density
results in a highly densified part. Investigating porosity and defects in the LPBF process
is crucial since porosity can severely impact the part’s structural integrity and functional
qualities, such as its fatigue life. The analysis showed that a low or high energy input can
lead to an increased porosity and induction of various defects.

1.2 + () mS1 mS2 mS3

S -
& =

N
P

Surface Porosity (%)

0.2

150 175 200 225 250
Power (W)
(b) ES1 »S2 mS3

0 175 200 225 250

Overall Porosity (%)
e P o ol
S W = h N [7/] w 7] -

15
Power (W)

Figure 7. Results of the manufactured Fe-Mn-Al-Ni SMA’s average surface porosity (a) and overall
porosity (b) measurements. S1, S2, and S3 stand for the corresponding scanning speeds of 800 mm/s,
1000 mm/s, and 1200 mm/s.

3.3. Microhardness Testing

Vickers hardness tests were conducted on five different regions of each sample as
shown in Figure 8. The samples had average hardness values ranging from ~360 HV
to ~450 HV. The results showed that the processing parameters that yielded the coupon
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with the highest averaged HV hardness value were 225 W and 800 mm /s with a VED of
104.17 ] /mm?; whereas those that yielded the coupon with the lowest HV hardness value
were 150 W and 1200 mm/s with VED of 46.30 ]/mm?3. A strong positive correlation was
observed between laser power and average hardness [67]; however, there was a stronger
positive correlation with a correlation coefficient of 0.915 between average hardness and
VED as shown in Figures 8 and S4. The impact of the VED on the average HV hardness is
found to be statistically significant as shown in Figures 8 and S4. The correlation indicates
that the higher the VED, the harder the part is fabricated. It is important to note that
VED is a quantity that depends directly on both laser power and scanning speed. The HV
hardness is noticeably improved compared to conventionally produced Fe-34Mn-15Al-
7.5Ni SMA [68]. The analysis confirmed that there is a strong correlation between the
surface nature and characteristics of the material with its hardness. Increasing the laser
power can significantly improve the hardness of the material.

S3
= o
.:"V'vv‘\.;wwv R A A A A A A A A A A A A A A A A o
225
3
£ 200
g
175
0 100 200 360 460 500

Hardness (HV)

Figure 8. Hardness results of Fe-Mn-Al-Ni SMA samples fabricated at a power of 150-250 W with
three different scanning speeds including 800 mm/s (S1), 1000 mm/s (S2), and 1200 mm/s (S3).

3.4. Interaction Effect

To get better visualization of the results, interaction plots for the effect of both laser
power and scanning speed on the hardness, relative density, surface roughness, and average
surface porosity area ratio were developed and are shown in Figure 9. From interaction
plot (a), it can be concluded that a scanning speed of 800 mm /s improved the hardness sig-
nificantly and showed the highest HV values between 200 W and 250 W, decreasing beyond
225 W. From interaction plot (b), it can be inferred that a scanning speed of 1200 mm/s
yields the worst relative density, and the relative density beyond 200 W decreases noticeably.
From interaction plot (c), despite the general trend of increasing surface roughness as laser
power increases, at a laser power of 200 W, there are low values of Sa and low variation
associated with different scanning speeds. From interaction plot (d), it can be observed
that at 200 W, there is the lowest variation and relatively low values of the average surface
porosity area ratio.
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Figure 9. Interaction plots for the effects of both laser power and scanning speed on (a) Vickers
hardness, (b) relative density, (c) averaged surface roughness, and (d) average surface porosity area
ratio of Fe-34Mn-15A1-7.5Ni SMA.

4. Conclusions

This study investigates the densification of the Fe-Mn-Al-Ni SMA system using LPBF.
The study focuses on the correlation between laser power and laser speed on the material’s
density, surface roughness, porosity, and microhardness. The optimal LPBF processing pa-
rameters for fabricating Fe-34Mn-15A1-7.5Ni SMAs were determined based on dimensional
accuracy and the minimization of macro defects, including cracks and voids.

Laser remelting was employed to enhance sample densification, reducing macro-sized
cracks and improving dimensional accuracy. The densification of the samples was assessed
through surface roughness, density, porosity, and Vickers hardness measurements. Within
the optimal processing window (laser power: 175-225 W, scanning speed: 800-1000 mm/s,
hatching spacing: 0.09 mm, and layer thickness: 0.03 mm) combined with laser remelting
at 100 W power and 800 mm/s scanning speed, the best combination of properties was
achieved, with a VED of 92.59 J/mm?.

Notably, the study found that the impact on material properties was not solely due
to individual processing parameters, and a linear regression model might not be the ideal
choice. Laser power, however, demonstrated a significant influence on the evaluated prop-
erties. Regression modeling suggested potential interactions between multiple parameters,
affecting the resulting properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13101505/s1, Figure S1: Regression fitting plots for the
effects of (a) laser power, (b) scanning speed, and (c) VED on the average Sa of LPBF of Fe-34Mn-
15A1-7.5Ni SMA. S, is the average surface roughness; Figure S2: Regression fitting plots for the effects
of (a) laser power, (b) scanning speed, and (c) VED on the relative density of Fe-34Mn-15A1-7.5Ni
SMA fabricated samples. Ry stands for the relative density; Figure S3: Regression fitting plots for
the effects of (a) laser power, (b) scanning speed, and (c) VED on the average surface porosity area
ratio of Fe-Mn-Al-Ni SMA samples. SP stands for the average surface porosity; Figure S4: Regression
fitting plots for the effects of (a) laser power, (b) scanning speed, and (c) VED on the average HV
hardness of Fe-Mn-Al-Ni SMA.
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Nomenclature
A¢ Austenite finish temperature
Ag Austenite start temperature

AM Additive manufacturing

DOE  Design of experiment

EDM  Electric Discharge Machining

EDX  Energy-dispersive X-ray spectroscopy
HV Vicker hardness

LPBF Laser powder bed fusion

LR Laser remelting

Mg Martensite finish temperature
Mg Martensite start temperature
Sa Surface roughness

SE Superelasticity

SEM  Scanning electron microscopy
SMA  Shape memory alloy

SME  Shape memory effect

VED  Volumetric energy density
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