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ABSTRACT

This study investigates the relationship between the process parameters of the laser powder bed fusion technology and the func-
tional properties of nitinol metamaterial for morphing actuator applications. Using an extraordinary wide range of laser powers

(40-400 W) and scanning speeds (175-3000 mm ™) provides the most comprehensive assessment of resulting morphologies,

allowing identification of defect-free configurations, especially for low energy densities. The assessment is done with respect

to porosity, thin-wall dimensional accuracy, crystallography, austenite—-martensite phase transformation, and recoverability under

cyclic loading. The results show that low volumetric energy density of 41-55J mm™> can lead to an internal porosity of less than

0.1%, although brittle cracking may occur. The cyclic compression tests show a variable quasilinear pseudoelasticity with low

hysteresis. The highest total strain after 50 cycles is 5.43% with an associated cumulative residual strain of 2.79%, stabilizing after

approximately 30 cycles. The recoverable strain decreases with increasing load, most significantly from 53.4% at 800 MPa to 35.1%
at 1200 MPa. The computational estimation of metamaterial morphing capability provides reliable results if the linear assumption
after the fifth cycle is adopted by the material model and geometrical thickness deviations are reflected.

1 | Introduction

Nickel-titanium alloys have become of great interest for high-end
biomedical and aerospace applications because of their unique
ability to undergo large deformations (to 8~10%) and return to
their original, undeformed shape [1, 2]. Such behavior can fully
exploit its potential in thin-walled elements, such as mechanical
metamaterials embedded in medical stents or morphing wing
actuators, where complex mechanisms can be replaced with
one highly flexible component. Recoverability is achieved either
by the application of heat—shape memory effect (SME) or by
the release of stress—superelastic effect (SE). The SME/SE are
enabled by a reversible phase transformation between the austen-
itic phase B2 (A) and the martensitic phase B19’ (M) [3, 4].

To use nitinol metamaterial in morphing actuator applications,
such as leading and trailing edges of aircraft wings or flexible

components in payload separation systems, a high-fidelity parent
material must be provided first [5]. Such material has to allow for
a large actuation range in a relatively stiff metamaterial compo-
nent without cracking, defect evolution, or progressive degrada-
tion of recoverability, which until recently was considered
impossible [6, 7]. However, the unprecedented design and proc-
essing freedom brought by laser powder bed fusion (L-PBF) have
enabled tailoring of nitinol capabilities that leverage both the
material’s intrinsic properties and architectural design principles
to achieve tailored mechanical responses [8]. Unfortunately, the
extreme thermal gradients, rapid solidification rates (10*-10° K/s),
and repeated thermal cycling inherent to L-PBF processing
fundamentally alter microstructural evolution, compositional
homogeneity, and phase transformation behavior [9, 10]. For
thin-walled metamaterials, where feature sizes can drop below
0.2mm, and thermal histories vary dramatically with wall
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thickness and local geometry, these effects become particularly
pronounced and poorly understood.

Previous research has shown that the sensitivity of thermome-
chanical response to process parameters, even when different
parameter combinations led to the same energy density [11, 12].
This compositional sensitivity becomes critically important in
L-PBF processing, where selective evaporation of the more vol-
atile nickel constituent can occur from the melt pool [12]. As a
consequence, the transformation temperatures and functional
properties exhibited extreme swings, with shifts of approxi-
mately 10°C per 0.1 at.% change in nickel content near the
equiatomic composition. Additionally, the precipitation of sec-
ondary phases, particularly Ni Ti; in Ni-rich compositions and
Ti,Ni in Ti-rich compositions, profoundly affects transforma-
tion behavior by depleting the matrix of nickel or titanium,
respectively. This finding challenges the conventional energy
density framework and suggests that melt pool dynamics, par-
ticularly peak temperatures and residence times above the
nickel boiling point, govern compositional evolution more
directly than integrated energy input. Multiple investigations
have established that optimal volume energy density (VED)
should not exceed 90 J mm™ for achieving high relative density
(>98-99%) while minimizing defects [13, 14] to prevent
increased nickel loss, impurity pickup, and excessive crack for-
mation. Alternative metrics have been proposed by Gustmann
et al., who used line energy E, to optimize thin lattice struts,
achieving fully melted struts at E; > 150 J m™" with diameters
of 130-170 pm. The more sophisticated approach was presented
by Timercan et al. [15], who utilized a coupled VED build rate
framework that identified optimal conditions within build rate
3-10cm®h™" at VED not exceeding 90 mm™>. In contrary, Ge
et al. [16]. restricted successful specimens printing with VED

not exceeding 75.8 J mm >,

Load history is another important factor to consider when
developing metamaterials for actuators, as recoverability
decreases with the number of load cycles [11, 17]. The recover-
ability degradation of nitinol is driven by progressive disloca-
tion accumulation that stabilizes martensite and suppresses
transformation, microcrack nucleation and growth at defects
or stress concentrations, precipitate coarsening or redistribution
that alters transformation behavior and residual stress evolu-
tion. According to Saedi et al., the superelastic behavior of niti-
nol specimens fabricated by L-PBF can be stabilized after the
101 cycle [18]. In contrast, Henderson et al. identified stabili-
zation up to the 40" cycle [19]. Related to metamaterials, Chen
et al. found that nitinol gradient lattice structures achieved a
recoverable displacement rate of at least 99.15% after six cycles
[20]. This results in performance inconsistency in bulk speci-
mens and nitinol metamaterials made by L-PBF. As possible
reasons, different scan speed or hatch distance resulting in var-
iable energy density [21], microstructural factors, precipitates,
composition, or heat treatment of tested specimens can be iden-
tified. Further investigation of cyclic tensile loading with
increasing loads and stress-controlled fatigue showed that the
higher proportion of retained martensite reduces fatigue life
[22]. In addition, an increase in residual strain and a decrease
in elastic modulus can be observed when the maximum com-
pressive strain increases under cyclic loading [23].

The functional properties of L-PBF nitinol lattices exhibit strong
dependencies on geometric parameters, including strut

diameter, unit cell size, porosity, and architectural topology,
although the mechanisms underlying these geometric effects
remain subjects of active investigation. Iasnii et al. [24] have
shown that the termination temperature of austenitic transfor-
mation in bulk nitinol rods is much lower compared to that of
thin struts in lattice structures. In addition, the L-PBF fabrica-
tion of thin-walled nitinol parts has shown favorable results in
achieving higher geometric accuracy with lower scanning
speeds, especially in the case of parts with small struts
(0.2-0.6 mm) [25]. Gustmann et al. [26]. revealed extreme sen-
sitivity of strut diameter to scan vector length, with 0.01 mm
vectors producing 150 £9 pm struts compared to 222 £ 10 pm
for 0.1 mm vectors at identical energy inputs. This geometric
sensitivity suggests that thermal accumulation and heat-
affected zone interactions become dominant factors at small
length scales, necessitating adaptive scanning strategies rather
than simple parameter scaling from bulk processing conditions.
The coupling between wall thickness and scanning speed
presents a particular complexity. Guo et al. [27] investigated
this interaction in thin-wall structures, finding that transforma-
tion temperature deviation among different wall thicknesses
increased from ~ 3.7°C at 400 mm s~ * scanning speed to ~23.5°C
at 600 mm s™'. In addition, the surface quality of a build is sig-
nificantly influenced by the scanning speed to laser power ratio
[10]. Ratio values greater than 0.3 or lower than 0.1 result in a
considerable number of spherical pores [28].

Efficient development of metamaterial actuators requires push-
ing nitinol processability to the level of complex geometries with
an understanding of L-PBF phenomenological behavior induced
by process parameters [29, 30]. This behavior can be interpreted
using material and geometry characteristics determined for a
specific thin-walled production setup [31]. While material
behavior was widely discussed in previous years [29, 30], the
geometry of thin-walled nitinol elements got far less attention.
Yet it is the geometry that can significantly impact the exploita-
tion capabilities of the material superelasticity potential [32, 33].
The research gap in geometrical perspective can be identified in
the coupled effects of manufacturing deviations and thermal his-
tory, which vary for different L-PBF production conditions and
therefore complicate individual design efficiency estimation in
finite element analysis (FEA) [34]. In addition, cyclic stability
and functional fatigue behavior of metamaterials have been
described by limited sources, suggesting potential concerns
regarding permanent strain accumulation [35]. It restricts the
achievable superelastic morphing capabilities in thin-walled
metamaterials and hinders the scalability of laboratory-tested
processing conditions to larger and more complex components.
Most studies examine bulk specimens or small coupons, leaving
unclear whether the identified processing windows and property
relationships transfer to components with complex geometry,
varying stress-strain distribution, and complex thermal manage-
ment challenges. Based on the literature [30, 36], a broad win-
dow of process parameters was defined and further investigated
with respect to morphological, mechanical, and geometrical
aspects to identify configurations best suited for metamaterial
morphing actuators. The study provides an experimentally
sound, production-specific description of nitinol behavior
oriented to thin-walled elements. In addition, forms a solid basis
for the development of metamaterial actuators, taking full
advantage of the superelasticity potential.
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2 | Materials and Methods

The following section describes the main analyses carried out
from the single-track inspection towards the assessments of
morphing metamaterial transformation limits.

2.1 | Powder Characteristics

The gas-atomized nitinol metal powder (Carpenter Additive,
Widnes, United Kingdom) was selected for the manufacturing
of the specimen. The shape of the particles was analyzed using
a scanning electron microscope (SEM, Table 1, Figure 1). The par-
ticle size distribution was determined by laser size diffraction using
the ASTM B822 standard. The powder tap density was determined
to be 4.26 kgm™> using the ASTM B527 standard. The chemical
powder composition of the nitinol alloy is given in Table 2.

2.2 | Production of Nitinol Specimens

The specimen production was carried out using an SLM 280HL
machine (SLM Solutions Group AG, Liibeck, Germany). A
ytterbium Gaussian-mode fiber laser YLR-400-WC-Y11 (IPG
Photonics, Oxford, USA) with 400 W maximum power, a spot
diameter of 82 um, and a wavelength of 1070 nm was used. A
reduced 100 X 100 mm nitinol base plate and a standard silicone
recoater blade were used to produce specimens. Tables 3 and 4
give the machine setup and process parameters window used.

TABLE 1 | Size distribution of nitinol powder.

Quantile Q1o Qso Qoo
Particle size, pm 13.3 30 51.2

FIGURE 1 | Nitinol powder morphology. SEM image.

TABLE 2 | Chemical composition of nitinol powder.

The parameter selection was based on the range of line energies
described in [30, 36] but intentionally extended to test limits lead-
ing to track discontinuity induced by the lack of fusion effect in
one extreme, and keyholing sourced from surplus of energy in
the other extreme. The line energy was calculated using the fol-
lowing expression [37]:

E = ‘E;[J - mm| @

where P is the laser power and V denotes the laser speed.

Table 5 shows the types and geometric parameters of the test
specimens selected from a narrow range after evaluation of a
single-track experiment. The primary aim of this study is to
investigate thin-walled elements, but the minimal allowed vol-
ume tested for the intended analyses exceeds that available for
thin-walled elements. Furthermore, results must be determined
as a representative value independent of the influence of surface
and subsurface regions. For this purpose, some of the following
analyses were performed on cylindrical specimens. In addition,
three different configurations of metamaterial segments were
produced (Figure 2), two of which were designed with a slight
auxetic behavior. Geometries frequently used in other studies
for conventionally produced materials were intentionally chosen
to demonstrate superelastic morphing capabilities [38, 39].

2.3 | Microscope Image Analysis

The Keyence VHX-2500 digital microscope (Keyence, Osaka,
Japan) with the Z250R objective (X250 zoom) was used to obtain
detailed information on the cross-sectional geometry and poros-
ity of the specimens. The microscope images of the specimen
cross-sections were analyzed using the JavaScript-based open-
source plugin ImageJ2 Fiji (National Institutes of Health,
Bethesda, Maryland, USA). The images were converted to gray-
scale with a range of 0-255 (0-white, 255-black) to detect pores
and borders. Then, the threshold filter was applied to select a
range of 110-255. In the next step, the images were transferred
to binary maps in which the porosity and dimensions of the
specimens were recognized based on binary criteria.

2.4 | Transformation Temperatures

The transformation temperatures of the nitinol produced by L-PBF
were determined using differential scanning calorimetry (DSC).
For this purpose, specimens with dimensions 4 x4 x 1 mm [3]
were cut from the cylinders using the electrical discharge

Elem.” Ni C Cr Co Cu

H Fe Nb N (6] Ti

wt.% 55.75 0.0024 0.0042 <1073 <0.0035

<0.0005 0.0044 <1073 <0.0005 0.058 Bal.

“Data from the powder supplier.

TABLE 3 | Machine setup for the production process.

Parameter Layer thickness L, pm

Platform heating, °C

Atmosphere, - Residual oxygen content, %

Value 50 200

Ar <0.2
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TABLE 4 | The L-PBF process parameters to produce single tracks. TABLE 4 | (Continued)

Scanning speed  Laser Power Ep, Scanning speed  Laser Power Ep,
Parameter V, mms ! P, W Jm™ Parameter V, mms?! P, W Jm™?
1 175 40 229 45 500 240 480
2 250 40 160 46 750 240 320
3 500 40 80 47 1000 240 240
4 750 40 53 48 1250 240 192
5 175 80 457 49 1500 240 160
6 250 80 320 50 1750 240 137
7 500 80 160 51 2000 240 120
8 750 80 107 52 2500 240 96
9 1000 80 80 53 3000 240 80
10 1250 80 64 54 250 280 1120
11 1500 80 53 55 500 280 560
12 1750 80 46 56 750 280 373
13 175 120 686 57 1000 280 280
14 250 120 480 58 1250 280 224
15 500 120 240 59 1500 280 187
16 750 120 160 60 1750 280 160
17 1000 120 120 61 2000 280 140
18 1250 120 96 62 2500 280 112
19 1500 120 80 63 3000 280 93
20 1750 120 69 64 500 320 640
21 2000 120 60 65 750 320 427
22 2500 120 48 66 1000 320 320
23 175 160 914 67 1250 320 256
24 250 160 640 68 1500 320 213
25 500 160 320 69 1750 320 183
26 750 160 213 70 2000 320 160
27 1000 160 160 71 2500 320 128
28 1250 160 128 72 3000 320 107
29 1500 160 107 73 500 360 720
30 1750 160 91 74 750 360 480
31 2000 160 80 75 1000 360 360
32 2500 160 64 76 1250 360 288
33 3000 160 53 77 1500 360 240
34 250 200 800 78 1750 360 206
35 500 200 400 79 2000 360 180
36 750 200 267 80 2500 360 144
37 1000 200 200 81 3000 360 120
38 1250 200 160 82 500 400 800
39 1500 200 133 83 750 400 533
40 1750 200 114 84 1000 400 400
41 2000 200 100 85 1250 400 320
42 2500 200 80 86 1500 400 267
43 3000 200 67 87 1750 400 229
44 250 240 960 88 2000 400 200

(Continues) (Continues)
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TABLE 4 | (Continued)

Scanning speed Laser Power EL,

Parameter V, mms?! P, W Jm™
89 2500 400 160
90 3000 400 133

TABLE 5 | Types and geometric parameters of test specimens.
Specimen, Bulk Metamaterial
mm cylinder Thin wall segments
Height 10 10 10
Diameter/ 8 0.5; 0.75; 1; 0.5; 0.75
Thickness 1.25; 1.5; 2

machining method. The NETZSCH DSC 204 F1 Phoenix device
(Erich Netzsch GmbH & Co. Holding KG, Selb, Germany) with
intercooler was used for the DSC analysis. Each specimen was
placed in an aluminum crucible with a lid and subjected to three
temperature cycles ranging from 75°C to —75°C at a constant heat-
ing and cooling rate of 10 K min™". The test was carried out in an
argon atmosphere using a flow rate of 70 mlmin™", as its lower
thermal conductivity increases sensitivity in the low temperature
range. An empty aluminum crucible with a lid served as reference
material. The temperature was calibrated to the melting tempera-
ture of five pure substances. The NETZSCH Proteus program was
used to evaluate acquired DSC data.

2.5 | Mechanical Properties

To determine the mechanical properties of nitinol, a cyclic com-
pression test was performed on a Shimadzu AGX-V2 device
(Shimadzu, Kjoto, Japan). In the first phase, the cylindrical speci-
mens described in Section 2.2 were compressed in the direction
parallel to the build direction (BD) until an intermediate load
level of 800 MPa of engineering stress was reached, and then
unloaded (the L-PBF fabricated nitinol should not reach the plas-
tic yield point), as shown in Figure 3. In this condition, 50 loading
cycles were performed at a constant strain rate of 0.001 s™'[16].

3.8 mm o
_

()]

SR I S e e 0 ) 3 3
3

a(t) |
1200 MPa [ -------=--=-o

800 MPa f-------

0 1 2t
FIGURE 3 | Test parameters applied with time steps.

To allow for observation of material durability under increased
stress levels with potential specimen fracture, an additional test-
ing phase was introduced. It consisted of an additional 25 cycles
with stress increasing every fifth load cycle up to 1200 MPa. The
main goal of this step was to assess functional stability and
observe irreversible strain accumulation triggered by martensite
plasticity and dislocation slip under extreme loading conditions.
Mechanical testing was carried out at room temperature.

The specimen deformation was recorded using an optical exten-
someter (Dantec Dynamics, Skovlunde, Denmark) based on the
principle of digital 3D image correlation (DIC) with two 5 MPx
cameras. The setup covered a measurement area of approximately
25 x 25 mm (base length 97.6 mm, stereo angle 27.26°). To cover
the range, the system used 50 mm lenses with 10 mm intermediate
rings. A customized imaging technique was used to reduce the
acquired data. The correlation parameters are listed in Table 6.

The metamaterial segments were tested using the same facility.
The specimens were placed freely between plates and com-
pressed 10 times in a direction perpendicular to BD. The testing
conditions are shown in Figure 4a, where applied displacement
uy from the diagram in Figure 4b was used.

2.6 | Finite Element Analysis

The FEA of the metamaterial segments was performed in ANSYS
Workbench 23.1. (ANSYS, Canonsburg, Pennsylvania, USA) in
the Static Structural module. The simulation scene was created
to correspond to Figure 4a, assuming plane-stress conditions. The
applied displacement uy was obtained from Figure 4b. The
8-node planar elements with quadratic base function, known

e)

FIGURE 2 | Basic element and metamaterial segment: (a, b) re-entrant; (c, d) arrowhead; (e, f) honeycomb.
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TABLE 6 | DIC correlation parameters.

Parameter Search radius, Px Facet size, - Grid spacing, Px Maximum 3D residuum, Px
Value 148 31 17 0.6
(a) (b) uy (t)
Plate [0;uy] l 0.15 MM p-mnmmemeesy 1
[0:free] = Contact region
> Structure segment
yI J - Contact region
x Plate [0,0] | 0 1 2

FIGURE 4 | (a) Loading scene used in the simulation; (b) loading diagram.

as PLANE 183, were used with a side length of 0.1 mm to mesh
the segment and plates. A mesh convergence study was per-
formed to ensure that further mesh refinement would not affect
the accuracy of the results. The corners and the sharp edges were
adapted to represent the actual state of the segments after pro-
duction. Friction between bodies was set at 0.5. Poisson’s ratio
was set at 0.3. To define the material model, a linear elastic
assumption was adopted based on the compression test of the
cylinders, with the modulus of elasticity determined for each load
loop separately. The purpose of this simplification of the model
definition was to demonstrate the suitability of linearization in
later stages of cyclic loading.

3 | Results and Discussion
3.1 | Single-Track Experiment

In the first step, 90 single tracks were produced using process
parameters defined in section 2.2. The property of the track
was acquired as discrete results of microscopic measurements
of the width W, height H, depth D, and contact angle «
(Figure 5). As expected, a decrease in scanning speed V and
an increase in laser power P led to an increase in W, D, and
in some cases @, while H decreased. A similar trend with close
match at intermediate scanning speeds was also observed in the
study by Bourke et al. when a narrower process parameter win-
dow was used [36].

A regression analysis using a quadratic polynomial function was
performed to determine the relationship between the input pro-
cess parameters and the resulting track properties, similar to
Vaglio et al. [40]. Equation (2) represents the trend of approxi-
mate track properties (Z with Z € {W, H, D, a}) as a function of
the change in scan velocity (V) in mm s~ and laser power (P) in
W. In addition, a continuous prediction of the track properties
was made based on possible combinations of input parameters.
The polynomial parameters of the regression function (5 ... fs)
are given in Table 7. Low mean square error shows that a better
approximation and thus a potential trend estimation were
achieved for the track width and depth. The poorer approxima-
tion of the track height can be attributed to the wide window of
process parameters, which in extreme cases led to considerable
melt pool pulsations and a balling effect. Large variations in the

measured height led to a deviation from the plane that approx-
imates the data set, even when a second-order polynomial
function was used. Based on the observations, process parame-
ters that result in discontinuous or significantly cracked
tracks were excluded from further trials. In addition, parameter
combinations that resulted in keyhole porosity or excessively
low or even unmeasurable melting depths were also not
considered. The last selection criterion applied setup an a angle
limit to minimum of 100° to avoid the balling effect. Closer
consideration of a and H in the selection process was not
considered because of the low values of the determination coef-
ficient in the model.

Z=Po+ 1V + PP+ p3V* + uP* + VP @)

3.2 | Investigation of Internal Composition

Based on the parameters mentioned in Section 3.1, 12 groups of
process parameters were selected for further investigation of inter-
nal homogeneity (Table 8). The parameters were assigned with a
hatch distance and used to produce cylindrical specimens. The fol-
lowing equation was used to determine the VED delivered to the
powder layer during the manufacturing process:

VED = [J - mm~3] ©)

P
V-H-L

where H is the hatch spacing, and L is the layer thickness.

The internal homogeneity analysis of the cylinders showed low
internal porosity (Figure 6), but some of the produced specimens
were prone to macroscopic cracking after fabrication (Figure 6
detail). A similar phenomenon was also described in the litera-
ture for process parameters resulting in comparable VED [30].
Maximum internal porosity of 0.24% was observed for V at an
intermediate value of 1000 mm s}, p=400W, and a high value
of H= 125 pm, resulting in a peak VED of 64 J mm . In contrast,
the lowest internal porosity of less than 0.1% was achieved when
H was reduced to 105 pm and P to 280 W, resulting in a VED of
53.37mm™>. The more comprehensive comparison with review
literature, where different process parameters and Ni contents
were considered, resulted in a higher relative density of the mate-
rial [30, 41]. The only comparable density was obtained with a
VED of 41 ] mm ™ with a similar Ni content and similar param-
eters [42]. In general, a very high relative density was achieved
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Track height H [um]

Track width W [pm]

(b)

Track depth D [um]

(d)

N

NN
SO N\

NG N\

DRSS
0"'
[)

S N\ N\ N\

Contact angle o [°]

R RRRRS
NN
[/

FIGURE 5 | Dependence of the single track (a) width, (b) depth, (c) height, and (d) contact angle on the scanning speed and laser power.

TABLE 7 | Quadratic regression coefficients and intercept; MSE and R? are the mean square error and coefficient of determination, respectively.
Intercept Coefficients
Property Bo B1 B2 B3 Ba Bs MSE R’
Track width 1.61e2 —1.58e-1 1.05e0 3.49e-5 -9.12e-5 —1.03e-3 584.32 0.90
Track depth 5.79%1 —2.93e-1 2.26e0 8.88e-5 —4.28e-4 —2.48¢e-3 1940.1 0.85
Track height 3.72el 1.90e-3 9.22e-2 —6.51e-7 —9.82e-6 —1.78e-4 128.27 0.05
Contact angle 1.35 e2 —3.12e-2 1.24e-1 6.63e-6 4.93e-6 —7.53e-5 154.35 0.29

for VED in the range of 41-55J mm™> in the present study, with
an internal porosity of less than 0.25%. However, it is worth not-
ing that the layer thickness used in the source study was only
30 pm. Furthermore, some of the specimens showed an excessive
number of pores in subsurface regions, which excluded them
from further analyses. The remaining three parameter setups
(Table 8) 38, 56, and 76 were designated as A, B, and C,
respectively.

3.3 | Phase Transformation Behavior

Figure 7a shows the first cycle of DSC measurement on selected
specimens in as-build condition. The heating of the specimen to
+75°C and subsequent cooling to —75°C caused an endothermic
and an exothermic peak in the curve. During the forward trans-
formation from austenite to martensite, the corresponding exo-
thermic peak indicated a direct single-step transformation
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TABLE 8 | Selection of the L-PBF process parameters to produce specimens.
Parameter Laser Power P, W Scanning speed V, mm- st Hatch distance H, pm VED, Jmm™3
5 80 175 120 76.2
6 80 250 105 61
26 160 750 90 47.4
38 200 1250 75 42.7
48 240 1250 85 45.2
56 280 750 125 59.7
57 280 1000 105 53.3
66 320 1000 115 55.7
67 320 1250 105 48.8
76 360 1250 115 50.1
77 360 1500 105 45.7
84 400 1000 125 64
0.40 ] the study of Zhang et al. [12], who reported a complex relation-
’ > £ ship, observing that transformation temperatures increased with
VED up to a critical value of approximately 100 J mm™, beyond
o ‘ which further VED increase produced minimal additional shifts.
0.30 1000 pm 1000 pm
3 .
- 3.4 | Compression Test
=020 +
(7]
o 48 The cyclic loading was evaluated by two main characteristics—
8 ® % i recoverable strain (e...) [43] and critical stress to initiate stress-
o induced martensitic transformation (6spy) [41]. The first phase of
0.10 38 77 . . . :
e © 66 56 2 the cyclic compression of the cylinders did not show a clear pla-
7% 57® ® ° teau region (Figure 8), but the initial loading cycle indicated the
se® * stress level where the martensitic transformation ogpy started. It
0.00 ' '

40 45 50 55 60 65 70 75 80
Energy density [J-mm]

FIGURE 6 | Comparison of the internal porosity of the cylinders
(6x8 mm area).

without the occurrence of the R-phase [15, 39]. The heating curve
also showed a reverse single-step transformation indicated by the
endothermic peak. Note that the exothermic peak occurred at the
edge of the measured temperature interval, making it impossible
to estimate the end of the martensitic transformation. The broad
and flat shape of the curve indicated a slow and weak transfor-
mation, which is attributed to the high dislocation density of the
L-PBF process.

Figure 7b shows the characteristic temperatures A, A, and A¢
(start, peak, and end of austenite transformation during heating)
as well as M, and M, (start and end of martensite formation dur-
ing cooling) compared to the initial state of the powder. The pow-
der material measurement showed a purely superelastic behavior
at conditions far above room temperature (at 31°C). In contrast,
all configurations produced at room temperature were consid-
ered superelastic, as the endothermic reaction Ay ended below
20°C. Accordingly, a comparison of the martensitic transforma-
tion of the as-built specimen showed that the onset of the exo-
thermic reaction in the group A and group C configurations
began at lower M temperatures. The results are in line with

can be concluded that the higher o5 Was present, the higher the
total deformation strain at the load peak e, was observed, rang-
ing from 460 MPa at configuration C to 525 MPa at configuration
B. With an increasing number of loading cycles, stress hysteresis
dropped as the irrecoverable strain accumulated due to retained
stabilized martensite and/or plastic deformation [44].

A variable superelastic response with the highest total strain of
5.43% at the 50 cycle for configuration B (Figure 9a), while the
lowest total strain was observed for configuration C at only 4.65%.
The most significant decrease in recoverability was observed in
group B, where the cumulative residual strain reached 2.79% after
50 cycles. A comparison with additively manufactured nitinol
specimens described in the literature and tested under similar con-
ditions showed that configuration B achieved a similar stiffness,
resulting in a higher total strain at maximum load at the 50" cycle
[45, 46]. According to Liu et al. [47], one possible reason for this
was the nanocrystalline/amorphous dual-phase structure that
occurred in mechanically cyclized L-PBF fabricated nitinol.
Furthermore, it was reported that an increase in scanning speed,
which resulted in deformation of the melt pool, led to a reduction
in the transformation temperature and an increase in the transfor-
mation interval. This was also confirmed in the current study,
where a decrease in transformation temperature was observed
for groups A and C at higher scanning speed (from 750 mms™"
for B to 1250 mm s~ ). Another study indicated that the build ori-
entation of the tested specimen also plays an important role in
hysteresis and superelastic recovery [48].
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FIGURE 8 | Stress-strain curves of superelastic nitinol at 50 cycles.

In all specimen groups observed, the deterioration in recovery
and the rapid change in hysteresis were most pronounced in
the first cycles, leading to a narrowing of the loop until the dif-
ference between the loading and unloading pathways almost dis-
appeared (Figure 8). Linearization of the hysteresis loop was also
previously observed [49, 50], indicating a limitation of additively
manufactured nitinol for applications where large repeating
deformations are expected. According to recent studies, the
increase in irrecoverable strain is attributed to high residual
stress and microstructural defects such as pores and cracks. It
increases dislocation density, which changes a strong first-order
transition to a weak first-order or continuous transition [51, 52].
Clarification of the underlying mechanisms for this type of
behavior plays an important role in the development of program-
mable metamaterials.

Figure 9a shows the maximum total strain (gi) and the cumu-
lative residual strain (es) for the tested configurations. The load
loops were considered stabilized if at least five adjacent cumula-
tive €.s showed a difference of less than 0.01%. According to this

Strain ¢, [%]

criterion, the observed trend of material recovery showed stabi-
lization at the 38" cycle for groups A and B and stabilization at
the 36™ cycle for group C. This was consistent with the results
described in a previous study, where stabilization was observed
between the 30™ and 40™ cycle for conventionally produced niti-
nol wires [19]. In contrast, in another source study, stabilization
of nitinol produced by selective laser melting in the as-fabricated
state was observed as early as the 10™ cycle [18].

However, it is important to emphasize that the cyclic test in the
source study was terminated after the 10™ cycle, and the stabiliza-
tion criterion differed from the current study. Despite the difference
in stabilization recognition, the e in the 10th cycle was in the
range of 2.34% and 2.9%, which was comparable to the source study.

Further observations showed that additional cyclic loading led to
a slow deterioration of nitinol in the form of a continuous
reduction in e, and hysteresis to a quasilinear form. It was
measurable in all tested groups, regardless of the process param-
eters used, until the last experimentally tested cycle. The recovery
ratio was used as an indicator (Figure 9b), expressed as the
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ratio between the cumulative e,5 and the ey, in percent [11].
Configuration C achieved the highest recovery ratio, 82.4% in
the 1% cycle and 53.4% in the 50 cycle. Similar behavior, includ-
ing the reduction in hysteresis, was also observed in previous
studies testing conventionally manufactured nitinol wires[21, 44].
However, it appeared that fewer loading cycles were required to
achieve a significant reduction in hysteresis and &, in specimens
prepared with L-PBF [11]. The offset in stabilized values of €.
between the tested groups in the first phase at intermediate load
with 800 MPa engineering stress was attributed to different pro-
cess parameters (Table 8) and was associated with a slight change
in transformation temperatures (Figure 7b) between all groups.

The second test phase with an increase in maximum load
(Figure 9c) showed a persistent trend of reduction in cumulative
€res in the unloaded state, indicating continued degradation of the
material without obvious changes in behavior. It should be noted
that both the cumulative ¢,; and the cumulative ¢, measured at
the corresponding loading intervals increased more rapidly, with
the trend amplifying at the higher loads. In this respect, config-
uration B was shown to be the most affected by the higher loads,
as it reached the highest ¢, of 10.3% at 1 200 MPa, but is also the
most prone to deterioration (cumulative &, of 7.0%). At interme-
diate load, the offset in recoverable strain between the tested
groups remained the same in the later stages of loading. As
the load increased to a high level, the difference in ¢,.. decreased

and stabilized the offset between groups. Interestingly, the recov-
ery ratio of configuration B dropped to 31.6% (Figure 9d), which
was the same level as configuration A. Although configuration C
had the lowest ¢, its recovery ratio was better in both phases of
the test. This indicates that the recovery ratio depends on the
load, and the offset between the ¢ of different groups is miti-
gated at high loads. This implies that for engineering applica-
tions, stabilization at the intended load must be performed
before commissioning L-PBF fabricated components for service.

3.5 | Microstructural Characterization

The inverse pole figure (IPF) color-coded EBSD maps (see
Figure 10a,c) showed the as-built structure in cross-sections
along and perpendicular to BD. The structure reflected highly
directional solidification and grain growth, resulting in a signifi-
cantly textured microstructure with elongated columnar grains.
This phenomenon stemmed from steep thermal gradients during
the layer-by-layer melting process, where grains grew and solidi-
fied perpendicular to the pool boundary towards the centerline of
the melt pool [53-55]. This was also reflected in complex and
irregular grain morphology. Corresponding pole figures
(Figure 10e) confirmed a pronounced {100} texture along the
BD, which was frequently reported for alloys with cubic-centered
crystal lattices produced by L-PBF [56]. This crystallographic
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FIGURE 10 | Observation of the nitinol specimen of group C in the as-built state: (a) IPF Y - crystallographic grain orientation in the BD; (b) band
contrast map in the BD; (c) IPF Z - crystallographic grain orientation in the plane perpendicular to the BD; (d) band contrast map in the plane per-

pendicular to the BD; (e) volume fraction distribution of austenite.

texture is known to influence the anisotropic mechanical and
functional properties of nitinol, including the orientation depen-
dence of the martensitic transformation and the superelastic
behavior of the alloy.

The IPF shows a section perpendicular to the BD in which the
grain boundaries correspond to the 67° orientation angle of the
interlayer paths (Figure 10d). The figure shows wrinkled grain
boundaries in contrast to conventionally produced nitinol, which
crystallizes directly from the melt pool [57, 58].

Comparison of the as-built microstructure (Figure 10) and after
cyclic loading (Figure 11) illustrated distinct changes. The
original columnar grains appeared fragmented, with signs of
grain subdivision and increased intragranular misorientation.
These changes indicated the accumulation of plastic strains
and ogny [41, 59, 60]. The columnar grain structure remained
partially visible but was disrupted by the formation of subgrains
and deformation bands. Interestingly, some of the grains did not

Build direction ——

Build direction @

200 pm vl

tend to have deformation bands, while some bands were present
in several neighboring grains (Figure 11b,e). This increased
heterogeneity in crystallographic orientation indicates strain
localization and dislocation activity typical of nitinol under cyclic
strain [61, 62]. Phase analysis revealed localized martensitic
transformations within deformation bands (Figure 11c,f) charac-
terized by strong local misorientation and disturbed crystallo-
graphic alignment, which act as preferential sites for ogsp.
The strong granular texture indicated by the intensity peak in
{100} in Figure 10e was not confirmed after cyclic loading.
Instead, weaker and more diffuse intensities can be observed
in all directions. The transmission Kikuchi diffraction (TKD)
map (Figure 12) confirmed fine martensite laths embedded in
deformation bands. Variants of B19’ martensite can be recog-
nized by their different orientations, which depend on the orien-
tation of the grain with respect to the loading direction. In
addition, a band contrast map (Figure 12b) indicated that the

FIGURE 11 | Observation of nitinol specimens of group C after cyclic loading: (a) IPF Y: crystallographic grain orientation in BD; (b) IPF Y: mag-
nification of the deformation bands; (c) band contrast map in the BD; (d) IPF Z: crystallographic grain orientation in the plane perpendicular to the BD;
(e) IPF Z: magnification of the deformation bands; (f) band contrast map in the plane perpendicular to the BD; (g) volume fraction distribution of B2.
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deformation bands contained a high dislocation density. The
presence of residual martensite in these areas indicated a partial
irreversibility of the transformation process. The observation was
consistent with functional fatigue mechanisms such as transfor-
mation-induced plasticity and dislocation locking [61]. Such
microstructural evolution was closely related to the degradation
of superelastic performance, as described in Section 3.4.

The quantification of the phases by X-ray diffraction (XRD)
supported microstructural observations. After cyclic loading, a
significant reduction in the B2 austenite phase fraction from
97.7% to 91.5% and an increase in B19’ martensite from 2.3%
to 8.5% was observed (Figure 13). This phase development indi-
cated that part of the parent phase was irreversibly transformed
into martensite by the cyclic mechanical stress [63, 64]. This
retained martensite, especially when stabilized by dislocation
structures or local inhomogeneities in the composition, may
degrade the superelastic response and reduce the reversibility
of the SME in service [65, 66].

3.6 | Thin Walls Analysis

Based on Section 3.2, the process parameters characterized by low
internal porosity and the absence of cracks in the bulk cylinders
(Table 8) were selected for further investigation in the form of
thin-walls with a nominal thickness of 0.5-2 mm. Figure 14a
shows a 0.5 mm thick specimen with a measured mean thickness
below the nominal value, while Figure 14b shows a 2-mm
thick specimen with a mean thickness above the nominal value.
The range of the measured data in Figure 14b, expressed by three

Counts [-]

5um 5um

TKD of nitinol specimen of group C after cyclic loading: (a) IPF X: crystallographic grain orientation in BD; (b) band contrast map;
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XRD pattern for the specimen of group C in (a) as-built state; (b) after cyclic loading.

times the standard deviation, was significantly larger than that
of the data in Figure 14a, indicating that the variation in
manufacturing dimensions increased when higher nominal thick-
nesses were used.

Figure 15 shows a general comparison of the mean measured
thicknesses compared to the nominal values. It can be clearly
seen that the measured specimens tended to be thinner at a nom-
inal value of 0.5 mm, regardless of the group. The lowest mea-
sured thickness was observed for group B with a mean value
of 465 pm. With this exception, the measured thickness was
greater than the nominal thickness. The largest thickness devia-
tion was measured at a nominal thickness of 2 mm with a maxi-
mum value of 2148 pm for group C (Figure 15a). However, the
smallest thickness deviations were found for group A across the
entire range of nominal thicknesses tested. This indicates that a
potential design of metamaterial based on the process parameters
of group A would fit the best a real state of the produced geome-
try. It should be noted that the range of three times the standard
deviation of the measured thickness does not overlap with the
nominal thickness at 1.5 and 2 mm. Surprisingly, thicker walls
led to larger deviations, but these were more uniform in thick-
ness variation. The mechanism responsible for the different wall
thickness deviations in the different groups could be attributed to
the different energy density supplied to the melt pool, as well as
the lower heat dissipation path for thinner walls [67, 68]. Higher
melt pool temperatures were expected for them, which led to
fewer adhering particles. As a result, thicker walls tended to have
greater thickness due to more adhering particles. Another
parameter that played a key role here was the scanning strategy,
which influenced the mutual position of the contours and the
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scan vectors used for the core hatching [50, 51]. Furthermore, as
a result of the sliced geometry, some of the very short vectors
could be omitted when the laser passed the scan path, especially
in the case of very thin walls.

The results of the measurement were further used to adjust the
geometry model to get a realistic shape in the FEA of thin walls in
the metamaterial segments.

The total porosity for thin walls produced with the above-
mentioned groups of process parameters is shown in Figure 15b.
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(a) Measured wall thickness (error bars represent three times the standard deviation); (b) total porosity of the walls.

It can be assumed that a higher total porosity can be observed for
thin walls with a lower nominal thickness. Total porosity reached
1.68 % for group A, with a nominal thickness of 0.5 mm, and
decreased irregularly with increasing nominal wall thickness.
An approximately similar trend can also be observed for groups
B and C, indicating that the influence of subsurface porosity was
particularly strong for thin specimens. One possible cause could
be the heat dissipation in the built direction, which was domi-
nant. In consequence, the melt pool became deeper with
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decreasing thickness and promoted the formation of keyhole
pores, leading to increased subsurface porosity [67]. In general,
the pores in this experiment occurred in chains in subsurface

areas at all heights (Figure 15b violet arrows). This effect was
attributed to the increased evaporation of metal because of
changes in scan velocity during the slowdown of the laser spot
reversal at the end of each track [69]. For thin walls, where very
short hatch tracks were generated, this effect was even more
detrimental.

3.7 | Metamaterial Segments

Based on the highest recoverability observed in the previous sec-
tion and the lowest subsurface porosity of thin walls, the process
parameters used to produce configuration C were chosen to pro-
duce metamaterial segments. The geometry model was prepared
incorporating the deviations detected in Section 3.6. The material
model was prepared using the modulus of elasticity determined
separately for each loading cycle based on the compression test of
the cylinders of the same group (Figure 16). This step was decided
due to the cyclic strain hardening behavior of nitinol reported in
the metamaterial specimens tested, which showed significantly
higher stiffness than the numerical results for validation in
the 10™ loading cycle [8]. Figure 16 confirms these findings
expressed in terms of elasticity modulus change, with the most
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FIGURE 17 |

Peak force reaction of metamaterial segment under cyclic loading - experiment vs FEA for (a) re-entrant; (b) arrowhead; (c) honey-

comb; and (d) qualitative comparison for nominal wall thickness of 0.5 mm.
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significant difference between the 1* and 3™ cycle. Together, the
modulus of elasticity changed from 21.6 to 28.5 GPa within 10
cycles. The values obtained were used for the parametric compu-
tations described in this section.

Figure 17a,c shows a comparison of the force reaction of indi-
vidual segments of the metamaterial. For each geometry, the
change in nominal wall thickness caused different reaction
shifts, where Figure 17a shows nearly two times higher values
when the wall thickness increased, while Figure 17c tends to
minimal changes. This was to some extent given by the ratio
of unit cells in the vertical and horizontal directions, their size,
and arrangement in the metamaterial segment. However, all
geometries tested in the experiment had a common trend of
declining force in a range of 2-4 % between the first and the
tenth cycle. This trend is attributed to a phenomenon related
to the deterioration of recoverability previously observed for
cylinders. Similar behavior was described by Yan et al. [8]
who investigated spatial metamaterials made of nitinol. In addi-
tion, irregular deformation distribution predicted by FEA and
validated by DIC (Figure 17d) is attributed to variation of load-
ing history across specimens, which indicates continuous dete-
rioration without early stabilization.

Comparison with simulation showed consistency across all com-
putationally determined results, indicating an underestimation
of the stiffness of the metamaterial in the first several loops of
cyclic loading. However, with an increasing number of cycles,
the prediction of the force reaction got closer to the experimental
results. This effect was attributed to changes in the history of
loading of the material described for the cylinders (Figure 8) from
which the modulus of elasticity in the FEA was derived. Changes
manifested in narrowing hysteresis loops with an increasing
number of loading cycles, where the difference between the load-
ing and unloading pathways was nearly negligible. It allowed the
use of a relatively simple material model definition with linear
elastic assumption, resulting in a good accuracy of prediction in a
later stage of cyclic loading. On the other hand, based on dia-
grams in Figure 17a,c, it can be concluded that initial perfor-
mance in the initial stages of cyclic loading requires using a
sophisticated definition of material model, like one proposed
by Auricchio et al., where a nonlinear definition of loading
and unloading pathways of the hysteresis loop would fit better
[4]. Tt would, however, lead to higher computational efforts com-
ing out of convergence issues induced by strong material
nonlinearities.

Note that when designing components with a small number of
load cycles, the simple material model used enables a good pre-
diction of the behavior even for complex metamaterial structures.
This approach may also be suitable for components in space
applications with a known number of load cycles over the life-
time of the component. For example, it could be used for the
development of new separation systems for small satellites with
limited dimensions and weight, to ensure 100% functionality for
a single payload separation is essential. Only a limited number of
element-level tests (tens) and 2-3 qualification tests of the func-
tional system are performed before launch. Despite the high
degree of degradation of the recoverable strain (recovery ratio
approx. 50%), additively manufactured NiTi structures still offer
very attractive values for the usable deformation (approx. 2.5%)
and thus provide an opportunity for weight reduction.

4 | Conclusion

A wide range of L-PBF processing parameters was tested to
produce a Ni50.7Ti49.3 alloy suitable for metamaterial morphing
applications, resulting in three setups with excellent properties.
An internal porosity in specimens produced with selected
setups was less than 0.1%, without macroscopic cracks. The high-
est A¢ transformation temperature measured was 14°C, which
clearly indicates a purely superelastic behavior at room temper-
ature. The mechanical and microstructural properties of the par-
ent material were observed under cyclical loading, with a
maximum recoverability drop not exceeding 53%. The recover-
ability estimation of the metamaterial proved high fidelity when
actual parent material conditions were incorporated into the
material and geometry model. The main results can be summa-
rized as follows:

1. The three parameter configurations selected with VED
ranging from 42.7 to 59.7Jmm™ led to different levels
of &..., with an absolute difference of around 0.7% within
the groups studied.

2. During cyclic loading, the superelastic performance deteri-
orated considerably. The deterioration in recovery strain
and the rapid change in the shape of the loading loop were
most significant in the first 5 cycles. The observed trend of
material deterioration stabilized on average after 30 cycles
in the tested groups.

3. No clear plateau region was observed for load loops, but ini-
tial loading cycles indicated the osp ranging from 460 to
525 MPa. With an increasing number of load cycles, the hys-
teresis tended to reduce to a quasilinear pseudoelasticity.

4. The recoverable strain decreased with increasing load.
From a recovery ratio of 53.4% at an intermediate load level
of 800 MPa to 35.1% at a high load level of 1200 MPa.

5. TKD after cyclic loading confirmed fine martensite laths
embedded in deformation bands, indicating a high disloca-
tion density. A significant decrease in the austenite phase
fraction of B2 from 97.7% to 91.5% and an increase in B19’
martensite from 2.3% to 8.5% was observed. The presence of
residual martensite in these areas indicated a partial irre-
versibility of the transformation process.

6. Cyclic compression of metamaterial segments showed a
decreasing tendency for force response in a range of 2-4%
between the first and the tenth cycle, according to the
observations on bulk specimens. The irregular distribution
of deformation across the structure predicted by FEA was
confirmed by DIC.

7. Simulation of metamaterial segments using a simplified
material model with experimentally determined variable
modulus (21.6-28.5 GPa) and actual wall thickness allowed
accurate estimation of the force response after the fifth
cycle.
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