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6.2 Methodology

6.2.1 Design of experiments

The unit cell geometry chosen for this study is the extensively used Body Centered Cubic
(BCC), see Figure 6.3a. This geometry present some advantages like a improved printability
due to the lack of horizontal struts and its simplicity as all the struts forming the unit cell
present the same orientation. The selected CAD strut thickness was 0.6 mm and the unit cell
size was set to 3 x 3 x 3 mm. With this unit cell as foundational element, 10 x 10 x 15 mm
lattice structures were designed (see Figure 6.3b). Two 10 x 10 x 2.5 mm caps were added
at the bottom and top of the lattice structure to improve contact between the clamps and
the lattice structure during thermomechanical testing. All samples in the study were printed
vertically, perpendicular to the baseplate as indicated in Figure 6.3b. The NiTi powder used
in this chapter is the same as that used in Chapter 3. The same building conditions detailed

in Chapter 3 were used to manufacture the samples.

BCC unit cell I ,smm A Lattice B Lattice A-B Lattice

Cuboid Volume

oW 9
N

Unit cell size = 3 mm

Strut diameter = 0.6 mm \ /

10 mm

(a) (b) (c)

Figure 6.3: (a) BCC unit cell indicating the specific features selected for this work. (b)
Measurements of the lattice structure designed for this work. (c) Lattice structures printed in
this study. Blue and green indicate A and B set of process parameter employed respectively.

T 2O0C 2O

To study the effect of the processing parameters and its functionalised grading on the lattice
structures, different sets of processing conditions were used, see Figure 6.3c. The first two
lattice types (Lattice A and Lattice B), were manufactured using two different set of processing
parameters (A and B) detailed in Table 6.1. These two sets of process parameters were
carefully selected, based on their actuation response from a previous fundamental study of

Garrido et al. [194] assuring a low porosity and differing actuation properties. Set A presents
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a low VED which results in lower TTs and Set B presented a higher VED resulting in higher
TTs [194]. The third lattice was manufactured with a graded pattern of processing conditions
as indicated in Figure 6.3c, alternating regions manufactured using high VED and others
with low VED. For all the three different lattices, an optimized set of process parameters was

used for the lower and top caps and its connection with the lattice.

Parameter ID P (W) v (mm/s) h (um) VED (J/mm?) LED (J/mm)
A 72 990 48 50 0.073
B 125 668 48 130 0.187

Table 6.1: LPBF processing parameters used in the manufacturing of NiTi lattice structures
samples. VED was calculated as VED = P/(v-h-t) where P is the laser power, v is the
scanning speed, h is the hatch spacing and ¢ is the layer thickness. LED was calculated as
LED = P/v.

6.2.2 Material characterization

Measurement of the solid fraction

To analyze the overall geometrical deviation and manufacturability of the different lattices,
the solid fraction of each produced sample was studied. This was done by the measuring the
weight of the lattice structure Wigui. and divided by the theoretical bulk mass of the cuboid

volume as:

Wlattice

RD(%) = 242100 (6.1)

where Vi yp0iq is the volume of the cuboid as indicated in Figure 6.3b and py;7; is the theoretical
density of NiTi (6.45g/cm?3). The weight of the lattice structure Wigice is calculated by
subtracting the weight of the bulk top and bottom plate to the total weight of the manufactured

lattice.

Analysis of the strut diameter distribution and cell pore size

To estimate the diameter of the struts and the cell pore size, images of the samples were
captured using a Hitachi S-3400N Scanning Electron Microscope (SEM) with magnifications

of 11x, 25x and 75x at a beam voltage of 15 kV, and high image contrast. These images were
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used to estimate the statistical distribution of strut diameters and cell pore sizes for each

lattice condition (A, B and A+B as in Figure 6.3 c¢) through image analysis.

Microstructural characterization

The metallographic preparation of the samples involved an initial grinding step using up to
1200-grit abrasive paper, followed by a polishing stage involving 9 um and 3 pm diamond
suspension. A final step with colloidal silica suspension was performed. The polished specimens
were etched using a solution of H,O (80%) + HNO; (15%) + HF (5%). The images of the
samples were captured using a Hitachi S-3400N Scanning Electron Microscope (SEM) with

magnification of 4000x and a beam voltage of 15 kV, and high image contrast.

6.2.3 Mechanical testing

Thermomechanical tests of the lattice samples were conducted in an universal mechanical
testing machine equipped with a climate chamber. The thermomechanical tests performed
in this study were actuation tests, specifically maintaining a given load while performing
a thermal cycle to observe the entire austenite-martensite transformations of the lattice
structure as indicated in Figure 6.4a. The thermal cycle starts by cooling the lattice from
440K to 300K and then heat it up again to 440K (a whole thermal cycle) to extract the direct
and inverse TTs. To study the effect of the stress on the transformation, the same thermal
cycle was performed under constant forces of 250, 500, 750, and 1250 N. The samples were
heated and cooled at a rate of 10 K/min. Thermocouples were attached to the plate of the
lattice to assure that real lattice temperatures were measured. The macroscopic strain of the
samples was measured using Digital Imaging Correlation (DIC) [275]. From the combined
analysis of strain and temperature data, the TTs along with the recoverable and plastic strain

were extracted according to Figure 6.4b.

6.2.4 Computational approaches

To study the preferable transformation sites of the lattice structures, stress distribution
analysis was performed on the printed geometries through computational finite element
analysis (FEA). To capture the effect of manufacturability and geometrical deviations from
the processing, the simulated lattice geometries were designed using the mean diameters

obtained from experimental data. For the graded lattice that combines both sets of parameters
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Figure 6.4: (a) Detail of the temperature and force evolution during the actuation tests in
this study. (b) Exemplary diagram of the variables extracted from the temperature - strain
data measured during the actuation tests.

designated as A-B, each row of unit cells was assigned a mean diameter corresponding to the
respective manufacturing parameter (see Figure 6.3c). The lattice geometries under study
were meshed using 3D linear tetrahedral elements (C3D4). ABAQUS 2023/Standard software
package [248] was used to perform the simulations of the lattice geometries. In terms of
boundary conditions, the displacement of the nodes positioned on the lower face of the sample
was constrained in all directions through pinned conditions (Ux = Uy = Uz = 0). For nodes
located on the upper surface, the displacement was restricted in the X and Y directions (Ux
= Uy = 0), while a vertical compressive force on the Z axis was imposed equivalent to the
250, 500, 750, 1000 and 1250 N according to the experimental conditions detailed in the
previous section. The constitutive behavior for the material was modeled as perfect linear
elastic material model with an elastic modulus of 46 GPa extracted from previous studies
[276] and the results of the the tensile test obtained in Chapter 4.

6.3 Results and Discussion

This section is structured as follows. First, the manufacturability of the lattices is analyzed
and discussed depending on the processing parameters. Then, the microstructure of each
lattice and the regions (for the case of graded lattices) is presented along with rationalization.
Third, the results of the actuation tests are presented and discussed. Finally, the actuation

properties obtained are analyzed.
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6.3.1 Manufacturability analysis

Solid fraction

The solid fraction measured experimentally for each lattice geometry is presented in Figure
6.5. It can be observed that there are some deviations from the ideally designed solid fraction,
which is greatly influenced by the set of process parameters used. The three lattice structures
obtained solid fractions higher than desired. Lattice A presents the smallest deviation, while
lattice B was the one with the largest deviation. This is reasonable as the parameter set
B presents a higher VED than A, which can lead to over melting as the laser melts the
solid. The reasons for this will be further discussed in the next sections. Furthermore, lattice
structure A-B presents a solid fraction between lattices A and B, which is reasonable because

it is a graded combination of both parameter sets.

30

25 E

N
o
T

CAD

Solid fraction (%)
o o

A B A-B

Figure 6.5: Experimentally mesaured solid fraction results of lattice structures fabricated
using processing parameters A, B and graded A-B. Ideally designed solid fractions are also
presented as black dotted line for comparison.

Surface analysis

Figure 6.6 shows different micrographs for each lattice structure obtained by SEM. As it can
observed, the struts are well manufactured and continuous. No obvious structural flaws or
processing defects were observed externally. All of the lattices surfaces exhibit rough surfaces.
Looking at the magnified images it can be seen that this roughness is mostly produced by the

powder particles adhered to the surface of the struts. The particles are preferentially adhered to
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the lower part of the struts, which is associated with the accumulation of heat in these regions,
as powder has a lower thermal conductivity than solid metal [277]. The heat accumulation in
these regions, can lead to the partial melt of the powder particles next to the boundary line
[278], and sticking the loose powder to the solid material during manufacturing [279]. There
are different approaches to reduce the surface roughness associated to this phenomenon, like
sand-blasting after manufacturing or off-setting the laser path before manufacturing [277,
280]. The excess of solid fraction observed in Figure 6.5 is probably partially caused by these
powder particles partially melted to the lattice surface. Another phenomenon observed on
the upper surfaces of some struts is the appearance of corrugations. These are inherent to
the LPBF manufacturing process as a result of the layer-by-layer production of the material.
The presence of surface roughness associated with this manufacturing process is one of the
aquiless hails of AM. This can undermine the fatigue life, ductility and/or strength of the
manufactured metal [281]. The roughness associated with the corrugations can especially
affect the fatigue performance of the lattice, acting as stress concentration points, as they are
inherent to the material in contrast to the cited adhered powder particles. Corrugations can
be minimized by increasing the beam power or decreasing the layer thickness, although the
last increases the fabrication time and presents limitations [282]. Finally, for all samples, no

broken struts or obvious defects were observed.

Strut diameter and cell pore size

To statistical analyze the geometrical deviation of the manufactured lattices, the distribution
of strut diameter and cell pore sizes has been measured. The average strut diameters are
shown in Figure 6.7a along with their standard deviations. All of the lattice structures have
strut diameters that are larger than the ideal designed ones. Lattice A is the one with the
average strut diameter closes to the designed one, followed by lattice B. A similar trend
can be observed for the case of the cell pore size, presented in Figure 6.7b. The measured
cell pore sizes are always below than the ideal designed ones for all lattice structures. The
results of the diameters and pore sizes of the lattice A+B were classified based on the used
process parameters, which showed similar results as in their corresponding monoparameter
lattices. Both observations, the higher strut diameter and the lower pore size compared to
those designed, can be explained by two connected phenomena. First, the powder observed
in the micrograph of Figure 6.5 partially melted on the surface of the lattice increases its
strut diameter and reduce the effective pore size. Second, higher energy inputs can lead to
spread the thermal footprint of the laser to larger regions, leading to over-melting beyond

the contour region, increasing the solid area of the lattice. The thermal footprint of the laser
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Figure 6.6: SEM micrographs of the different lattice structures. Powder particles and layer
corrugations are marked in the magnified micrographs with pink and yellow arrows respectively.
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track is directly related to the linear energy density (LED). The set of process parameters A
presents a low LED, while set B presents a higher LED, see Table 6.1. Wider and deeper
tracks are formed when a higher LED is utilized [249]. This can explain the higher strut
diameter observed for the set B (see Table 6.1).
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Figure 6.7: (a) Diameter and (b) pore size distributions of the printed lattice structures. The
target design is pointed out as a black dotted line.

The presented results show that the process parameters used to fabricate the lattice structures
critically affect the final produced geometry and its deviations from the ideal design. Lattice
design is the same for the different sets of processing parameters used, which means that the
slicing done before the manufacturing process is unchanged. With the same scan tracks, the
wider and deeper melt pools produced by process parameters B produce a lower printing
accuracy as a result of greater amount of melted material involved during the LPBF process.

The geometrical deviation is also influenced by the orientation and diameter of the struts
[277].

6.3.2 Microstructural analysis

The microstructure developed from the manufacturing process has been analyzed through
SEM. Figure 6.8 shows the SEM micrographs obtained for each of the lattices and regions.
Critical differences in these microstructures can be observed as a function of the process
parameters used for manufacturing the material. For the case of high VED parameter set
(Lattice B), black spot precipitates can be identified throughout the microstructure. Previous

studies have identified these precipitates as TisNi. In contrast, the micrographs of samples
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manufactured with low VED parameters (Lattice A) do not show these precipitates and
instead, only show martensite plates with differing gray scales. Similar results are obtained
for the case of the graded lattice A+B, in which regions manufactured with high VED (B) are
populated by TigNi precipitates in similar arrangements to the single parameter lattices and
the regions manufactured with low VED (A) present marks of martensite plates. In a previous
study (see Chapter 4), the presence of TiyNi precipitates is linked to the higher evaporation of
Ni occurring at higher VED, due to the lower evaporation temperature of Ni when compared
to Ti. Having a Ti-rich matrix leads to over-saturation of this element and precipitation of
the Ti;Ni precipitates. These precipitates have been found to play an important role in the
transformation behavior of this type of alloy [194, 283, 209], by controlling the nucleation and
propagation of the austenite and martensite phases during phase transformation. Therefore,
the control of this precipitation through LPBF can modulate the thermomechanical behavior
of the alloy. This will be linked to the mechanical behavior of the different lattices in the

following sections.

Low VED
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Figure 6.8: Microstructural analysis of the lattice structures of this work.

6.3.3 Thermomechanical behaviour

Figures 6.9a-e illustrate the strain-temperature curves of the actuation tests of the man-
ufactured lattice structures under a compressive force of 250, 500, 750, 1000 and 1250 N
respectively. It is important to note that we refer here to effective strain of the lattice, as the
strain arising from dividing the difference in displacement from the top and bottom plate

divided by the total height of the lattice. Each graph shows this effective strain response of
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each of the lattice configurations (A, B, and A-B) as a function of temperature for a given
load. It can be observed that the temperature-deformation cycle follows a similar shape for all
the applied forces and lattice configurations. First, the strain suffers a negative deformation
during the initial cooling event (1) produced by the austenite = martensite transformation.
Then, in the heating cycle (2), the previously transformation induced deformation is partially
recovered due to the martensite — austenite transformation. The difference between the
starting point and end point of the cycle is the plastic residual strain. This strain will be
further analyzed in the actuation response section. It is interesting that across all force levels,
lattices A and B display distinct thermomechanical behavior, with the lattice A-B curves
generally falling between the other two. As the compressive load increases, the magnitude
of the strain continuously increases for all lattice structures, indicating greater deformation
under higher forces. In addition, the enclosed area inside the curves increases with higher

loads.

Although the results demonstrate that the effective strain-temperature relationship of the
lattice structures is strongly dependent on the applied compressive force, a deeper analysis is
required to find material dependencies. For the case of bulk testing, the stress-strain curves
directly relate the behavior of the underlying material as the macroscopic stress and strain
coincide with the microscopic stress and strain, in the absence of localized deformation, and if
the local stress and strain fields produced by the microstructure are omitted. However, for the
case of lattice and porous structures, the macroscopic stress and strain do not coincide with
the local stress and strain state of the material. The stress state in a lattice structure is far
from being uniaxial, and it changes with geometry arising from manufacturing deviation and
defects. As discussed previously, the processing parameters impact the diameter of the printed
struts (see Figure 6.7a), obtaining larger diameters using the process parameters B. This
problematic becomes exacerbated by the well-known strong dependency of the transformation
on the local stress experienced by the material [194, 284, 285]. This makes necessary to
perform a more complex analysis if the relations between processing parameters and resulting

thermomechanical behavior of the lattices want to be fully understood.

To this end, the whole lattice with its real dimensions has been simulated with the real load
applied in the experiment to extract the local stress fields of the material. The exemplary
stress fields for the case of 1250N are presented in Figure 6.10. It can be observed that the
stress field is far from being uniform neither uniaxial as in a bulk tensile samples. To compare
the phase transformation and actuation behavior of lattice structures with the results of bulk
material, a measurement of the effective stress in the lattice needs to be addressed. This

effective stress can be calculated from the volumetric average of the Von Mises stress field in
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Figure 6.9: Actuation behavior under compression at a force of: (a) 250 N, (b) 500 N, (c) 750
N, (d) 1000 N and (e) 1250 N. Blue, green and red represent the lattice structures fabricated
with each processing configuration A, B and A-B, respectively.
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the simulated lattice:
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where V; is the volume of the element i, ¢ is the Von Mises stress in element i and V is the
total volume of the analyzed area. The resulting average Von Mises for each lattice structure
is presented in Figure 6.10. The results indicate that as the diameter of the strut increases
(lattices A to B), the average stress within the lattice structure decreases. Consequently, the
struts printed in lattice A, which present a lower strut diameter when printed, experience
higher stress levels for the same compressive load. These average stress values @ will be
utilized in the subsequent sections to normalize stress, facilitating a comparative analysis of

thermomechanical features.
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Figure 6.10: Average Von Mises stress of each lattice structure experienced in the FEA
simulations under a constant load of 250, 500, 750, 1000 and 1250 N.

6.3.4 Phase transformation

To contextualize the effect previously discussed, the martensite start transformation tem-
perature (M;) is shown in Figure 6.11a for all lattice structures as a function of the average
lattice stress, @, previously calculated. Despite the fact that the struts are subjected to
different stress levels, once the load is normalized using the average Von Mises stress, the phase
transformation behavior differs across the lattice structures, which points out the real effect

of the process parameters on the phase transformation through microstructure modification.
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To compare with the results of the bulk material, M extracted from the previous study (see

Chapter 4) using the same processing parameters is displayed.
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Figure 6.11: (a) Martensite start temperature (M) for each lattice structure and the average
Von Mises stress from FEA for each lattice structure. The results of the tensile samples
manufactured using process parameters A and B are also displayed (see Chapter 4); (b)
Difference between the maximum and the minimum M values obtained for each stress level
for lattices and bulk material.

For the case of the lattice My temperatures (unfilled points) a consistent trend is observed for
all the stresses studied: lattice A presents the lowest M, and lattice B the highest M, My of
the lattice A-B lying between them. The difference between lattices A and B ranges ~ 15-20K
(see Figure 6.11b). This difference is important because it sets the capability of tailoring the
response of the lattice structure by modification of the processing parameters. A similar effect
occurs in bulk samples, where the one manufactured using process parameter B obtained
higher M, than the one printed using process parameter A. In this case, the difference in
M; between the higher energy parameters (B) and the low energy parameters (A) is ~5-10K
(see Figure 6.11b). This shows the catalytic effect of the lattice geometry in modifying the
transformation temperature of the cellular structure. Based on these results, My of the lattice
structures are highly influenced by the processing parameters employed during fabrication.
This is in agreement with the previous microstructural analysis shown in Section 6.3.2. As
the VED input of the laser increases from A to B conditions, the Ni evaporation increases,
leading to a lower Ni/Ti ratio, which was correlated in Figure 6.8 with a higher concentration
of TiyNi precipitates. This reduction in the Ni/Ti ratio produces an increase in the TTs of

the alloy as previously indicated in other studies [194, 286, 195].
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Furthermore, an interesting observation from the figure is the change in the stress dependence
factor of the transformation temperature M, (represented by the slope of the lines) between
lattice structures and the bulk material for the same process parameters. The three lattice
configurations (A, B and A+B) exhibit a lower stress dependence than the bulk material.
This suggests that the way in which these structures are subjected to loading influences their
transformation behavior. Reedlunn et al. [287] studied in a detailed way the influence of the
different loading conditions in SMAs. They tested the same alloy under compression, tension,
and bending, discovering different responses. They found that the way the transformation
front evolves in the material differs between tension, compression and bending loading.
Transformation fronts were more uniform for the case of compression except in the buckling
areas. However, for the case of the bending, the strain fields of the sample contained localized
strain just on the tensile side, indicating that some parts located at the compression region
did not undergo full transformation at the end of the load application. This leads to variations
in the transformation behavior depending on the loading condition of the material. This
might be the reason behind the higher stress dependency observed in the bulk material
compared to the lattice material. In tensile samples, the applied stress is uniformly distributed
across the entire geometry, leading to a more consistent transformation behavior. In contrast,
lattice structures experience a combination of bending and compression loads, resulting in
non-uniform stress distribution as shown previously in Figure 6.10. Certain regions of the
beams are subjected to lower stress levels, causing different phase transformation across the
geometry. This effect might reduce the overall influence of stress on phase transformation,

thereby reducing the observed slope.

To further confirm this point, the local transformation behavior will be analyzed using the DIC
data obtained from the test. Figure 6.12 represents 2D strain maps of the lattice structures
during the forward transformation (austenite = martensite) when they were subjected to a
compressive load of 1250 N. The frames shown correspond to 0, 25, 50, 75 and 100% of the
half cycle (cooling event). It can be observed that, as the temperature decreases, the forward
transformation does not begin at the same time at all points of the structures. Transformation
strain begins in the lateral parts of certain nodes. Subsequently, it propagates to the beam
regions and finally extends throughout the entirety of each beam. It is interesting to note
that based on the measured strains, the nodes of the lattice structures did not undergo a
phase transformation. In addition, for the case of lattice A-B, the unit cells manufactured
using process parameter set B do not show an appreciable change in the temperature setting
the start for the local transformation temperature when compared to those manufactured

with parameter A as happened in the mono-parameter lattice structures A and B (see Figure
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6.11a). This is an interrelation effect between the unit cells printed with A and B parameter

set in the A+B lattice which is not present for the case of monoparameter lattices.

To further elucidate this effect, the local stress state of each type of lattice is presented
in Figure 6.13 for a compressive force applied of 1250 N. In all lattice structures it can
be observed how the stress concentration was in the side region of the internal nodes that
coincide with the same place where the forward transformation starts in Figure 6.12. So, as
the temperature decreases, the areas with the highest stress concentration undergo the initial
phase transformation. As these areas transform, new local stresses appear in the rest of the
beams which act as a driving force to continue the forward transformation on these areas. In
contrast, Figure 6.13 also shows how the nodes are subjected to low stress concentrations in
all structures, and this is the reason why they do not undergo phase transformation. The
simulation results represent an idealized structure, without the roughness and corrugations
observed in Figure 6.6. However, the highest stress concentrations are located on the sides of
the internal nodes. Furthermore, Figure 6.13 presents the M, transformation temperature
distribution for each lattice structure, based on data extracted from Figure 6.11a. It can be
observed that in all three lattice structures, the highest M, values are located on the sides of
the internal nodes, indicating that these regions will undergo the initial phase transformation
during cooling. Lattice A exhibits lower M, regions compared to Lattice B, which aligns
with the results of the phase transformation. Although Lattice A exhibits higher stress
compared to Lattice B, the effect of process parameters on the M, temperature causes Lattice
B to show a higher M;. Consequently, phase transformation occurs earlier in Lattice B
than in Lattice A. A similar combined effect is observed in Lattice A+B, where unit cells
fabricated using process parameter B display higher M, values, suggesting that these regions
will undergo phase transformation earlier during cooling compared to those manufactured
using the parameter set A. In real experiments, the real morphology introduces variations in
stress concentration, leading to a phase transformation initiation that differs exactly from the

simulation predictions.

6.3.5 Recoverable strain

As indicated before, one of the main objectives of this study is to achieve considerable changes
in the actuation response of the lattice structures by local modulation of the microstructure
through the LPBF parameters. The main variables defining the actuation response are the
recoverable strain and plastic strain. The recoverable strain is displayed in Figure 6.14 for

each given average Von Mises stress . For direct comparison and scientific discussion, the
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Figure 6.12: Deformation color map of the lattices A,B and A-B in the thermomechanical
cycle subjected to a compressive load of 1250 N. The frames shown correspond to 0, 25, 50,
75 and 100% of the forward transformation.
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recoverable strains of the bulk material produced with the same parameter sets A and B are
plotted as filled data points, extracted from the previous work on the same alloy powder (see
Chapter 4). The stress dependency in the recoverable strain of the lattice structures is clear.
A higher stress is translated into a higher recoverable strain of the lattice structures. The slope
in the strain recovery of Lattice A appears to indicate the saturation of the recoverable strain
at higher stresses. This tendency is in agreement with the data observed for the bulk material.
Lattice A displays the highest recoverable strain for all stresses, followed by lattice A-B and
finally lattice B. The lower recoverable strains of lattice B can be caused by the presence of
TisNi precipitates in the microstructure produced by parameter set B, as previously indicated
by previous studies [194, 225]. The coherent non-transforming precipitates affect the total

transforming volume, producing lower recoverable strains [219].
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Figure 6.14: Recoverable strain for each lattice structure under the average Von Mises stress
of the lattice structure. The results of the bulk material using process parameters A and B
are also displayed (see Chapter 4).

It is interesting to note that there are important differences in recoverable strains between
cellular behavior and bulk material. For all cases, lattice structures obtained between 2 and
3 times the values of recoverable strains of the tensile samples. Three different points have
been identified as potential precursors of this: (1) the multiplicative effect of cell structure in
transferring microstrains to macrostrain, (2) the effect of the complex stress conditions on

the phase transformation in SMA and (3) the orientation dependent microstructural effect.

The most important one is the multiplicative effect of open cell structures in transforming
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small microstrains into a large macroscopic strain of the whole structure. Figure 6.15 shows
this phenomenon. In a uniaxial loaded bulk structure, either in tension or compression,
the local transformation strain is transformed directly in a macroscopic strain of the same
magnitude. But for the case of a non-uniaxial loaded beam, small microstrains can be
translated into large macrostrains: e.g., a beam of length L = 5mm undergoing a local 0.5%
transformation at the surface of the beam can lead to displacements at the tip of the beam
of up to 4% of the total length. This phenomenon has been utilized historically to develop
complex geometrical arrangement combining multiple elements in the fabrication of smart SMA
actuators [288, 289, 290]. But for the case of the cellular structures, this effect is inherently
heritage by the own nature of the cellular structure geometry (a compound of multiaxial
beam structure). The results presented here confirm this powerful capability enabled by the

AM of lattice structures to increase the actuation response of SMA materials. The second
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Figure 6.15: Multiplicative effect in transferring microstrains to macrostrains in cellular
materials and its effect in the actuation behavior.

effect, as previously discussed, is the effect of the local stress state on the transformation
behavior of the SMA. It is important to note that the local stress state is not the same for
the case of the beams in the lattice structure and the bulk tensile sample. Tensile samples
present a homogeneous uniaxial stress distribution, causing the appearance of an homogeneous
transformation frontier [287]. On the other hand, lattice structures, as can be observed in
Figure 6.13, present a more complex loading state. The macroscopic compression of the lattice

translated into compression and bending loads in the beams oriented 54° from the building
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direction. This produce heterogeneous non-uniaxial stress fields in the local material which
differ strongly from the uniaxial homogeneous tensile stress state in bulk samples. This has an
impact in the transformation which has been studied before in the literature [287, 291]. Bechle
et al. and Reedlunn et al. observed the strain fields in bending samples contained localized
strain on the tensile side, but no such localizations on the compression side of the tube. They
observed that bending resulted in localized nucleation of martensite. Localization regions
started as fine angled fingers that eventually coalesced into wedge regions distributed along
the length of the tube [287, 291]. This is caused by the tension-compression asymmetry due
to NiTi exhibit higher critical stress in compression than in tension [292]. This means that on
the compressive side of the pseudoelastic bending tube, the material remains in the austenitic
phase longer, limiting the strain. In addition, some studies found that compression samples
experienced higher recoverable strains than in tension due to this asymmetric behavior [287,
292, 293|. The tension—compression asymmetry is generally attributed to the crystallographic

asymmetry of the martensitic phase transformation [287].

The effect of the underlying microstructure. Although it has been confirmed similar results
in the precipitation distribution between lattice and bulk material, the grain orientation
should be affected by the orientation of the strut. Literature shows that the grain structure
developed from the LPBF of NiTi alloys process follow the build direction [28, 195]. This is
produced by austenite grains growing along the build direction with a [001] orientation, effect
which is more pronounced when increasing the VED [249]. For the case of the tensile bulk
samples in the previous work (see Chapter 4), the loading direction of the sample coincide
with the building direction. However, for the case of the lattices in the current work, each
of the beams in the BCC lattice are oriented 54° from the building orientation. This can
lead to differences in grain distribution and texture which have been shown to significantly
influence the thermomechanical properties of LPBF SMAs [28, 23, 38]. Nematollahi et al.
[28] found the highest recoverable strain samples printed at 45° than other vertically printed
samples due to the formation of [100] texture in their microstructure. This is in agreement
with our results as the lattice materials with strut orientation (54°) closer to 45° than the

tensile samples (0°) present a higher transformation strain.

Finally, for a more addimensional study of recovery strain in SMAs, the recovery rate Rp
is usually employed. The recovery rate Rg is defined as the percentage of the total strain
er that is recovered (eg) ,s0 Rr = % . Figure 6.16 displays the percentage of recovery rate
of each lattice structure at the different stress levels. As previously reported, the recovery
rates for the bulk material extracted from the previous study (see Chapter 4) are shown for

comparison. It can be observed that the recovery percentage remains constant independently
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of the load in the lattice structures and it is ~85-90% independently of the process parameter
used to print. Bulk samples present slight higher recoverable rates (~90-95%). These findings
emphasize the capacity of the structures to withstand repetitive stress and effectively revert
to their initial shape, making them well suited for applications that require reliable and

recoverable mechanical responses.
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Figure 6.16: Recovery rate of the different lattice structures. The results of the tensile samples
manufactured using process parameters A and B are also displayed (see Chapter 4).

6.3.6 Plastic strain

The other important parameter in the actuation response is the plastic strain. The plastic
strain for each stress level is presented in Figure 6.17. Again, the results of bulk material
samples from the previous study (see Chapter 4) are presented for the shake of comparison.
Based on these results, all lattice structures demonstrate low and similar levels of plastic strain
under compressive loads (all below 2.5%). In contrast to the recoverable strain, the difference
between the lattice configurations is much less pronounced. However, when compared with
the bulk material plastic strains the differences are noticeable. The plastic strain of the
lattices are about 5-8 times the values of the plastic strain of the bulk materials. The possible
causes behind this phenomenon are the same as previously mentioned for the case of recovery
strain. First, in lattices, a small local plastic strain can be translated into higher macroscopic
permanent deformation as previously explained for the strain recovery case (see Figure 6.15).
This would explain the great difference between the plastic strain of the lattice structures and
the plastic strain of the struts. Secondly, the orientation of the microstructure with respect

to the loading direction can also influence the plastic strain observed. For the case of struts
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in the lattice the building direction is oriented 54° with rested to the longitudinal axis of
the strut while for the case of bulk material the longitudinal axis of the strut coincide with
the build orientation. Based on previous studies [195, 191], considering that the underlying
austenite grains grow following the [001] direction along the building direction, the highest
Schmid factor of the tensile bars for BCC slip is 0 while for the case of a strut printed with
54° with respect to the building direction, the highest Schmid factor is around 0.41 [107].
This can result in more austenite slip in the lattice struts during the transformation and
therefore more irrecoverable strain generated [224]. This of course is affected also by the
stress conditions previously discussed and further analysis are necessary to fully understand
this combined effect between microstructure and loading condition (e.g., development of

orientation dependent models).
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Figure 6.17: Plastic strain for each lattice structure as a function of the average Von Mises
stress of the lattice structure. The results of the tensile samples manufactured using process
parameters A and B are also displayed (see Chapter 4).

6.3.7 Design space for SMA lattice-based smart materials

To conclude, based on the obtained results and the discussion, two main effects control the
thermomechanical behavior of the LPBF NiTi lattice structures: the geometry of the cell
structure and the processing parameters used for each material point. The cell structure
affects through the different loading scenarios and the way the local strains are translated
to macroscopic strains. On the other hand, for the same cell configuration, the processing
parameters influence the transformation stresses and temperatures through microstructural

modulation. On the basis of these results, the synergy of combining latticing strategies
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with processing modulation with the aim of modifying the thermomechanical behaviour of
the SMA is clear. In Figure 6.18 the observed modulation effectiveness for each of the two
design variables are presented for both the recoverable strains and the M, transformation
temperature. It can be observed the effect of the processing parameters on the modulation of
the recovery strain is lower than the effect of latticing the material. On other hand, in the
M s temperature the effect of the processing parameters produce higher modulation of the
phase transformation than the effect of latticing in the material. In both cases, the synergetic
combination of LPBF modulation and latticing design present the highest design space for

tailoring the thermomechanical behavior.
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Figure 6.18: Effectiveness of the latticing and processing modulation in the design of the
thermomechanical behavior of SMA cellular structures: (a) Recovery strain and (b) M,
transformation temperature.

To further elucidate the effectiveness of combining latticing modulation and processing
modulation, the recoverable strains and solid fractions achieved in this work are compared
with other studies in the literature using similar SMAs in Figure 6.19. The combination of
high strain recovery with lightweight cellular structures presents interesting opportunities
for actuator applications requiring low weight such as aerospace sector. Zhaorui et al. [294]
designed lattice structures using BCC and octet unit cells with solid fractions of 50% and
achieved recoverable strains of approximately ~3%. Alberti Bifi et al. [149] developed lattice
structures using a tetragonal diamond geometry with a solid fraction of ~22%, reaching
recoverable strains close to ~ 4.5%. Andani et al. [29] fabricated three lattice structures
using simple cubic unit cell obtaining solid fractions from ~40-70% and recoverable strains of
~5%. Dohyung et al. [295] produced a BCC lattice structure with the lowest solid fraction
achieved at the moment (<10%). Recoverable strain of ~4% were reached. Lu et al. [296]
manufactured three lattice scaffolds. The three structures were designed using pore sizes of
900, 835, and 618 um. The unit cell changed between cellular structures to achieve solid

fractions of ~33%. Different recoverable behavior was found between ~4-5.5%. Chen et al.
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[297] employed topology optimization to design lattice structures with varying solid fractions
across the rows of the unit cells, resulting in a global solid fraction of 30% and recoverable
strains between ~0.5-3.5%. Saedi et al. [25] printed three lattice structure with solid fractios
between ~40-70%. They observed that as the solid fraction of the structures was higher, the
recoverable strain achieve increases (~-2.5-3.5%). Ravari et al. [298] manufactured BCC
and BCC-Z lattice structures achieving solid fractions of 31% for all samples and recoverable
strains ranging 1.5-2.3%. Lingqi Sun et al. [299] designed surface lattice structures based
on triply periodic minimal surfaces (TPMS) using diamond, gyroid, and primitive unit cells,
achieving high solid fractions near ~90% and recoverable strains between ~5-9%. Xin Liu et
al. [300] designed three lattice structures using topology optimization without a specific unit
cell, obtaining solid fractions between ~35-45% and recoverable strains ranging ~1-3%.Yang
et al. [148] designed a NiTi gyroid TPMS structure a solid fraction of 20% and unit cell size

of 3 mm achieving recoverable strains of ~5%.

In the present work, the three lattice structures with a BCC unit cell were designed and printed
using different parameters, achieving solid fractions between 15-25% and strain recovery
values ranging 6-10%. Based on the results in Figure 6.19, to the known of the authors, the
structures designed in this work exhibit recoverable strains exceeding the ones previously
reported NiTi lattice structures. These results paves set a first stone for a novel approach in
the design of smart ad-hoc shape memory cellular structures, combining the synergetic effect
of latticing structures and LPBF local modulation to design cellular structures with tailored

thermomechanical properties.

6.4 Conclusions

In the present work, we have combined LPBF processing modulation with latticing strategies
in a NiTi SMA to study a novel approach of designing smart meta-structures with tailored
thermechanical response. The manufacturing accuracy, microstructure, phase transformation,
and thermomechanical behavior were carefully studied for each geometry and processing

regime. The following conclusions can be drawn:

1. Three NiTi BCC structures were successfully fabricated by LPBF using a different
configuration of process parameters. Two lattices were printed with homogeneous
parameter sets (A - low VED and B - high VED), and one lattice was printed with
graded processing conditions (A-B-A-B).

2. The process parameters were observed to have a strong influence on the final geometries.
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A new design space for high actuation strain
lighweight functional materialals

N
o
1

Maximum recoverable strain (%)

0 20 40 60 80 100
Solid fraction (%)

Figure 6.19: Maximum recovery strain-solid fraction diagrams comparing the lattice structures
studied with the ones of other works: [294, 149, 29, 295, 296, 297, 25, 298, 299, 300, 148]
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High VED parameters generate larger melt pools, leading to reduced printing accuracy,
increased strut diameters, smaller pore sizes, and higher solid fraction. In contrast,

lower VED parameters produce the opposite effect.

. The lattices have been tested under compression to extract their actuation response
under thermal cycling. The martensite start temperature (M) varies across the different
lattices produced by different processing parameters, highlighting the influence of
processing parameters on phase transformation through microstructural modifications.
This has been linked with the reduced presence of TiyNi precipitates and the highest Ni
content when low VED was used due to Ni evaporation produced at higher VED. The
use of latticing catalyse the change in the M, by the change of processing parameters
going from a change of 5K for to 15-20K when using latticing strategies. In addition,
the lattice structures exhibit a lower stress dependence of M compared to the bulk
material. This has been rationalized by the effect of non-uniform stress distributions

and localized transformation behavior.

. In terms of recovery strain, strain values ranging from 6% to 10% were obtained for the
lattices under study compared to less than 2% for their bulk counterparts. This large
difference has been rationalized mainly by the effectiveness of latticing in converting
small transformation strains at the microscale level to large actuation strains at the
macroscopic scale. Changes between different processing parameters were also observed,

achieving higher recoverable strain when low VED parameters were used.

. The effectiveness of combining both LPBF modulation and latticing strategies have been
proved. The achieved modulation capability in the recovery strain and M, by using
both latticing strategies and LPBF modulation reach 2.5% change and 20K change,
respectively. This is 2 and 4 times higher than what was previously achieved by just
LPBF modulation.

. The lattice structures designed in this study achieved maximum recoverable strain values
ranging from 6% to 10%, being superior to those reported previously in the literature to
the known of the authors. In addition, these structures exhibited lower solid fractions,

which can be critical for applications that require weight reduction.
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Chapter 7
General Discussion

The outcomes of the chapter studies in this thesis offer a coherent exploration of how LPBF
could change the manufacturing of NiTi SMAs. Through LPBF, the distinct properties of
NiTi SMAs, such as SME effects or PE, can be customized for particular applications, thereby

opening up new opportunities in the biomedical, aerospace, and industrial domains.

A key research emerging from these studies is the deep influence of LPBF processing parameters
(laser power, scanning speed, and hatch spacing) on the actuation properties of SMAs (Chapters
3 and 4). It was found that process parameters modify the resulting microstructure and
therefore the phase transformation and thermomechanical behavior of NiTi alloys. These
changes were linked with the VED, which directly affects porosity levels, the formation
of Tiy;Ni precipitates, and the phase transformation temperatures. The higher the VED,
the higher the temperature reached during the AM process. As the temperature increases,
the partial pressure of nickel increases more rapidly than for titanium, and therefore nickel
becomes more volatile. This preferential Ni evaporation leads to a change in the overall Ni/Ti
ratio [199]. As reported in the literature, as lower Ni content higher will be the T'Ts [86].
Furthermore, no relevant differences were found in the values of Ni evaporation for different
VEDs with the selected processing parameters (e.g., laser power, scan speed, or hatch spacing)
for the same VED. Microstructural refinement is another critical outcome highlighted in all
this study. The ability to fabricate low porosity dense NiTi parts (density > 99%) within a
targeted VED range (50-150 J/mm?®) emphasized the reliability of the LPBF process using
NiTi alloys.

Furthermore, the higher tendency of Ni to evaporate leads to a local depletion of Ni in the melt
pool. Hence, in the absence of nickel, the chance of Ti-rich precipitations to occur, increases.

As the molten material solidifies, the remaining Ni and Ti atoms redistribute, sometimes
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leading to segregation of Ti-rich regions. The rapid solidification can lead to supersaturation
of Ti in the matrix because the equilibrium concentration of Ti in the NiTi phase cannot be
maintained due to the fast cooling rates [214] . This supersaturation can drive the nucleation
and growth of TisNi precipitates. These precipitates are formed to reduce the supersaturation
of Ti in the NiTi matrix, effectively acting as a sink for the excess of Ti atoms [50]. So, as
higher is the VED used to manufacture the NiTi samples higher is the population of TisNi

precipitates.

In addition, the actuation response of the NiTi tensile samples manufactured under different
VEDs was studied. It was found that NiTi samples with higher VEDs showed lower recoverable
and plastic strains, while the samples manufactured using lower VEDs showed the opposite
behavior. The higher population of Ti;Ni precipitates in the high VED samples affected
the actuation response due to they do not undergo any phase transformation and therefore
decrease the effective volume of macroscopic deformation [219, 220]. These results open the
door to the possibility to tailor the phase transformation and the actuation response in LPBF
NiTi SMAs.

Once the effect of the process parameters in the LPBF SMA samples was understood, the next
step was to investigate whether the combination of different well-characterized sets of process
parameters within a single sample would result in a macroscopic actuation response that reflects
the averaged behavior of the individual sets of process parameters or if additional phenomena
must be considered to achieve tailored thermomechanical properties (see Chapter 5). To
explore these effects, three patterned samples were fabricated using different combinations of
previously studied low and high VED sets of process parameters. Each pattern maintained a

consistent ratio of the volume processed by each set of process parameters.

The results showed that there was no dependency on the pair of the low and high VED
process parameters used for the same patterned sample. However, differences in actuation
behavior, including phase transformation and thermomechanical response, were observed
between the different patterned geometries. This suggests that non-linear effects arising from

the geometric patterns played a key role in influencing the overall thermomechanical behavior.

In the case of the first patterned sample, in which the first half of the sample was manufactured
using a high VED parameter and then the other half was manufactured using a low VED
parameter, higher recoverable strains in the low VED area were achieved, in contrast to the
monoparameter samples manufactured using low VED parameters. It means that probably
the effect of manufactured first the high VED parameter produces a higher thermal gradient
along the build direction, preferentially orienting the grains of the low VED sites [125] affecting
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the overall actuation response [256, 257], obtaining a higher local recoverable strains than the
low VED monoparameter samples. This effect also produces a reduction in the plastic strain

due to a reduction in the number of grain boundaries [301].

In the cases of the other two patterned samples, the appearance of vertical interfaces introduces
higher thermal gradients and defects attributed to the overlapping regions. These regions
produce higher Ni evaporation [252] and also an asymmetric manufacturing of the structure,
as detailed in Chapter 5. The asymmetric manufacture produces the creation of complex
regions that reduce the recoverable strain.in addition, the appearance of other preferential
crystallographic orientation during the LPBF process due to the coplex thermal cycles could be
responsible for the increase of irrecoverable strains in Pattern 2 after the first thermomechancal
cycle [107].

Pattern 3 may exhibit effects similar to those observed in Pattern 2, attributable to the
manufacturing method, with both patterns featuring vertical interfaces (refer to Figure 5.1).
While Pattern 3 can potentially form different crystal orientations, the expansive central region,
produced using a high VED parameter, facilitates the emergence of extensive columnar grains.
Furthermore, similar to the behavior observed in monoparameter samples, this central region is
expected to contain numerous TiyNi precipitates. Consequently, the overall thermomechanical

performance is analogous to that seen in the high VED monoparameter sample.

T'Ts do not show a specific trend across the patterned geometries. It seems that the introduction
of these patterned geometries produce the appearance of complex stress fields and defects
during the manufacturing, and they can affect the phase transformation behavior. As the
proportion of vertical interfaces increases, so does the overall number of dislocations due to
the accumulated heat input [227, 228]. This elevated dislocation density contributes to a
reduction in hysteresis behavior. Dislocations facilitate the formation of favorable martensite
variants and induce internal stresses, promoting martensitic transformation and influencing
TTs in patterned samples. Pattern 3 samples exhibit the lowest A, values and among the
highest My values. The hysteresis temperature in the cyclic response of these samples is

reduced compared to that of other patterned samples.

Finally, the creation of complex stress fields during the training procedure between the
low and high VED regions affect the TWSME effect. The stress fields generated at the
interfaces during phase transformation in training cycles hinder the development of new stress
fields, thereby preventing the formation of preferential martensite variants, which reduces the
TWSME.

It was evident that the vertical interfaces contributed to a degradation of the overall actuation,
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while horizontal interfaces facilitated an increase in recoverable strain while reducing plastic
deformation. Understanding these non-linear phenomena brings us closer to the possibility of
fabricating tailored structures with designed thermomechanical responses. Thus, the final
thermomechanical behavior of the sample is influenced not only by the processing parameters
but also significantly by the patterned geometry, which plays a crucial role in determining the

actuation response.

The latest study in Chapter 6 aimed to integrate the insights gained from research on
monoparameters and patterned geometries. But the context was to introduce this knowledge
in the creation of lattice structures which can be used as actuators, also taking advantage of
their possibilities as the reduction weight and their mechanical properties [271]. To do that,
three lattice structures were designed, two of them with all the lattice manufactured using
one set of process parameters (one using high VED and other with low VED) and the a third
lattice structure built with a combination of process parameters obtaining a graded lattice
structure with only horizontal interfaces. The study focused on how process parameters
affect the manufacturability of the lattice structures and how these structures behave under
a termomechanical stimulus. To do that, the lattice structures were subjected to actuation

tests at different loads.

First, the manufacturability of the lattice structures was addressed by measuring the strut
diameters and pore sizes produced in the lattice structures. As expected, the high VED set
of process parameters produced larger melt pools [249] and therefore higher strut diameters
reducing the precision of the printed geometry. The microstructures in the different areas also
showed the same results as in the monoparameters samples from the first study obtaining
martensitic plates in the low VED areas and large population of Ti;Ni precipitates in the

high VED areas. The same occurred in the graded lattice structure.

As was expected, after the actuation response tests, the lattice manufactured using low VED
obtained higher values of recoverable and plastic strains, while the lattice manufactured
using high VED parameters obtained the lowest values. In the same line, T'Ts behaved as
expected, obtaining the lowest TTs for the lattice printed using the low VED set of process
parameters and the highest T'Ts for the lattice manufactured using the high VED set of
process parameters. In all cases, the graded lattice structure stayed between the other two
monoparameter lattice structures. The effect of the interfaces on the graded lattice structure
was negligible because of the greater quantity of printed material for each process parameter
compared to the monoparameter samples. At this point all the results agreed with the

previous studies made.
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Computational elastic simulations were performed to demonstrate the effect of the diameter
of the strut on the mean stress supported by the beams at the different load levels. This
showed that for the same force as higher was the strut diameter, lower was the real stress
in the struts. Lattice structures that are identical in design, when fabricated using differing
process parameters and exposed to identical loads, experienced varying stress levels within
the struts. So, as is well known, there is a stress dependency between the stress level and the
total strain in an actuation cycle [194, 284, 285], thereby the results of TTs and the actuation
response were averaged using these normalized stress and compared to the previous results of
the first study.

Between the phase transformation of lattice structure and bulk material, it was shown how
the stress dependence factor changed. This indicates that the loading conditions applied to
these structures affect their transformation characteristics. Reedlunn et al. [287] thoroughly
analyzed how different loading scenarios impact SMAs. They conducted experiments on
the same alloy under compression, tension, and bending, revealing distinct responses. They
observed that the progression of the transformation frontier in the material varies among
tension, compression, and bending loads. Transformation frontiers were more homogeneous
under compression, except in regions of buckling. In contrast, during bending, the strain
fields showed localized strain primarily on the tensile side, suggesting that some areas in the
compression zone did not experience complete transformation by the end of loading. This
results in variations in transformation behavior based on the material’s loading condition
and potentially explains the greater stress dependence found in bulk materials compared to
lattice materials. Additionally it was observed by 2D DIC how was the transformation in
lattice structures compared to the monoparameter tensile samples. Lattice structures did not
show transformation in the external nodes due they were not subjected to any load while the
points indicated in the simulation with higher stress concentrations were the first to start the

phase transformation.

In this comparison between the tensile samples from the first study and the lattice structures,
also it was observed how the lattice structures obtained higher values of recoverable and
plastic strains, much higher than the tensile samples in the first study. The paramount
aspect is the multiplicative impact of open cell architectures in converting minor microstrains
into substantial macroscopic strains within the entire structure. In a uniaxially loaded bulk
structure, whether under tension or compression, the local transformation strain translates
directly into a macroscopic strain of the same amplitude. In contrast, in scenarios involv-
ing non-uniaxially loaded beams, small microstrains may result in significant macrostrains.

Traditionally, this mechanism has been used to develop complex geometric configurations
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that include various elements for the production of sophisticated SMA actuators [288, 289,
290]. Conversely, in cellular structures, this feature is naturally integrated into the structure’s
geometry, marked by a combination of multiaxial beam frameworks. The results discussed in
this study confirm the considerable potential of additive manufacturing of lattice structures

to improve the actuation performance of SMA materials.

The thermomechanical behavior of LPBF NiTi lattice structures is primarily influenced by
two significant factors: the geometry of the cell structure and the processing parameters
applied at each material point. The cell structure plays a role by affecting various loading
scenarios and the manner in which local strains translate into macroscopic strains. Conversely,
for a constant cell configuration, the processing parameters affect transformation stresses and
temperatures by modulating the microstructure. These results demonstrate a clear synergy
derived from the integration of lattice strategies with processing modulation to alter the
thermomechanical properties of the SMA. So, the three lattice structures with a BCC unit
cell were designed and printed using different parameters, achieving solid fractions between
15-25% and strain recovery values ranging 6-10%. The structures designed in this work
exhibit recoverable strains exceeding the ones previously reported NiTi lattice structures.
These findings lay the groundwork for an innovative strategy in the crafting of smart ad-hoc

shape-memory cellular structures.

In conclusion, the different studies presented illustrate the immense potential of LPBF in
advancing NiTi SMA fabrication. By enabling unprecedented control over microstructure
and thermomechanical properties, LPBF positions itself as a key technology for creating

next-generation metamaterials.
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Chapter 8

Conlusions and future work

8.1 Conclusions

This work explores the relationship between the LPBF process parameters and the microstruc-
tural, thermomechanical, and functional properties of NiTi SMAs. In addition, it examines
the potential for customizing the thermomechanical properties of LPBF NiTi SMAs, which
is achieved by local change of the process parameters. The non-linear effect produced by
different designs is addressed. The design flexibility offered by the LPBF process leveled up
into the fabrication of cellular materials, which, when combined with the capabilities of NiTi,
can lead to the creation of unique devices across various industries. The following conclusions

were extracted from this work:

e Processing parameters control the final thermomechanical behavior in ho-
mogeneous NiTi samples: VED is the main factor that influences the porosity,
microstructure, phase transformation, and thermomechanical behavior of LPBF NiTi
SMAs. Higher VED results in increased nickel evaporation, leading to a greater forma-
tion of TiyNi precipitates and higher TTs. The TiyNi precipitates reduce recoverable
strain and plastic strain when the samples are exposed to thermal cycles. No significant
differences were observed in the achievement of higher VED levels by varying laser
power, scanning speed, or hatch spacing, suggesting that VED remains the dominant
factor influencing the final material properties, regardless of the specific individual

process parameters changed.

o Digital design of graded NiTi SMA metamaterial by LPBF presents non-

linear phenomena which affect their actuation behavior: Using spatially con-
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trolled LPBF conditions, different patterned geometries were printed to study the effects
of the pattern geometry on the thermomechanical behavior. The results demonstrated
differing trends, despite the fact that the printed volume for each process parameter set
was consistent among the various patterns. This implies that for patterned geometries,
the chosen process parameters are not the only responsible for the resulting actuation
behavior. The quantity and type of interfaces between the different patterns significantly
influence the actuation properties. It need to be taken into account to digitally program

the thermomechanical response of NiTi components.

e Design of NiTi SMA cellular structures with improve functionalities: NiTi
BCC lattice structures were successfully fabricated using LPBF with different process
parameters. Higher VED resulted in larger melt pools, reducing printing accuracy,
increasing strut diameters, decreasing pore sizes, and increasing solid fractions. Lower
VED parameters produced the opposite effects. NiTi lattice structures show ultraelastic
behavior with recoverable strains between 6-10%, exceeding traditional bulk NiTi
performance. Stress concentration at the edges of the lattice nodes influenced the
initiation of phase transformation. The beams undergo full transformation, while the
nodes remain unaffected. The designed structures exhibited better recoverable strain
performance compared to most documented NiTi lattices, while also maintaining a

reduced solid fraction.

This study shows that LPBF technology is an effective method for developing NiTi SMAs,
providing exceptional control over their functional properties. By adjusting the local process-
ing parameters and the structural design, the phase transformation temperatures and the
thermomechanical properties can be precisely tuned. This capability sets a new path to novel

opportunities for creating adaptive and intelligent materials for advanced applications.

8.2 Future Work

The future work available to continue this study falls into the following points:

e Optimization of LPBF process for improved NiTi properties: Further research
on laser power, scanning speed, and hatch spacing combinations to better control Ni
evaporation and, therefore, phase transformation. Investigate real-time monitoring
techniques, such as in situ thermography, to optimize process stability and defect

reduction.
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» Investigate the effect of other process parameters: A systematic study can be
performed to investigate the influence of the building orientation on the strut geometry
and the subsequent effect on thermomecahnical properties, as well as the interaction
between the process parameters and different building orientations. In addition, the
effect of various scanning strategies on the accuracy of the fabrication and phase

transformation could be studied.

e Deeper investigation on the underlying mechanism of the martensitic trans-
formation: More detailed research on the transformation mechanisms in the interfaces
of patterned geometries is important to localized phase transitions and stress distribu-
tions and establish how the interfaces affect the rest of the thermomechanical behavior in
the sample. In-situ thermomechanical testing inside SEM can be performed to capture
real-time microstructural changes during mechanical loading and thermal cycling. This

method allows monitoring the phase transformations and strain.

o« Computational modeling for predictive design: Improve finite element models
to better simulate thermal gradients and stress distributions during the LPBF process
which affect the final phase transformations and thermomechanical behavior of the
resultant sample. Develop machine learning models trained on LPBF data to predict

microstructure evolution and thermomecahnical behavior in NiTi SMAs.

« Fatigue performance evaluation for industrial applications: The fatigue behavior
of NiTi lattice structures under cyclic loading conditions could be systematically studied
to validate their durability in real-world applications. A combination of experimental
fatigue testing and in-situ observation techniques (such as X-ray computed tomography)
could provide a deeper understanding of crack initiation, defect propagation, and failure

mechanisms.

e Development of functionally graded and multi-material structures: Future
studies could explore the fabrication of functionally graded NiTi structures, where
composition and microstructure can be spatially controlled to achieve site-specific
mechanical and functional properties. Multi-material printing techniques could also be
investigated to integrate NiTi with other metals, expanding the potential applications
in different fields.

By addressing these research directions, LPBF NiTi can evolve into a fully tunable and
high-performance material platform, unlocking new possibilities for next generation actuators,

metamaterials, and structures in multiple industries.
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Annexes

A. Supplementary information of the structural simula-

tions of Chapter 5

Stress distribution analysis was performed on the printed geometries through computational
finite element analysis (FEA). The geometries patterned under study were meshed using 3D
linear tetrahedral elements (C3D4). ABAQUS 2023/Standard software package [248] was
used to perform the simulations of the lattice geometries. In terms of boundary conditions,
the displacement of the nodes positioned on the lower face of the sample was constrained
in all directions through pinned conditions (Ux = Uy = Uz = 0). For nodes located on the
upper surface, the displacement was restricted in the X and Y directions (Ux = Uy = 0),
while a vertical dipslacement of 0.5 mm was imposed on the Z axis. The constitutive behavior
for the material was modeled as perfect elastic-plastic material model with an elastic modulus
of 42 GPa and 115 GPa and 150 GPa of yield stress for the low VED and high VED regions
respectively. This yield stress was selected using the M, transformation temperature at a
strain of 50% from the total strain of the 200 MPa actuation cycle and then, entering with

that temperature in the temperature-stress curve from the results observed in Chapter 4.
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B. Supplementary results

Composition (at.%) Reference A, (K) Recoverable strain (%)

NisoTiso 1302] 353 6.0
Nis0.5Tia0.5 [303] 282 5.8
Nigg.1Ti50.9 [303] 275 6.1

Nis; Tz [302] 184 6.2

NisoTiso 1302] 270 5.6
Nisg.3Ti49.7 [302] 353 3.5

NigoTiso [302] 205 1.4

NigoTiso 302] 305 2.3

NigoTis0 [302] 206 1.4

NisoTiso 1302] 295 5.0

Niso Tz [302] 261 2.3
Nis0.8Tisg.2 [285] 217 3.3

NisoTis0 [304] 324 5.2

Niso Tis0 (305] 341 4.1

NigoTiao 1306] 288 45

Niss Tias 1302] 353 5.8

NigoTiso 302] 297 6.0

NisoTiso 1307] 251 45

Niso Tiso [308] 291 2.9
Niso.Tla9.2 [309] 281 5.2

NisoTiso 310] 239 3.3
Nis0.3Tis9.7 [311] 220 3.0

Table 1: Composition, austenite start temperature (A,) and recoverable strain of NiTi alloys
from the literature.
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Composition (at.%) Reference A, (K) Recoverable strain (%)

Nig TisoCuo 1303] 307 5.0
Nig TisoCuro [303] 326 5.2
Niy; TiggCuig [303] 316 4.7
Niyg g Tia0.2Hf10 [312] 384 4.2
Niyg 8 Ti40.7Hfg 5 [312] 391 4.7
Niyg.8 Tis0.2Hf10 [312] 455 1.1
Nigs TigsPtoo [302] 309 2.5
Ni40Ti50Pt10 [302] 246 2.5
NizyTis05Pt15.5 [313] 475 2.5
Nizz 5 Ti50.5Pt16 [313] 477 2.6
Niss Tiso.s Ptyg.s [313] 495 2.4
Nisg TisoPdso [302] 503 ;
Nizy5Tisg.7Pd15.0 [302] 348 3.0
Nigg 5Ti49.9Pd20.1 [314] 406 2.8
Nigy 4 Tigg 6Pdas.2 [314] 466 2.5
Nijg.5Tis9.6Pd30.2 [314] 523 2.3
Ni3 5Tig9.4Pd46.2 [314] 782 -
Nigy 5Ti50.5Pdas [313] 466 -
Nig3 5 Ti50.5Pdag [313] 471 -
Nig 5Tis9.6Pd30.2 [315] 523 -
Nilg.4Ti4g.6Pd25_2AU5 [315] 512 -
Nijg.6Ti49.2Pd253Pt51 [315] 516 -
Ni47Ti48 ZI‘5 [316] 348 3.2
Ni47Ti432r10 [316] 386 2.8

Table 2: Composition, austenite start temperature (Ag) and recoverable strain of NiTiCu,
NiTiHf, NiTiPt, NiTiPd and NiTiZr alloys from the literature.
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Sample ID P (W) v (mm/s) h (nm) Porosity (%)

1 65 956 o6 0.47
2 95 956 81 0.06
3 131 956 112 0.28
4 170 956 145 1.39
5 65 770 40 0.92
6 85 770 53 0.11
7 114 770 70 0.06
8 150 770 93 0.03
9 187 770 116 0.72
10 70 990 34 0.81
11 100 990 48 0.15
12 125 990 60 0.14
13 157 990 76 0.50
14 190 990 91 0.48
15 90 1231 35 0.84
16 125 1231 48 0.09
17 155 1231 60 0.09
18 191 1231 74 0.28
19 228 1231 88 0.52
20 90 1430 30 1.49
21 120 1430 40 1.22
22 154 1430 51 0.05
23 191 1430 64 0.37
24 228 1430 76 0.45
25 80 1650 23 3.93
26 115 1650 33 0.85
27 150 1650 43 0.62
28 191 1650 95 0.32
29 228 1650 66 0.63

Table 3: Process parameter combinations employed to fabricate samples for porosity analysis,
resulting in a total VED of 70 J/mm? for the broad approach.
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Sample ID P (W) v (mm/s) h (um) Porosity (%)

1 65 956 49 0.33
2 95 956 71 0.01
3 131 956 98 0.44
4 170 956 127 1.48
) 133 700 79 0.29
6 65 770 35 0.30
7 85 770 46 0.51
8 114 770 62 0.05
9 150 770 81 0.47
10 187 770 101 0.44
11 98 914 45 0.11
12 70 990 29 0.22
13 125 990 52 0.08
14 157 990 66 0.22
15 190 990 80 0.54
16 125 1082 48 0.10
17 175 1100 66 0.40
18 70 1231 24 1.59
19 100 1231 34 0.54
20 155 1231 52 0.11
21 191 1231 65 0.35
22 228 1231 77 0.42
23 134 1235 45 0.04
24 209 1291 67 0.42
25 90 1430 26 0.78
26 120 1430 35 0.55
27 154 1430 45 0.05
28 191 1430 56 0.21
29 228 1430 66 0.40
30 115 1650 29 0.57
31 150 1650 38 0.06
32 191 1650 48 0.32
33 228 1650 o8 0.53

Table 4: Process parameter combinations employed to fabricate samples for porosity analysis,
resulting in a total VED of 80 J/mm? for the broad approach.
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Sample ID P (W) v (mm/s) h (nm) Porosity (%)

1 65 956 43 0.50
2 95 956 63 0.05
3 131 956 87 0.44
4 170 556 113 1.22
) 65 770 31 0.53
6 85 770 40 0.06
7 114 770 54 0.43
8 150 770 72 0.44
9 187 770 90 0.41
10 70 990 26 0.61
11 100 990 37 0.15
12 125 990 48 0.12
13 157 990 99 0.38
14 190 990 71 0.63
15 90 1231 27 0.44
16 120 1231 36 0.42
17 155 1231 47 0.13
18 191 1231 57 0.45
19 228 1231 69 0.49
20 90 1430 23 0.23
21 120 1430 31 0.41
22 150 1430 39 0.04
23 191 1430 49 0.37
24 228 1430 29 0.51
25 80 1650 18 1.65
26 115 1650 26 1.26
27 150 1650 34 0.54
28 191 1650 43 0.05
29 228 1650 o1 0.31

Table 5: Process parameter combinations employed to fabricate samples for porosity analysis,
resulting in a total VED of 90 J/mm? for the broad approach.
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Variable Sample ID P (W) v (mm/s) h (um) t (um) VED (J/mm?)

- Anchor 125 990 48 30 90
P1 72 990 48 30 20
Power P2 100 990 48 30 70
P3 157 990 48 30 110
P4 185 990 48 30 130
V1 125 668 48 30 130
V2 125 869 48 30 100
Scan Speed V3 125 1082 48 30 80
V4 125 1231 48 30 70
V5 125 1739 48 30 50
H1 125 990 28 30 150
H2 125 990 35 30 120
Hatch Spacing H3 125 990 52 30 80
H4 125 990 60 30 70
H5 125 990 85 30 20

Table 6: LPBF processing parameters used in the manufacturing of NiTi samples for the
systematic approach.
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VED (J/mm®) Sample ID M, (K) A, (K) M, (K) M, (K) A, (K) A, (K)

2 333.4 363.9 317.9 343.5 350.6 373.4
6 326.9 358.1 310.7 342.7 339.1 373.9
7 331.1 361.3 315.4 342.5 346.7 374.1
8 331.9 361.5 314.5 342.1 350.4 372.3
70 11 324.5 356.7 309.0 341.0 339.8 367.9
12 329.8 359.6 313.9 340.0 346.7 369.3
16 326.3 357.4 309.7 340.9 341.1 368.5
17 332.2 361.9 313.4 343.3 348.6 374.3
22 332.2 362.4 315.5 342.3 349.5 372.6
2 330.9 361.1 312.3 342.2 345.4 372.3
8 332.0 361.6 313.6 343.0 347.1 373.0
11 327.1 358.8 310.3 342.2 342.9 372.1
30 13 328.9 359.2 313.6 340.4 346.1 368.8
16 327.4 358.1 310.6 341.5 343.1 369.3
20 330.7 362.1 311.0 342.1 348.1 372.7
27 331.2 362.1 313.9 342.0 348.9 372.3
31 330.4 361.6 312.2 341.1 348.6 374.4
2 330.9 360.8 307.9 342.7 342.5 371.6
6 328.3 360.0 309.8 342.6 343.8 373.3
11 329.5 360.3 312.6 343.3 344.0 373.3
90 12 329.8 359.6 312.8 339.9 346.7 368.3
17 332.0 362.3 313.7 342.3 350.0 373.5
22 332.5 362.6 314.7 342.8 349.0 374.9
28 332.5 362.1 315.8 343.0 351.5 373.0

Table 7: Transformation temperatures calculated from DSC curves in the broad approach.
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Sample M, (K) A, (K) M; (K) M, (K) A, (K) A, (K)

Anchor 330 360 314 341 346 369
P1 323 354 306 340 336 368
P2 325 357 310 340 340 368
P3 335 366 317 345 348 375
P4 336 367 311 347 345 377
V1 335 365 326 346 353 374
V2 334 364 316 345 347 374
V3 327 358 311 341 344 369
V4 326 357 310 340 341 369
V5 329 357 311 340 342 369
H1 335 365 326 345 352 374
H2 336 366 326 345 353 374
H3 329 359 314 340 346 369
H4 330 360 314 340 346 369
H5 330 359 313 340 343 370

Table 8: T'Ts obtained from the analysis of the DSC curves in Figure 3.8 showing the martensite
transformation start temperature (Ms), the martensite transformation finish temperature
(My), the peak of the martensite transformation (M,), the austenite start transformation
temperature (A;), the austenite finish transformation temperature (Af) and the peak of the
austenite transformation (A,) in the systematic approach.
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Figure 8.1: Results of the laser track simulations: (a)-(b) display the solid material width
and (c)-(d) presents the solid material depth. Cases L and H are presented as dotted lines

indicating the maximum values achieved.
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