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ABSTRACT

Laser powder bed fusion is a promising additive manufacturing technique for the
fabrication of NiTi shape memory alloy parts with complex geometries that are
otherwise difficult to fabricate through traditional processing methods. The technique is
particularly attractive for the biomedical applications of NiTi SMASs, such as stents,
implants, and dental and surgical devices, where primarily the superelastic effect is
exploited. However, few additively manufactured NiTi parts have been reported to
exhibit superelasticity under tension in the as-printed condition.

Laser powder bed fusion was utilized to fabricate fully dense, near-equiatomic
(Niso.1Tis9.9), Ni-rich NiTi (Niso.sTisg.2 and Nis12Tisgg) shape memory alloy parts which
exhibited tensile ductility up to 16%, shape memory strain of 6%, and tensile
superelasticity up to 6%, almost twice the maximum reported value in the literature. The
selection of optimum processing parameters that yielded fully dense parts was guided by
a process optimization framework based on a computationally inexpensive analytical
model used to predict the melt pool dimensions based on single-track experiments. This
framework allowed for constructing printability maps for the present NiTi shape
memory alloys and revealed that fully dense parts could be printed over a wide range of
process parameters. By controlling the process parameters, in particular laser power,
laser scan speed, and volumetric energy density, in the processing space that result in
fully dense parts, it was demonstrated systematically that the composition of the printed
parts could be precisely changed by controlling the evaporation of Ni. The flexibility of

parameter selection to print defect-free NiTi SMAs and composition control by



preferential evaporation of Ni opens the possibility to print functional NiTi parts or
devices without post-processing. Crystallographic texture analysis demonstrated that the
as-printed NiTi parts had a strong preferential texture for superelasticity, a factor that
needs to be carefully considered when complex shaped parts are to be subjected to
combined loadings. Transmission electron microscopy investigations revealed the
presence of nano-sized oxide particles and Ni-rich precipitates in the as-printed parts of
Niso.gTie.2 and Nis1.2Tissg, Which play a role in the improved superelasticity by

suppressing inelastic accommodation mechanisms for martensitic transformation.
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CHAPTER |
INTRODUCTION*
1.1 Motivation

Nickel-titanium is the most commonly used shape memory alloy (SMA) due to
its excellent function properties including shape memory effect and superelasticity. And
its biocompatibility, corrosion resistance and low stiffness have made this alloy
attractive to many biomedical applications. However, NiTi is not well suited for
conventional machining processes for fabricating near-net-shape devices. Additive
manufacturing (AM) has been identified as a potential fabrication method for creating
otherwise hard-to-machine NiTi parts, enabling the fabrication of complex geometries
that are not possible or prohibitively costly using conventional machining processes.
Compared with the direct energy deposition (DED), laser powder bed fusion (L-PBF)
provides better geometry accuracy and surface finish owing to its smaller beam size and
finer powder size. In the existing literature, how melt pool morphology and dimensions
affect the resulting porosity/defects in additively manufactured NiTi has not been laid
out in a systematic fashion.

The aim of this work is to understand the effect of process parameters during L-

PBF on the melt pool by developing a systematic framework. Melt pool geometry will

*Portions of this chapter are reprinted with permission from “Controlling Martensitic
Transformation Characteristics in Defect-Free NiTi Shape Memory Alloys Fabricated
Using Laser Powder Bed Fusion and a Process Optimization Framework” by L. Xue, K.
C. Atli, S. Picak, C. Zhang, B. Zhang, A. Elwany, R. Arroyave, and I. Karaman. Acta
Materialia 215 (2021) 117017©2021 Elsevier Ltd
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be studied to eliminate the resulting porosity in the built NiTi part. And Ni evaporation
during the process will be identified for controlling transformation temperatures from a
given powder composition. The thermomechanical properties and microstructures of the
additively manufactured NiTi will be investigated to evaluate their functional properties
and understand the underlying physics.

The motivation behind minimizing the porosity/defects through process
parameter optimization is to improve the mechanical and functional properties of AM
NiTi to the level of bulk parts fabricated with ingot metallurgy and minimize part-to-part
variability. Better flexibility of parameter selection to print defect-free NiTi SMAs and
composition control by preferential evaporation of Ni shall open the possibility to print
NiTi SMA parts or devices with desired functional properties (e.g., transformation
temperatures) in as-fabricated condition. And hopefully, perfect tensile superelasticity
could be achieved in the as-fabricated condition, which is challenging and rare in the
existing literature. The success of eliminating defects and understanding the
microstructure evolution behind shall accelerate the penetration of AM NiTi into many
application areas.

1.2 Objective

Very limited amount of systematic work has been done in additive manufacturing
to explore parameter selection for fabricating defect-free NiTi parts. Also, good tensile
superelasticity has not been achieved for additive manufactured NiTi as such functional

properties are critical for its application. Hence the objectives of this study are:



. To better understand the effect of processing parameters, single tracks will be
printed with difference sets of laser power (P) and scanning speed (v) within
the capability of the printer. The dimensions of the melt pools will be
characterized by image processing, and the single tracks will be categorized
by the morphology or the relationship of melt pool dimensions.

. A computational inexpensive Eagar-Tsai (E-T) model will be calibrated with
the experimental data and used to predict the melt pool dimensions. And the
printability will be categorized into good, keyholing, lack of fusion and
balling based on either single-track morphology, or the melt pool geometry
predicted by the E-T model. Thus, the parameters combinations leading to
detrimental defects can be identified and avoided during parameter selection
process.

. The maximum hatch spacing criteria will be applied based on melt pool
geometry to ensure enough remelting between the adjacent tracks. The P and
v combinations within in the good region will be selected with their
appropriate hatch spacing (h) for fabricating fully dense NiTi.

. For the AM NiTi prints, Archimedes’ density will be measured, and cross-
section surfaces will be investigated to further understand the possible
porosity and defects.

. The transformation temperatures of the as-fabricated NiTi samples will be
investigated to understand the Ni evaporation and transformation temperature

evolution during the L-PBF process.
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6. Room temperature tensile ductility, shape memory effect and superelasticity
will be evaluated the thermomechanical properties of the as-fabricated NiTi
in this study.

7. Certain samples will be selected to study the crystallographic texture and
microstructure. And this understanding shall further help us on engineering
the printing process of NiTi.

A systematic approach containing experiments and modeling was taken to meet the

above-mentioned objectives and is reported in the following chapters.
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CHAPTER II
BACKGROUND AND LITERATURE REVIEW*
In this chapter, a detailed background knowledge
2.1 Shape Memory Alloys

Shape memory alloys (SMAS) is a class of smart materials, which is capable to
recover the deformation upon heating or applying magnetic field. The shape memory
effect in NiTi is originated from the reversible transformation between a B2 austenite
and B19” martensite. Upon loading and deformation in a self-accommodate martensite
phase, the strain will be accommodated by the martensite reorientation and detwinning.
The martensite will transform to austenite when heated up above austenite finish
temperature (As) and recover the deformation. If the loading and deformation take place
in austenite above Ay, the material may be deformed by stress induced martensitic
transformation and detwinning of the transformed martensite. The stress induced
martensite will transform back to austenite upon unloading and recover the deformation.
This behavior is known as superelasticity.

These two unique features of shape memory alloys (SMAS), superelasticity (SE)
and shape memory effect (SME) that result from a reversible martensitic phase

transformation, have in the past decades resulted in the broad scale diffusion of these

*Portions of this chapter are reprinted with permission from “Controlling Martensitic
Transformation Characteristics in Defect-Free NiTi Shape Memory Alloys Fabricated
Using Laser Powder Bed Fusion and a Process Optimization Framework” by L. Xue, K.
C. Atli, S. Picak, C. Zhang, B. Zhang, A. Elwany, R. Arroyave, and I. Karaman. Acta
Materialia 215 (2021) 117017©2021 Elsevier Ltd
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materials in many applications such as biomedical devices, actuators, couplings and
seismic devices. NiTi is the material of choice for most of these applications, as it is the
most widely researched and commercially available SMA, in addition to its superior
shape memory properties, biocompatibility and corrosion resistance.

However, NiTi is not well suited for conventional machining processes that are
required to bring the part to its final geometry, owing to its increased ductility, high
toughness and high strain hardening, which cause excessive tool wear and burr
formation [1-3]. Specialized techniques for machining NiTi such as cryogenic machining
and wire electrical discharging machining (wire-EDM) provide alternative fabrication
methods, however they are costly and limited in the geometries that can be produced.

2.2 Additive Manufacturing of NiTi

Additive manufacturing (AM) has been identified as a potential fabrication
method for creating otherwise hard-to-machine NiTi parts, enabling the fabrication of
complex geometries that are not possible or prohibitively costly using conventional
machining processes. Efforts on additive manufacturing of NiTi date back to the
beginning of the 2000s, with initial studies investigating the influence of processing
parameters on the microstructure, mechanical properties, and phase transformation
behavior [4, 5]. Powder bed fusion (PBF) [6-13] and directed energy deposition (DED)
[14-20] additive manufacturing (AM) techniques have been extensively researched due
to their capabilities of fabricating near-net-shape NiTi SMA parts, bypassing the
associated costly machining challenges. PBF AM techniques such as laser-PBF (L-PBF)

or electron beam melting (EBM) usually feature smaller beam size, finer powder size
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and thinner layers, which results in better surface finish and geometrical accuracy, while
DED offers more design freedom including changing the input powder composition
during printing and can be used to repair or add additional material to existing
components. Improved surface finish with less adherent particles is desired in
biomedical applications such as implants for limiting the harmful Ni release [21], and

substantial attention has been given to L-PBF of NiTi for this reason.

Laser beam

_>
Scan direction

Aging effect
Previously deposited materials

Figure 2.1 Schematic of the melt pool behavior in the L-PBF process. Reprinted

from[22]

2.3 Optimization of Process Parameters
Considerable research efforts have been devoted to the optimization and

selection of the process parameters to build AM NiTi SMA parts [11, 23-27]. This is
8



primarily because, unlike other easy to print conventional alloys such as Ti6Al4V, Ni-
based superalloys, or stainless steel, the composition and microstructure of the printed
NiTi parts are as important as the build quality/density since they greatly influence the
functional properties such as transformation temperatures, shape memory and
superelastic strain, which are critical for applications. Unlike conventional AM alloys,
AM NiTi parts are also known to suffer from processing-induced micro-defects(Figure
2.2) such as balling, keyholing, and lack of fusion, and macroscopic defects such as
delamination, cracks, and warping. A careful selection of processing parameters is
therefore required to be able to circumvent these defects and fabricate quality parts while
at the same time meeting the application requirements in terms of shape memory

properties.
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Figure 2.2 Micrographs of the cross sections showing different porosity for different
effective laser powers. Reprinted from [28]

When existing literature on AM of NiTi SMAs is investigated, it is seen that
optimization of process parameters is typically performed via a broad sweep of the
parameter space, including power, scan speed, and hatch spacing, which is a time

consuming and expensive procedure. Although several model-based approaches that
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predict melt pool dimensions and expedite the search for optimized processing
parameters have been proposed for easy-to-print alloys such as stainless steels or Ni-
based superalloys [29-31], how melt pool dimensions affect the resulting porosity levels
in a built part and how to eliminate them has not been laid out in a systematic fashion. In
addition, due to the high sensitivity of NiTi SMAs and the possible hardware differences
in each commercial AM system, process parameter sets generated by one group might be
rendered unusable by others. Establishing a framework to implement model-based
approaches to building porosity-free parts is therefore essential. Our group have recently
developed such a framework based on the simple analytical Eagar and Tsai (E-T) model
for predicting melt pool geometry, combined with single-track experiments, model
uncertainty analysis, and a geometrical hatch spacing selection criterion to investigate
the range of process parameters for AF9628 martensitic steels, which consistently led to
full densification of Laser Powder Bed Fusion (L-PBF) parts [32]. The same
methodology will be employed in the current study to optimize process parameters for
printing two different compositions of NiTi SMAs with minimal or no porosity. As
previously mentioned, process parameter optimization is an even more critical issue for
SMA:s, since these functional materials need to conform to additional standards in terms
of shape memory properties, such as transformation temperatures and shape
recoverability.

During L-PBF, excessive energy input can trap the vapor within the melt pool
causing spherical pores, while insufficient energy input may lead to unmolten parts

between the melt pools or weak bonding (microcracks) between layers. Although a
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porous structure [9, 21, 33] may be preferred for biomedical implants for the low
stiffness [9], pores may lead to early failure through crack formation and propagation,
bringing serious consequences especially in applications requiring multiple actuations.
Due to the characteristic high cooling rate and steep temperature gradient in L-PBF,
residual stresses in the printed parts may also result in unpredictable mechanical
behavior or cause macroscopic defects such as warping and delamination. Recent studies
have suggested that the use of strip scanning patterns with shorter scanning length may
favor smaller thermal gradient. Parts printed with such scanning patterns exhibited as
high as 16% tensile ductility [34]. The highest tensile ductility reported so far for AM
NiTi is ~20% which was achieved by utilizing a similar scanning pattern together with
25 ppm oxygen level in the build chamber [25], which is much lower than the 500 ppm
suggested by ASTM F2063-05.

There are multiple factors that need to be considered during L-PBF of NiTi in
order to fabricate defect-free and fully dense parts, e.g., powder composition and quality,
the choice of scanning strategy, selection of processing parameters. Considerable
research has been devoted for the optimal selection of processing parameters in different
platforms, however it is a fact that one set of parameters optimized for one system may
not always produce the same results due to hardware differences. Our group recently
reported a framework-based method [32] which utilizes a simple analytical model to
predict melt pool dimensions as a function of material properties and processing
parameters, paired with single tracks experiments to identify the window of feasible

process parameters for different alloys including NiTi. This framework saves
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considerable efforts in parameter optimization compared with performing experiments
spanning the full parameter space for a given kind of powder. The framework-based
methodologies [32, 35] from single tracks are generally simplified for easy execution,
and multiple detailed factors including the powder coverage/thickness after many layers,
thermal history of the solidified layers, scanning strategies etc. were not considered. Itis
necessary to have a comprehensive understanding of these factors and the underlying
physics together with precise predictions of the melt pool characteristics to build a
reliable framework for streamlining the process of parameter selection.
2.4 Thermomechanical Properties of Additive Manufactured NiTi

Apart from producing parts with complex geometries, AM also has the capability
of altering the matrix Ni/Ti ratio in NiTi SMAs through preferential evaporation of Ni
[36-38] and inducing a unique defect structure due to rapid cooling [39], thus providing
a feasible method to tailor the transformation temperatures and modify shape memory
and mechanical properties. This versatility for AM-fabricated NiTi SMAs stems from
the fact that functional properties of NiTi SMAs are highly sensitive to the Ni content
and defect density, e.g., transformation temperatures drop about 20 °C per 0.1 at.%
change above 50% Ni [40], and transformation temperature range increases and enthalpy

decreases with an increase in dislocation density [41].
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Figure 2.3 The effect of energy density on the martensitic and austenitic transformation
start temperatures of NiTi with different compositions. Reprinted from [42]

NiTi parts fabricated using AM technigues have been reported to exhibit up to
10% recoverable compressive strain [10] and up to 8% tensile recoverable strain [25],
comparable to NiTi parts fabricated via conventional ingot metallurgy techniques.
However, the starting powder for these parts is usually a relatively Ni-lean NiTi powder
(i.e. Ni < 50.5 at. %) and the printed parts typically have transformation temperatures
above room temperature. Unfortunately, achieving SE in AM NiTi is not easy and
straightforward compared to achieving SME. Firstly, in order to achieve SE in AM NiTi,
the printed parts should have austenite finish (Af) temperature lower than the testing
temperature, which, for example, is generally as high as the body temperature for

biomedical applications. This fact necessitates the use of a relatively Ni-rich NiTi
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powder feedstock (i.e. Ni > 50.7 at. %) to be able to print NiTi parts with SE. As the
laser or electron beam source in L-PBF causes differential evaporation of Ni from the
powder [6, 7, 11, 25, 37, 42-46], processing parameters must be carefully selected to
predict the resulting Ni content, and thus the transformation temperatures of the printed
NiTi parts. Secondly, even if parts with transformation temperatures appropriate for a
specific SE application are printed, perfect superelasticity might not be achieved. This
occurs when the strength of the matrix is not high enough and the critical stress that
induces martensite also induces slip in the parent phase during superelastic loading.
Thirdly, the unique grain structure of the AM NiTi as a result of the epitaxial growth
between successive layers, the inherent defect structure with porosity and residual
stresses and the presence of any inclusions in the printed parts due to imperfections in
the protective atmosphere of the building chamber or the impurities in the starting
powder feedstock, might cause the part fail in a brittle manner without even showing a
sign of superelasticity. Superelasticity has been reported in AM NiTi under both
compressive and tensile stresses [11, 16, 33, 47-51], but the maximum tensile
superelastic strain in as-fabricated condition was only 3% (Figure 2.4), accompanied by
a relatively large residual strain, partly due to the abovementioned issues.
Characterization of the tensile properties of AM NiTi is thus crucial since as-printed
parts are more prone to fracture from defects (e.g., porosity and cracks) in tension as

compared to in compression.
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Figure 2.4 Summary of the tensile superelasticity results from existing literature on AM

NiTi.

2.5 Crystallographic Texture and Microstructure

Control of the microstructure in AM NiTi is of paramount importance in order to
improve the thermomechanical properties to a level close to those of NiTi fabricated by
conventional ingot metallurgy. Texture has been known to greatly affect functional
properties in single crystal and polycrystalline NiTi [52, 53], and studies have revealed
the formation of preferred orientation in the direction of highest thermal gradient during
the intrinsic epitaxial solidification in AM processes [12, 49, 54]. Utilizing a smaller
hatch spacing value during printing has also been reported to result in a stronger texture
and grain refinement [49]. In wrought Ni-rich NiTi, solution heat treatment to reach a
matrix without secondary phases followed by aging heat treatment at 300 to 550 °C [55]
is commonly used to modify the size and distribution of Ni-rich precipitates, strengthen

the matrix against defect generation mechanisms and achieve SE. Although the effect of
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aging effect on functional properties have been widely studied in NiTi fabricated using
conventional ingot metallurgy [56-60], choosing the appropriate heat treatment
parameters for AM NiTi is a challenging task, since the Ni content of the as-fabricated
parts will usually be different than the starting powder and may vary depending on the
selection of process parameters. In addition, AM NiTi parts are usually considered to be
inhomogeneous due to the characteristic layer by layer fabrication in which different
layers are aged and annealed for different times during printing. Post printing heat
treatments have been successfully used for AM NiTi parts to grow Ni-rich precipitates
[16] and improve SE [7, 61] of Ni-rich NiTi. However, regardless of the quality of the
protective atmosphere, formation of oxides such as TiO2 or TisNi2Ox is a critical
problem during heat treatments at relatively high temperatures (e.g. solution heat
treatment) that may impair shape memory behavior and durability. Hence, achieving
good and stable SE in as-printed parts, without any post printing heat treatments is a
technological challenge that must be overcome.

Hence, in order to demonstrate the above-mentioned challenges for AM NiTi, we
have performed initial experiments on NisogTis0.2 powder. The morphology of single
tracks and melt-pool dimensions have been analyzed for calibrating our Eagar-Tsai
model. Printability map of process parameters has been generated to guide the printing

process, and defect free samples have been fabricated and characterized.

17



CHAPTER Il
CONTROLLING MARTENSITIC TRANSFORMATION CHARACTERISTICS IN
DEFECT-FREE NITI SHAPE MEMORY ALLOYS FABRICATED FROM Nls1.1Tlsg9
(AT. %) AND NIls0.3Tls97 (AT. %) POWDER USING LASER POWDER BED FUSION
AND A PROCESS OPTIMIZATION FRAMEWORK*

In this chapter, Laser Powder Bed Fusion (L-PBF) was utilized to fabricate fully
dense, near-equiatomic (Niso.1Tisg.9) and Ni-rich NiTi (Niso.gTise.2) shape memory alloy
(SMA) parts which exhibited tensile ductility up to 16%, shape memory strain of 6%,
and tensile superelasticity up to 4%. Annealing heat treatments marginally improved the
superelasticity of the as-fabricated Ni-rich NiTi parts due to the formation of a small
volume fraction of Ni4Tis precipitates. The selection of optimum processing parameters
that yielded fully dense parts was guided by a process optimization framework based on
a computationally inexpensive analytical model used to predict the melt pool
dimensions. The framework also included single-track experiments to validate the model
predictions and a criterion for the maximum allowable hatch spacing to prevent the
formation of lack of fusion porosity. This framework allowed for constructing L-PBF
processing maps for the present NiTi SMAs and revealed that fully dense parts could be

printed over a wide range of process parameters. By controlling the L-PBF process

*Reprinted with permission from “Controlling Martensitic Transformation
Characteristics in Defect-Free NiTi Shape Memory Alloys Fabricated Using Laser
Powder Bed Fusion and a Process Optimization Framework™ by L. Xue, K. C. Atli, S.
Picak, C. Zhang, B. Zhang, A. Elwany, R. Arroyave, and |. Karaman. Acta Materialia
215 (2021) 117017©2021 Elsevier Ltd
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parameters, in particular laser power, laser scan speed, and volumetric energy density, in
the processing space that result in fully dense parts, it was demonstrated systematically
that the composition of the printed parts could be precisely changed by controlling the
evaporation of Ni. The flexibility of parameter selection to print defect-free NiTi SMAs
and composition control by preferential evaporation of Ni opens the possibility to print

functional NiTi SMA parts or devices without post-processing.

The flowchart in Figure 3.1 presents an overview of the experimental and
computational methodologies used for Nisy.1Tiss (at. %) and Niso.3Tise.7 (at. %) powder,
included here to summarize the majority of the work performed in this chapter. Detailed

information for each step shown in this figure can be found in the following section.
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3.1 Materials and Experimental Methods
3.1.1 Powder Characterization

One batch of Ni-rich and one batch of near-equiatomic (hamed Ni-lean here)
NiTi SMA powder (henceforth called NR for Ni-rich and NL for Ni-lean NiTi), both
fabricated via the electrode induction-melting gas atomization (EIGA), was acquired
from Carpenter Technology Corp. Powder compositions were measured as Nis1.1Tisg.o
(at. %) and Niso.3Tisg.7 (at. %), respectively, through wavelength dispersive spectroscopy
(WDS) with a Cameca SXFive electron microprobe analyzer (EPMA), by averaging the
measurement results of 10 points taken from the cross-sections of random particles
(Figures 3.2c and 3.2f). A FEI Quanta 600 FE scanning electron microscope (SEM) was
used to investigate the morphology, size, and distribution of the powders. As shown in
Figure 3.2, both powders have spherical particles with smooth surfaces devoid of
satellite particles, and no hollow particles were observed. Powder size distribution was
very similar in both powders with dio, dso and dgo values close to 16 um, 29 pm and 40
um, respectively, where dxx denotes the cumulative size percentile of particles with

diameters equal to the number provided.
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Figure 3.2 Scanning electron microscopy (SEM) and back-scattered electron (BSE)
images of gas atomized NiTi powders. Low magnification images (a-b) and high
magnification image (c) showing the powder size distribution and the cross-sections of
random particles from Ni-rich (NR) powder, respectively. Similar images (d-f) for Ni-
lean (NL) powder.

A TA Instruments Q2000 differential scanning calorimeter (DSC) was used to
measure the transformation temperatures, i.e. martensite finish, M, martensite start, Ms;
austenite start, As; austenite finish Ay, of the as-received powders. 2 thermal cycles were
performed at a heating/cooling rate of 10 °C/min from -150 °C to 150 °C. Both as-
received powders exhibit multiple transformation peaks at similar temperatures,
although they have different nominal compositions (Figure 3.3a). This indicates that
there might be compositional inhomogeneities within or among the particles in both
powder types. In fact, the average Ni content as measured by WDS analyses from 10

random points on the NR and NL powder particles has standard deviation values of 0.4
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and 0.5 %, respectively, which can significantly affect DSC transformation temperature
results. In addition, a cellular structure with grain boundary segregation was observed
for both powders, as seen in Figures 3.2c¢ and 3.2f, supporting the presence of multiple
transformation peaks seen in DSC results. To eliminate these inhomogeneities and better
understand the average Ni content of each powder batch, powder samples were sealed in
quartz tubes in a protective argon atmosphere and then solution heat-treated at 950 °C
for 24 h followed by water quenching. It was observed that solution heat treatment of
powders led to the homogenization of chemistry and the appearance of only single
transformation peaks (Figure 3.3b). By using the tangent line intercept method according
to ASTM F2004-17, Ms temperatures of the NR and NL powders were determined as -
26.1 °C and 40.0 °C, respectively. Based on the study by Frenzel et al. [62] and the
measured Ms temperatures of the solution heat-treated powders, the compositions of the
NR and NL powders can be estimates as Niso.sTisg.2 (at.%) and Niso.1Tisg.0 (at.%),
respectively. These are slightly different from the WDS measured compositions of
Nis11Tisgg (at. %) and Niso.3Tisg 7 (at. %). Since WDS results are associated with errors
that can reach 1% of the measured value (e.g., 0.5 % for 50 at.% Ni), the composition
values predicted from the DSC results were used in the current study and believed to be

more representative of the real composition.
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Figure 3.3 DSC results of NR (NisogTise.2) and NL (Niso.1Tisg.9) powders in (a) the as-received

condition and (b) after solution heat treatment at 950 °C for 24h.

3.1.2 Optimization of Additive Manufacturing Process Parameters
Additive manufacturing of NiTi parts was performed using a 3D Systems ProX DMP
200 L-PBF system, which featured a fiber laser with a wavelength of 1040 nm and 80 pum beam
size. The laser power and scanning speed have upper limits of 260 W (effective power delivered
to the powder bed) and 2500 mm/s, respectively, in this AM system. Experiments were carried
out under a protective atmosphere with an oxygen level lower than 500 ppm according to ASTM
F2063-05 by flushing industrial-grade argon (99.99% purity) gas in the building chamber to
minimize the oxidation and impurity pick-up.
3.1.3 Prediction of Melt Pool Dimensions and Temperature

Eagar-Tsai (E-T) model was employed to predict the geometry and temperature profile of
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the melt pool during printing using material properties and processing parameters as inputs [63].
E-T model was originally developed to model the welding process, solving for the temperature
profile and geometry of the weld pool created by a traveling distributed heat source on a semi-
infinite plate. The model does not take into account convection heat transfer, the presence of
metallic powder on the surface of the substrate, or vaporization-based processes such as keyhole
mode melting, so when used for the simulation of AM processes, discrepancies between
prediction and experimental results can be significant, especially at higher energy density levels
[31]. The initial predictions of the E-T model were made based on the material properties of
NiTi collected from literature and the processing parameters that were used in the printing
process, i.e., laser power (P), scanning speed (v), and the size of the laser beam. The absorptivity
value of NiTi was calculated as the weighted average of the absorptivity values of pure Ni and
Ti powders for a Gaussian distribution with an average powder particle radius of 13.5 um and 1
um wavelength light (typical of AM systems) [64]. Thermal conductivity and specific heat
capacity values of NiTi were calculated at a melting temperature of 1310 °C by extrapolating
currently available data [65, 66]. A Bayesian statistical calibration described in [67] was
subsequently employed to calibrate the E-T model with the experimental measurements of melt
pool dimensions from the single-track experiments of both NR and NL powders. As the output
of the E-T model, two sets of melt pool data were extracted: dimensions (width, length, and
depth) and temperature profile. The reader is referred to the original paper for the mathematical

equations defined in the E-T analytical model [63].

3.1.4 Single-track Experiments
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The shape of the melt pool and its stability during printing greatly depend on
processing parameters P and v. Therefore, knowledge of the melt pool geometry as a
function of processing parameters is key for successfully printing 3D parts with minimal
defects. Here we perform single track experiments to assess the melt pool dimensions
and its continuity and to validate E-T model predictions as a function of process
parameters. For printing single tracks of the NiTi SMA powders, an evenly spaced grid-
based sampling strategy was chosen in the P-v space, with the total number of the tracks
being 60. The minimum value of P was calculated using the E-T model as 25 W to melt
a single layer of NiTi powder (using a layer thickness of 40 um, which is the dso value of
the powder), assuming a nearly stationary laser beam with the scan speed of 0.0001
mm/s. The maximum value of P was taken as 260 W, which was the limit of the laser
PBF (L-PBF) system used. Scanning speed varied between 50 mm/s and 2500 mm/s,
where the latter is the maximum allowable speed of the L-PBF system, and the former is
simply a very slow scanning speed that would result in very low build rates.

With the known thermophysical properties of NiTi, the printability map in the P-
v space with boundary conditions can be established based on the E-T model, as shown
in Figure 3.4. The description for each boundary line that defines a specific porosity
formation mode (e.g., keyhole mode, lack of fusion (LOF), balling) or physical
phenomena (e.g., melting) is also depicted in this figure. To ensure no keyholing
porosity occurs in the printed parts, an aspect ratio of D > W/2.2 was used as an initial
estimate following our experience with other materials [32, 68], where W stands for the

melt pool width. D <t was chosen as the LOF specification, where D is the depth of the
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melt pool and t is the powder layer thickness. It is known that when the ratio of melt
pool length (L) to W is high, the Plateau-Rayleigh instability [69] occurs, and the tracks
are likely to break into droplets. An L/W ratio of 2 was chosen as the initial estimate for
the balling defect criterion to generate the initial printability map. Tmax = Tmeit boundary
line corresponds to the condition that the maximum temperature at the melt pool (Tmax) is
equal to the melting temperature (Tmeit) of the alloy.

Single tracks 10 mm long with 1 mm spacing between adjacent tracks were
printed after a 40 um thick layer of powder was applied on equiatomic NiTi substrates.
NiTi substrates were used to minimize the effect of compositional gradients between the
powder and substrate on the melt pool characteristics. Since single tracks have been
reported to have an irregular shape at the start or the end of the tracks and they typically
stabilize within 1 to 2 mm from the beginning of the track [70], top-view SEM images
were taken from the middle of the tracks and width measurements were used to evaluate
the continuity of the tracks such that the defects generated from LOF or balling region
can be classified. Single-track cross-section samples were cut from the NiTi substrates
using wire-EDM and were prepared using mechanical polishing with successively fine
paper up to 1200 grit, followed by a final polishing step with colloidal silica solution.
The samples were then etched with 1 part HF, 3 parts HNO3, and 10 parts distilled water
at room temperature to reveal the melt pool shapes. Optical microscopy (OM) was
carried out using a Keyence VH- X digital microscope equipped with a VH-Z100 wide-
range zoom lens, and the OM images were taken from each cross-section to measure

melt pool depth.
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Figure 3.4 The initial AM process parameter map for NiTi SMAs predicted by the
uncalibrated Eagar-Tsai (E-T) model with different defect criteria. Black dots indicate
the process parameters (laser powder, P and scanning speed, v) selected for the single-
track experiments.

3.1.5 Printing of Bulk Samples
Once the initial printability map predicted by the E-T model is calibrated (details
of which will be introduced in the results section below) and the boundary conditions
that will avoid defect formation mechanisms are refined, 8 sets of processing parameters
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were selected from the good region to print 10 x 10 x 10 mm cubes from both NR and
NL powders. The best 4 cases from these 8 sets, i.e., cases with the least porosity, were
selected to print the 30 x 10 x10 mm? rectangular prisms to be able to extract dog-bone
shaped specimens for tensile testing. All prints were fabricated using a bi-directional
scanning strategy with a 45° angle to the edge of the prints and a 90° rotation angle
between the layers. It should be noted that this scanning strategy has been reported to
generate large thermal gradients inside the printed parts [71] and therefore may cause
warping problems in NiTi as a result of residual stresses. A few studies have reported the
advantage of utilizing more complex scanning strategies during the fabrication of NiTi
and obtained better mechanical properties such as increased ductility [25, 34, 72].
3.1.6 Density and Porosity Measurements

Archimedes method, following ASTM B962-17 standard, was employed to
measure the density of the printed parts. A quantitative density comparison of the printed
parts was also conducted by the analysis of optical microscopy images. For the image
analysis, the cross-section samples (perpendicular and parallel to the build direction) cut
from the cubes and rectangular prisms were prepared using mechanical grinding up to
1200 grit, and optical microscopy images were taken at 100X magnification at the
locations that included the highest volume fraction of pores inspected visually. For the
cross sections of cube prints perpendicular to the building direction, it was noticed that
the porosity area density and morphology varied significantly as a function of build
height, thus the images of the surfaces parallel to the building direction were taken into

account. Images were processed using ImageJ software to quantify the porosity in the as-
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printed samples.
3.1.7 Thermomechanical Characterization

Dog-bone shaped tensile specimens with gage section dimensions of 8 mm x 3
mm x 1 mm were cut from the printed rectangular prisms, with their width and length
dimensions oriented perpendicular to the building direction. A servo-hydraulic MTS test
frame with heating and cooling capability was used to perform the tests. An MTS high-
temperature extensometer was attached to the gage section of the samples to monitor the
tensile strain. Three kinds of thermomechanical tests were performed:

Monotonic tensile failure tests at a nominal strain rate of 5 x 10 s were
performed to verify the room temperature ductility of the as-printed parts.

Shape recovery tests were performed to characterize the shape memory effect as
a function of applied strain. In these tests, the samples were loaded at Ms- 50 °C by
increments of 2 % strain, unloaded to 0 MPa, and then heated above As + 50 °C to
quantify the recovered and irrecoverable deformation levels. Loading at increasing strain
levels continued until the failure of the sample.

Incremental loading tests were performed to characterize the superelasticity as a
function of deformation. Samples were loaded with 0.5% tensile strain increments up to
5% applied strain, and 1% increments beyond 5% applied strain at As + 5 °C and
unloaded, recording the superelastic strain at the end of the cycle. Loading continued
until failure occurred.

While these tests were performed on as-printed samples, additional incremental

loading tests were performed on samples fabricated from NR (NisosTis92) powder that
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underwent post-printing annealing heat treatment at 400 °C for 1h followed by
quenching to room temperature. The primary purpose of these tests was to see if
superelasticity could be improved through the formation of coherent NisTiz precipitates.
3.1.8 Microstructural Characterization
Transmission electron microscopy (TEM) experiments were conducted on
selected as-fabricated and aged samples fabricated from NR powder to observe any
possible oxide inclusions and precipitate formation that might affect the mechanical and
shape memory properties of the printed parts. A Titan Themis® 300 scanning
transmission electron microscope (STEM) providing high-resolution imaging was used
at an accelerating voltage of 300kV. Energy-dispersive X-ray spectroscopy (EDXS) was
also used to detect the chemical composition of the precipitates. TEM foils were
prepared by initially mechanical grinding of slices wire EDM-cut from rectangular
prisms down to 50 um, followed by punching of foils with a diameter of 3 mm. Foils
were finally twin-jet electropolished using 20 vol. % HNO3 in a methanol solution at -
20°C.
3.2 Single Track Analysis
The quality of the single-tracks can be classified as either good or defective with the
keyholing, balling, and LOF defects specified based on the track morphology and melt
pool dimensions. Figure 3.5 illustrates the top-view SEM images and the corresponding
cross-section OM images of single tracks printed using the NR powder, describing how

different defects were classified.
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Figure 3.5 Top-view SEM images (top row) and optical micrographs of the cross-
sections of single-tracks (bottom row) fabricated from NR powder classified as (a) good
quality and with (b) keyholing, (c) LOF, and (d) balling defects. Figure (b) also includes

a schematic of how melt pool widths (W) and depths (D) are measured. W is calculated
as the average of three measurements.

At relatively high linear energy density (LED, calculated as P/v) values, heat
transfer mode inside the melt pool changes from conduction to the so-called keyholing
mode with increased recoil pressure and melt pool penetration as a result of excessive
evaporation. Although this defect cannot be observed in top-view SEM images of the
single tracks, it can be seen in the optical micrographs of the cross-sections and is often
characterized by porosities resulting from entrapped metallic vapor during printing. The
single tracks which show keyhole porosity generally exhibited larger melt pool
dimensions, especially the depth, due to the excessive energy input (Figure 5b).

In contrast, LOF is encountered in tracks printed at low LED levels. LOF results
in either no tracks or large gaps of discontinuity on the tracks without leaving evidence

of melting of the substrate (Figure 5¢). The energy input is not sufficient to melt the
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powder layer completely. Unlike keyholing porosity, LOF defects generally follow a
geometrical pattern defined by the scanning strategy [73]. The pores are usually sharp-
edged and thus more likely to have a more pronounced effect on the ductility of 3D
printed parts. To ensure full interlayer fusion and enough remelting of the sub-layer to
promote the bonding between successive layers, uniform or continuous single tracks
with melt pool depth smaller than the layer thickness (40 um) were also classified as
LOF.

Balling is a phenomenon caused by melt pool instabilities and is observed when
both P and v are high. The continuity of the single-tracks is compromised when balling
occurs during fabrication, and the printed parts will typically exhibit poor surface
roughness, porosity, and even delamination [74]. Morphologically, the balling tracks are
not uniform in width and sometimes show discontinuities, but unlike the LOF defect, the
track is mostly present with the laser penetrating the substrate (Figure 3.5d).

Tracks that can be classified as good are the uniform tracks with a depth larger
than the layer thickness, and the corresponding LED is between those for tracks that
exhibited keyholing and LOF. For good tracks, it is observed that P and v values are in
the intermediate range. Based on single track observations, it can be assumed that
keyholing and balling will result in unwanted porosity within the builds during layer by
layer printing, and LOF will leave unmolten powder, hence, pores.

Since all three aforementioned defect-generation schemes lead to detrimental
defects in the builds and therefore need to be avoided, it is important to validate their

respective boundaries on the printability map to obtain the precise good printable region,
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i.e., P-v range for the L-PBF processing of NiTi. As shown previously in Figure 3.4, the
regions on the printability map can be defined based on the predictions of the melt pool
dimensions from the uncalibrated E-T model. A similar method has previously been
adopted in the work of Haberland et al. [75] with success for L-PBF of NiTi, but only
the single tracks' width was considered in that study. From the SEM and OM images of
single tracks illustrated in Figure 3.5, the melt pool width (W) and depth (D) of 60 single
tracks were measured and plotted as a function of LED for both NR and NL powders
(Figure 3.6). It is observed that both W and D increase with increasing LED from 0 to
500 J/m. The sudden drop of the depth values at LED values higher than 500 J/m is due
to the heat loss from the Ni evaporation due to the abundant energy input and the poor
thermal conductivity of the trapped vapor. Similar depth drops have also been observed
in other materials due to the transition to the keyholing mode [32, 68]. Figure 3.6 shows
that the melt pool dimensions of NR and NL powders are very similar. The smaller
difference can be explained by the experimental error, the repeatability of the printing,
and the small difference of the material properties from the compositional difference.
Compared to other studies that employed single tracks for optimizing processing
parameters [70, 75], this study systematically investigated the single tracks over a much

wider P-v space to explore the full potential of fabricating NiTi through L-PBF.
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Figure 3.6 (a) Melt pool width (average of 6 measurements) of 60 single tracks as
measured from the top-view SEM images, and (b) melt pool depth (average of 3
measurements)as measured from the cross-section optical microscopy images, as a

function of linear energy density for the two NiTi SMA powder compositions used in the
present study.

3.3 Generation of the Calibrated Printability Map

After being calibrated with the experimentally measured melt pool dimensions
from the single-track experiments using a Bayesian statistical calibration [32, 68] the E-
T model predicted the melt pool dimensions more accurately for both NR and NL
powders as a function of processing parameters. As shown in Figure 3.7, the predictions
match well with the experimental data. The calibrated E-T model was then used to
generate the two regions in the P-v space for keyholing and LOF defects using specific
criteria for each defect mode. The balling region was constructed using a classification
method based on the single-track observations (Figure 3.8). The region bounded by these
three defect regions is identified as the good region for the P-v combination that should

prevent these three defect types.
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In the calibrated printability maps, the keyholing region was extended to be more
conservative, including W/D ratios from 2.0 down to 1.2. The balling area was
constructed using a support vector machine (SVM) classifier, similar to what was
reported in [32]. The SVM classifier with a polynomial kernel that matches the best of
the characterized balling tracks was used. To ensure full fusion between tracks and
layers, the maximum value of hatch spacing, h, was then calculated using the melt pool
depth and width and a geometric criterion that assumes a parabolic shape of the melt
pool as defined in [32]. Based on the melt pool dimensions predicted by the calibrated E-
T model, the maximum value of h can be used as guidance to ensure sufficient
overlapping of consecutive melt pools for different P and v combinations. With the
addition of maximum h contours, the finalized printability maps for NR and NL powders

are plotted in Figure 3.8.
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Figure 3.7 Measured average (a) width and (b) depth vs. predicted (a) width and (b)
depth values for single tracks of NR powder, predicted using the calibrated E-T model.

250

200

150

Laser Power (W)

600 —
Niso Tz P
B Before Calibration = =
W After Calibration P
500 — . m
- ' g
400 o 4 Z
a , a
Ve [}]
300 s a
II/ he]
’ g
e =
200 ] 4" . 8
[ ]
| ]
- =
100 —
7
Y
0 —— T T T T
0 100 200 300 400 500 600
Predicted Width (pm)
(a)

Lack of fusion

Laser Power (W)

1.0 15
Scan Speed (m/s)

(@)

mmm Keyhole Region: Depth
mm  Keyhole Region: Depth
Keyhole Region: Depth

= Width/1.2
= Width/1.5
= Width/2

600 —
Nisg gTiag 2
W Before Calibration
B After Calibration P
500 = " P
u sm
/
400 7
n o
n v
s/
300 s
/
" >
s
200 1 = B
/
= A
100 o™
7 | ]
0 j T T T T T
0 100 200 300 400 500 600
Predicted Depth (um)
(b)
0.0 05 1.0 15 20 25

Scan Speed (m/s)
(b)
Lack of Fusion Region: Depth = Thickness

Balling Region: Length = 2*Width
Maximum Hatch Spacing (um)
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(NisogTiag2) and (b) NL (Niso.1Tia.9) powders. Contours indicate the maximum value of
hatch spacing, h, that will not cause LOF defects.

By selecting processing parameters following the maximum hatch spacing
criteria, the pores introduced by the unmolten powder should be avoided. Selecting
processing parameters within the good region can prevent the porosity generated by
trapped gas (keyholing), not melting the powder layer completely (LOF), and rough
surface (balling). It should be noted here that during the printing of layers for the
construction of selected cubes (see Section 3.3), occasional spatters were observed
ejecting from the molten pool by the pressure of the metallic vapor, and it was also
noticed that projection of the spattered particles might travel long enough to reach the
neighboring building part. Nevertheless, the defects caused by the spatter cannot be
predicted using the current framework. Capturing real-time images during printing may
help identify the process parameters that generate the spatter. This can be performed
with test prints of a few layers in future studies. Similarly, although the keyholing
criterion has been extended in the printability map down to W/D = 1.2, it should be noted
that in the good region close to the keyholing boundary, keyholing porosity may still be
observed due to the accumulated heat during the printing process, causing the selected
P-v combination to turn into one that causes keyholing with less energy input. Therefore,
the appropriate keyholing criterion should be fine-tuned for each material based on the

bulk sample prints, which will be discussed in the next section.
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3.4 Fabrication and Analysis of Bulk Cube Prints
From the calibrated printability maps in Figure 3.8, eight sets of processing
parameters were selected from the good regions of the printability maps of NR and NL
powders to print 10 x 10 x 10 mm? cubes. Hatch spacing values were kept slightly
smaller than the calculated maximum hatch spacing values to further minimize porosity

formation by ensuring sufficient overlap between successive tracks (Table 3.1).

Table 3.1 Processing parameters for printing 10 x 10 x 10 mm? cubes and
corresponding density values determined using the Archimedes' method, the area
fraction of porosity observed, and transformation temperatures. P: Laser power, v: laser
speed, h: hatch spacing.

. . . Transformation
Archimedes density Porosity (%) (from the
Processing parameters . ] Temperatures (°C)
Parameter (%) cross-sectional images) — _
NisogTis0.2 Niso.1Tiagg
Set#
v h VED o o o o
P (W) NisogTiag2 | Niso1Tiseg | NisogTiae2 | Niso1Tlago M; As M; As
(mis) (Hm) | (I/mm3)
1 0.330 80 80 75.76 99.07 98.25 1.27 0.96 26.0 | 54.7 | 58.7 | 89.9
2 0.830 160 80 60.24 100.00 99.25 0.08 0.19 1.9 256 | 448 | 76.7
3 1.080 160 70 52.91 99.86 97.49 0.02 0.01 22 278 | 457 | 77.2
4 1.330 240 80 56.39 98.58 99.33 0.03 0.02 1.6 29.1 | 466 | 77.3
5 0.330 120 130 69.93 94.28 96.13 2.84 2.20 178 | 47.2 | 55.0 | 894
6 0.580 160 110 62.70 96.97 97.04 1.50 1.22 1.6 20.7 | 47.1 | 78.6
7 0.830 200 100 60.24 98.42 99.26 0.19 0.17 -3.7 | 231 | 46.2 | 76.3
8 1.080 200 80 57.87 98.44 100.00 0.00 0.00 -2.8 | 244 | 456 | 775
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Figure 3.9 (Top-middle) Finalized process parameter map for the NR (Niso gTiag.2)
powder illustrating the selection of processing parameters for the cubes marked with
dots. The same processing parameters were used for printing cubes with the NL
(Niso.1Tiag.9) powder. The printability map for the NL (Niso1Tig.9) powder is not shown
here but can be seen in Figure 3.8b. (Middle) Cubes printed from both powders on NiTi
substrates. Optical micrographs of the polished cross sections (parallel to the building
direction) of the cubes printed using NR powder (Left two columns) and NL powder
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(Right two columns), displaying the porosity. The reader is referred to Table 3.1 for the
processing parameters used during printing.

Based on Archimedes' density measurements, all cubes except Cubes #5 and #6
exhibited high-density values (>98%) relative to the theoretical value (from the bulk
samples used to make the powder). As seen in the optical microscopy images of cross-
sections parallel to the build direction (Figure 3.9), Cubes #2, #3, #4, and #8 of NR
powder have almost no porosity, and those parameter sets were used to print larger
rectangular prisms to be able to extract dog bone specimens for tensile testing. The same
sets of process parameters also yielded the least porosity levels in parts built from NL
powder as observed from optical microscopy images. In addition, based on these
porosity results, the keyholing criterion of W/D = 2.0 was concluded to be the most
conservative keyholing boundary condition for these compositions.

Cubes #1 printed using both NR and NL powders showed sharp and irregular
shaped pores, which might be an indication of the LOF defect due to the relatively low
energy input during the printing since the P and v combination for Cube #1 is near the
LOF region in the printability map. Smaller and spherical pores were observed in Cubes
#5 and #6, which are likely to be caused by the trapped vapor due to heat accumulation
at relatively high energy densities. These two parameter sets are close to the keyholing
region on the printability map. Larger prints may experience higher temperatures overall
due to heat accumulation during printing as compared with the single-track experiments
printed on a cold substrate. Other than these 3 parameter sets that resulted in parts with

relatively higher defect density, the remaining 5 parameter sets were successful in
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building near porosity-free cubes from both NR and NL powders. Based on literature
data, volumetric energy density (VED, which is equal to P/vht) values smaller than 200
JImm? are typically utilized to print NiTi parts with relative densities above 99% [75,
76]. VED values used to print the cubes, and rectangular prism in the present study are
between 50 to 200 J/mm?,

Figure 3.10 illustrates the unique microstructure of AM NiTi SMAs, with
chessboard-like grain structure perpendicular (Figure 3.10a) and columnar grains
parallel to the building direction (Figure 3.10b). Similar microstructures in L-PBF NiTi
have already been reported [77]. The width of the square grains in Figure 3.10b is close
to the hatch spacing value used during printing, which is 80 um for Cube #2 printed
using the NR powder.

Figure 3.11 shows the DSC thermograms of the samples extracted from the
middle of the cubes printed using the NR and NL powders in as-printed and in the
solution heat-treated conditions. Figure 3.11 also presents the DSC thermograms of the
corresponding starting powders in solution heat-treated condition (at 950 °C for 24h).
The VED values for each printing condition was also included in the figure for each
DSC response. Solid lines indicate the responses of the as-printed samples; dashed lines
represent the behavior of the samples that were solution heat-treated at 800 °C for 1h.
The solution heat treatment was performed to dissolve any precipitates, or annihilate the
dislocations, which may have formed during printing, and relieve internal stresses such
that the effect of compositional differences on the martensitic transformation

characteristics can be deconvoluted among the printed cubes. At first glance, single
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transformation peaks are observed for all as-printed and solution heat-treated samples
during both forward and reverse transformation, indicating a relatively homogeneous
microstructure without discrete compositional differences or extensive precipitation. It is
well known that in Ni-rich NiTi, local inhomogeneities in matrix composition and the
precipitation of NisTis type coherent precipitates lead to the appearance of multi-stage
transformations from B2 to B19' as well as to the appearance of the R-phase [78, 79].
For the as-printed cubes fabricated from NR powder, the highest Ms temperature was

recorded in Cube #1 as 26.0 °C, while the lowest was recorded in Cube #7 as -3.7 °C.

O]

(b)

Figure 3.10 Optical microscopy images of the cross-sections (a) perpendicular and (b)
parallel to the beam or building direction. Images belong to Cube #2 printed using the
NR powder.

A trend of increasing Ms and Ar temperatures with increasing VED was observed
for both as-fabricated and the solution heat-treated samples fabricated from the NR

powder (Figure 3.11 a, Figures 3.12a and b). This trend can be primarily attributed to
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different Ni evaporation levels at different energy inputs during the printing process due
to the higher vapor pressure of Ni compared to Ti. It should be noted that to better reveal
this trend, thirteen additional cubes (Table 3.2), with process parameters different than
those for the eight cubes in Table 3.1, were printed using new processing parameters
from the good region in the printability map (Figure 3.8), corresponding to VED levels
ranging from 80 to 235 J/mm?3. Considering the fact that NR and NL powders have
similar Ni content within 1 at. % difference, the percentage of evaporated Ni from both

powders is expected to be similar when the same processing parameters are used.
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Figure 3.11 DSC thermograms of the NR and NL powders solution heat-treated at 950°C
for 24h, as fabricated and solution heat-treated (at 800°C for 1h) cube prints of (a)
Niso.gTisg.2 (NR) and (b) Niso.1Tisg.e (NL), using the parameters listed in Table 3.1. Solid
lines: As-printed samples, Dashed lines: Solution heat-treated samples.

It can also be seen in Figure 3.11 that the transformation peaks of as-fabricated
samples are broader compared to those of the solution heat-treated materials, indicating a
higher energy barrier against martensitic transformation, possibly as a result of a
microstructure with relatively higher defect density due to the rapid cooling during L-

PBF. The decrease in the Ms and Ar temperatures of the as-fabricated NR samples (with
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only minor changes in Mr and As temperatures) after solution heat treatment could either
be attributed to the relaxation of oriented internal stress fields that may result from the
directional solidification inherent to the layer-by-layer manufacturing process [16] or the
dissolution of Ni-rich precipitates that may form during the printing process. As it will
be shown in Section 3.6, TEM analysis of the samples cut from the as-printed Case #8
rectangular block did not reveal the existence of NisTis precipitates in the foils
investigated. Despite this may not mean that the precipitates do not exist since TEM is a
local method, their volume fraction must be very low, and they must only be forming
locally if they exist at all. Based on the assumption that Ms temperature is controlled by
matrix Ni content only and its change as a function of Ni content is expressed as in [62],
the volume fraction of the NisTis precipitates that would dissolve in the matrix after
solution heat treatment should be approximately 2.75% to achieve a 21°C (for Case #8)
shift in the Ms temperature. Such volume fraction levels were not observed in the TEM
images of the as-fabricated sample. Therefore, the dissolution of Ni rich precipitates
cannot be the only reason for the reduction in the Ms and Ar temperatures after solution
heat treatment. The relaxation of oriented internal stress fields must also play a notable

role.
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Table 3.2 Processing parameters for printing additional 13 cubes of 10 x 10 x 10 mm?3
size in the good printability region (Figure 3.8) for the NR powder. P: Laser power, v:
laser speed, h: hatch spacing.

Parameters Processing parameters As-fabricated Solution Heat Treated
Set # PW) v(m/s) h(m) VED@/mm?) M. (°C)  A((°C) M, (°C) A: (°C)
9 65 0.297 100 54.7 29.4 54.0 11.2 414
10 96 0.297 100 80.8 27.4 54.0 15.1 44.4
1 65 0.200 100 81.3 36.0 65.1 27.4 57.3
12 96 0.350 80 85.7 27.9 57.7 21.9 50.3
13 60 0.160 100 93.8 458 74.9 38.6 70.2
14 9 0.250 100 96.0 30.3 63.8 21.0 51.2
15 96 0.297 80 101.0 24.4 46.6 21.4 51.1
16 9 0.200 100 120.0 40.0 724 32.6 62.6
17 60 0.120 100 125.0 57.0 85.3 54.4 86.5
18 72 0.120 120 125.0 52.8 82.5 476 79.4
19 60 0.080 120 156.3 64.1 93.4 66.8 99.8
20 65 0.080 120 169.3 63.7 95.1 70.0 102.8
21 60 0.080 80 234.4 65.7 96.1 70.8 106.3

The DSC results of the samples printed using the NL powder did not show much
variation in transformation temperatures as a function of processing parameters (Table
3.1 and Figures 3.11b, 12a, and 12b) due to the relatively lower starting Ni concentration
of the powder (i.e., 50.1 at.%). Consequently, the transformation temperatures do not
increase even if Ni might be evaporating during the laser melting process since they are
more or less independent of the matrix Ni content and stay constant for Ni

concentrations below 50.0 at. %.
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Figure 3.12 Influence of the volumetric energy density (VED) on the (a), (c), (e) Ms
temperature, (b), (d), (f) Artemperature, (g) the calculated Ni (at. %) content and (h) Ni
evaporation (at. %) of the NiTi cubes printed using NisogTisg.2 and Niso1Tiag.9 powders.

It has also been noticed the cubes printed using the NR powder had warping and
delamination problems at the bottom surfaces, which made contact with the NiTi
substrate, while the cubes printed using the NL powder did not have this issue. It is
hypothesized that in the cubes printed from the NL powder, the material may completely
transform to martensite at the end of each layer's printing. The martensitic
transformation and the reorientation of martensite variants can partly relax the internal
stress. However, due to the presence of austenite at room temperature in parts built from
the NR powder, the internal stresses are not relaxed and reached higher values with
increasing build height, causing warping and delamination. The relatively larger internal
stresses in cubes printed from the NR powder are also deemed responsible for the larger
shifts in the transformation temperatures after solution heat treatment (Figure 3.11).

Interestingly, two cubes printed from the NL powder (Cases #1 and #5 in Figure
3.11b, with the highest VED parameters) and three cubes printed from the NR powder
with VED larger than 150 J/mm? (Figure 3.12¢) displayed higher transformation
temperatures in solution heat-treated condition. The reason for this trend is not entirely
known. However, it might be related to the formation of randomly distributed
dislocation structures in the as-printed conditions (as opposed to oriented dislocation

structures leading to oriented internal stresses at lower VEDs). Randomly distributed
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dislocations suppress martensitic transformation temperatures. The annihilation of these
dislocations upon solution heat treatment increases the transformation temperatures.

The trends seen in the evolution of Ms and Ar transformation temperatures of the
cubes printed from the NR powder, as a function of the VED level (Figure 3.12), clearly
indicates the tailorability of the transformation characteristics of AM NiTi through the
control of the processing parameters, in particular VED. Using the measured Ms
temperatures and the fact that the Ms temperature is controlled primarily by the Ni
content in the solution heat-treated condition, it is possible to calculate the Ni content
and the amount of Ni evaporation in the solution heat-treated AM samples, both as a
function of the VED level (Figures 3.12g and h), using the well-known relationship
between the Ni content and Ms temperatures of Ni-rich NiTi SMAs [62]. Impressively,
there is a strong correlation between the amount of Ni evaporated and the VED level for
the samples printed using the NR powder.

It should be noted, however, that for the similar values of VED, two printed parts
might still have different transformation temperatures for some cases (e.g., Cases #4 and
#9 for parts printed using the NR powder) as a result of different combinations of P, v,
and h. In addition, it is also likely to obtain slightly different transformation temperatures
in two parts printed with exactly the same processing parameters but with different part
sizes. In this case, the difference in build times and, therefore, the duration that the part
is exposed to laser beam may induce different levels of elemental evaporation. Although
this study did not investigate in detail the influence of a specific processing parameter on

the transformation characteristics of NiTi, Figure 3.12 still clearly presents that it is
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indeed possible to tailor the Ni evaporation and the transformation temperatures of L-
PBF Ni-rich NiTi parts based on the VED change.

It is also worth noting that the cubes listed in Table 3.1 were printed using the
maximum hatch spacing predicted using our process optimization framework. However,
the Ni concentration can be further controlled using smaller hatch spacing under the
same P and v parameters. For the selected values of P and v, decreasing the hatch
spacing value is expected to cause an increase in transformation temperatures (see
parameter sets #19 and #21 in Table 3.2). Our previous study on AM of NisggTisg1 (at.
%) SMA reported that smaller hatch spacing values might also improve the functional
properties through possible nano-precipitation hardening [37]. With the knowledge of
the printability map and the VED dependence of transformation temperatures, printing
functionally graded and porosity-free NiTi parts with location-specific properties would
be simpler and more precise, presenting several opportunities for custom actuator

applications.

3.5 Analysis of The Tension Coupon Prints
3.5.1 Fabrication and Density Evaluation
The process parameters used for printing Cubes #2, #3, #4, and #8 with the least
porosity were also used to print 30 x 10 x 10 mm? rectangular prisms. All parts were
printed in the same orientation, with their 30 x 10 mm top surface normal to the build
direction. Dog-bone shaped tensile coupons were extracted from the prisms using wire-

EDM, and the six porosity samples were also cut, as shown in Figure 3.13. To avoid
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potential surface defects, tensile coupons were cut from the interior of the rectangular
prisms by leaving 1 mm distance from each side of the prisms. Since the volume of
rectangular prisms is larger than the cubes printed and presented in the previous section,
the microstructure was evaluated at six different locations in case there might be
compositional or microstructural inhomogeneities. The OM images of both horizontal
and vertical surfaces confirmed that the rectangular prisms are almost fully dense, with
density values greater than 99.9%, which is comparable to the results of the cube prints.
Note that the densities in this context were calculated by subtracting the measured area
fractions of porosity from 1. In addition, similar porosity values have been observed on
all 6 surfaces of each rectangular prism, as shown in Figure 3.13a and b. Hence the
porosity, and thus the density, results based on the image analysis should be

representative for the entire part.
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Figure 3.13 Density measured by the area analysis of the images (cross-section surfaces)
for 30 x 10 x 10 mm? rectangular prisms fabricated using (a) NR (NisosTiss2) and (b)
NL (Niso.1Tisg9) powder. (c) 3D CAD models illustrating the preparation of dog-bone
tension specimens and surfaces for porosity analysis. Three surfaces were cut parallel
(shown in red), and three surfaces were cut normal to the build direction (shown in blue).
The numbers in the x-axes of (a) and (b) indicate the process parameter sets in Table 3.1.

3.5.2 Thermomechanical Testing
Room temperature monotonic tensile failure tests were conducted for tensile
coupons extracted from the rectangular prisms printed from NR and NL powders. DSC
results indicate that samples cut from rectangular prisms have slightly higher
transformation temperatures compared to the cubes fabricated with the same processing

parameters (Figures 3.14a and b). Possible reasons for this difference might be the
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precipitation of Ni-rich precipitates or increased Ni evaporation due to slight differences
in the thermal history due to the part dimensions as discussed earlier. From these tests,
mechanical properties such as the yield strength, ultimate tensile strength, and elongation

to failure were extracted and summarized in Table 3.3.
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Figure 3.14 DSC results and room temperature isothermal monotonic tensile failure
results for coupons printed from (a) NR (Niso.sTi49.2) and (b) NL (Niso.1Tis9.9) powders
using the Parameter sets #2, #3, #4, and #8 in Table 3.1.

Samples printed from NR powder are mostly austenitic at room temperature due

to their low Ms temperatures. They exhibited a stress plateau region between 150 to 200
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MPa, and the deformation mechanism should be a mixture of stress-induced martensitic
transformation and martensite reorientation/detwinning (Figure 3.14c). Slight differences
in the plateau stress levels result from the differences in transformation temperatures and
the amount of austenite and martensite phases co-existing at room temperature. It is
observed that, regardless of the plateau stress levels, all samples exhibit similar ductility
levels around 9% (Figure 3.14c).

On the other hand, all specimens printed from NL powder exhibit a plateau
region around 150 MPa, and the deformation was driven by the reorientation/detwinning
of the self-accommodated martensite variants since the samples are martensitic at room
temperature. The specimens fabricated from NL powder showed better ductility up to
16% (Figure 3.14d), which is relatively high compared to literature results for the AM
NiTi parts fabricated using simple scanning strategies. As a comparison, two studies
have reported similar [34] or better [25] ductility values on AM NiTi parts by employing
a strip pattern scanning strategy and lower oxygen level at 25 ppm in the building

chamber to minimize any possible oxide formation inside the built parts.
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Table 3.3 Process parameters, transformation temperatures, and the monotonic tensile
test results of the coupons extracted from 30 x10 x 10 mm?3 tension blocks printed using
NR and NL powders.

) ) ] Reorientation /
Process P % h Ms | Ar |Ultimate Tensile | Elongation to ]
Powder ] Transformation
Parameters | (W) | (m/s) | (um) | (°C) | (°C) | Strength (MPa) | Failure (%0)
Stress (MPa)

#2 160 | 0.83 | 80 | 7.2 | 317 471 8.6 187
NR #3 160 | 1.08 | 80 | 104 | 36.5 623 9.7 202
(NisosTisg.2) #4 240 | 133 | 80 | 94 | 341 454 9.7 150
#8 160 | 1.08 | 70 | 3.1 | 2838 461 9.2 161
#2 160 | 0.83 | 80 | 49.6 | 804 627 15.0 158
NL #3 160 | 1.08 | 80 | 525|825 649 121 148
(Niso.1Tiag.0) #4 240 | 1.33 | 80 |46.4 | 76.6 605 135 148
#8 160 | 1.08 | 70 | 48.0 | 79.5 632 15.7 146

It is well known that superelasticity can be observed in NiTi in either Ni-rich
compositions with the precipitation of coherent NisTiz nanoprecipitates or Ni-lean
compositions, usually, after cold-deformation processes that strengthen the austenite
matrix against dislocation plasticity [80]. In this study, since no post-printing heat
treatments or deformation processes were intended initially, tension specimens printed
from the NR powder were tested for superelasticity and shape memory effect, whereas
specimens fabricated from the NL powder were tested only for the shape memory effect.

Incremental loading tests were conducted on all 4 cases of NR samples. Results
of this test for Case #8 is presented in Figure 3.15a, where the material was loaded
incrementally at 5°C higher than ©s temperature (Ar + 5 °C). Samples from other cases

were tested in a similar fashion. Figure 3.15¢ summarizes these tests showing the
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recovered strain as a function of total and incrementally applied strain levels (defined in

Figure 3.15b). It is seen that the superelastic behavior of all 4 samples are similar, with

Case #8 outperforming the others with a slightly increased recovered strain. Perfect

superelasticity could not be achieved in any of the as-printed samples due to a lack of

sufficient coherent NisTis precipitation.
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Figure 3.15 (a) Incremental loading test results performed at As+ 5 °C (34 + 2 °C) for
the Case #8 sample fabricated using the NR (NisogTis9.2) powder. (b) The results of the
cycles with 6% total applied strain for all four cases. Summaries of (c) recovered strain
vs. total applied strain and (d) recovered strain vs. applied strain at each
loading/unloading cycle of all cases fabricated using the NR powder extracted from
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incremental loading test results.

Similar results were obtained during shape memory tests, with samples printed using the
NL powder, showed up to 4 % recoverable strain after 6% deformation. Case #4 of NR
powder was also tested for shape memory effect, and interestingly this sample could
withstand 8% deformation and exhibit a recoverable strain of 6% (Figure 3.16a). Figure
3.16b summarizes the shape recovery capability of all specimens fabricated and tested in
this study. As frequently observed in Ni-lean, precipitation free or solution annealed
NiTi SMAs, even at small deformations such as 2%, some of the applied strain could not
be recovered due to the insufficient strength of the matrix against defect generation. The
highest recoverability was seen in Case #4 of NR powder at around 6 % strain, similar to

the values recorded for conventionally fabricated Ni-lean NiTi alloys [81].
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Figure 3.16 (a) Stress-strain behavior and shape recovery behavior of Case #4 sample
fabricated using the NR (Niso.sTis9.2) powder. Sample was deformed in martensite at M¢ — 50 °C
at 2% increments and subsequently heated to As + 50 °C to recover the deformation (b) a
summary of recovered strain vs. incrementally applied strain (at each cycle) for all 4 cases
fabricated using the NL powder plus Case #4 of NR powder.
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3.5.3 Post-fabrication Heat Treatment

To improve the superelasticity observed in the samples printed from NR powder,
post-fabrication aging heat treatments were performed on the Case #8 sample at
temperatures ranging from 300 to 500 °C for 1 to 3h. Corresponding DSC results of
solution heat treated and aged Case #8 samples are summarized in Figure 3.17a. It is
seen that solution heat treatment at 800 °C for 1h sharpened the transformation peaks
and lowered the transformation temperatures of the as-printed Case #8 part. However,
the transformation enthalpy, measured as the area under the peaks, did not change due to
solution heat treatment, indicating that the transforming volume of the material remained
essentially unchanged. For aged samples, no solution heat treatment was executed prior
to aging, first to avoid any possible impurity pick up at a relatively high temperature of
800 °C, and second for practical purposes, i.e., directly annealing samples in air without
going through difficult vacuum heat treatment procedures. All aged samples showed
multi-stage and/or R-phase transformation during cooling and exhibited higher reverse
transformation temperatures (Figure 3.17a). Two broad peaks during forward
transformation in the DSC curves of the 400 °C — 1h aged sample (Figure 3.17a) are
likely to indicate the inhomogeneity caused by the formation of NisTis precipitates,
similar to what is observed in bulk samples [79]. Coherent NisTis precipitates, which act
as barriers to dislocation slip, can improve the strength of NiTi depending on their size
and inter-particle distance [78]. The aged samples were further tested to characterize the

superelasticity. As seen in Figures 3.17b and e, the specimen aged at 400 °C for 1h
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showed slightly better superelasticity than as-printed specimens and other aging
conditions, with larger recovered strain. However, none of the aged specimens could
display perfect superelasticity due to the insufficient amount of Ni available in the
matrix and, thus, the formation of an insufficient fraction of NisTis precipitates, as
explained below.

Figure 3.17c presents the DSC results of the bulk NiTi with the same
composition of the NR powder (before printing) and after different aging conditions
(same conditions with the post-fabrication heat treatments applied to the as-printed NR
samples) for comparison purposes. The bulk material exhibits two widely separated
peaks during the forward transformation in the as-received (vacuum induction melted
and hot-rolled at 900 °C) condition. The peak at high temperature corresponds to the B2
to R phase transformation. This indicates that slow cooling after hot rolling must have
led to the formation of NisTis precipitates resulting in the appearance of R-phase
transformation. Solution heat treatment of the as-received bulk material at 800 °C for 1h
leads to the disappearance of the R-phase, and the material exhibits a single-step
transformation with an Ms temperature around -20 °C. Aging of the solution heat-treated
bulk material results in multi-stage and/or R-phase transformation, with some cases
(e.g.500 °C 1h) exhibiting 3 stage transformation. In 800 °C for 1h solution heat-treated
condition, the bulk material showed partial superelasticity similar to AM NiTi. Still,
when the solution heat treatment is followed by aging at 400 °C for 1h, the material

exhibited almost perfect superelasticity up to 7% applied strain (Figure 3.17d).
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The reason for the substantial difference between the superelastic responses of
the AM NR NiTi and the bulk NiTi with the same initial Ni contents is the evaporation
of Ni during printing and lack of sufficient Ni to allow the formation of a desirable level
of Ni4Tis precipitates in the printed samples. During the printing process in L-PBF, the
sub-layers are reheated while the top-most layer goes through melting and solidification.
Hence aging may be promoted in the sub-layers depending on the temperature these
layers are exposed to and the duration of the exposure. The tension blocks that the
superelastic tests were performed were printed with the maximum hatch spacing value
predicted by the hatch spacing criterion mentioned above. By reducing the hatch
spacing, one can argue that the samples should undergo aging heat treatment for a longer
period of time, and the process of forming Ni4Tis precipitates may be extended. On the
other hand, more Ni will be evaporated due to the increased VED due to decreasing the
hatch spacing. Consequently, the remaining Ni content in the samples may not be
sufficient to form NisTis precipitates. Therefore, to achieve better superelasticity than
what is reported here in as-printed samples, it is necessary to use NiTi powders with a
higher Ni/Ti ratio than what is used here, which should allow smaller hatch spacing

(longer printing time) to form enough Ni4Tis precipitates in the as-printed samples.
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Figure 3.17 (a), (c) DSC results and (b), (d) incremental loading test results for the Case #8
sample fabricated using the NR (Niso.gTis9.2) powder and the corresponding bulk sample having
the same composition as the NR powder. DSC results include the measurements on the as-
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printed (a) or as-received (c) samples and after solution heat treatment and various aging heat
treatments. Incremental loading tests were performed after aging treatment at 400 °C for 1 h for
both the printed and bulk samples. (€) Summary of recovered strain vs. total applied strain levels
extracted from the cases the incremental loading tests were conducted on.

3.5.4 Microstructure Evolution (Transmission Electron Microscopy)

To elucidate whether NisTiz precipitates form in as-printed and as-printed plus
aged conditions, TEM study was performed on the Case#8 sample fabricated using the
NR powder in both as-printed and 400 °C - 1h aged conditions. Figure 3.18a is a low
magnification bright-field (BF) image of the as-printed sample showing the existence of
particles with different contrasts and a wide size range from a few nanometers up to 80
nm. Based on the EDX results, two types of particles, bright needle-shaped (Figure
3.18b) and dark spherical (Figure 3.18c) particles, exist in the matrix. Elemental EDX
maps in Figures 3.18d to f indicate that the bright particles are rich in Ti and O, while
they are lean in Ni. Therefore, it is concluded that these particles are TiOx type oxides.
The spherical particles included the same amount of Ni as the matrix, and Ti amount was
almost twice the Ni content in the particle. Thus, it is likely that these particles are
TisNi2Ox type oxides. It has been reported that the oxides may form at high temperature
around 1000 °C even under Ar protection [25, 82], and the presence of the oxides may
compromise the ductility and structural stability of the printed part. However, neither
bright field images nor various diffraction patterns in the two different TEM foils of the

as-printed samples reveal any sign of NisTiz precipitates.
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Figure 3.18 Transmission electron microscopy images of the as-printed Case #38
material of the NR powder, a) lower magnification bright-field TEM image showing
different types of second phase particles, (b) higher magnification of (a) displaying the
preferential formation of TiOx particles along grain boundaries, (c) higher magnification
of (a) presenting spherical TisNi>Ox oxide with a diameter of 20 nm. EDX maps exhibit
the chemical distribution for the particles in (b) and (c) through (d-f) and (g-k),
respectively.
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TEM analysis has also been performed on the 400 °C -1h aged Case #8 sample.
In addition to the oxide particles observed in the as-printed sample, the R-phase regions
and NisTis precipitates were detected (Figures 3.19a and b) in the aged samples. The
diffraction pattern in Fig.19c displays the existing phases in the matrix. Based on the
selected area electron diffraction pattern (SADP) (Figures 3.19c¢ and d), with the zone
axis of [210]g2, 1/3 <120> reflections indicate the presence of the R-phase [83, 84].
Moreover, the 1/7 <321> reflections in Figure 3.19c¢ prove the existence of NisTis
precipitates, also clearly observed in the STEM and High-angle annular dark-field
(HAADF) images in Figures 3.19a and b. The size of Ni4Tis particles ranges from 25 to
35 nm (Figure 3.19a and b).

Considering the transformation temperature difference (Figure 3.11, Figure 3.20a
and Figure 3.20b) before and after solution heat treatment in the NiTi prints, the
microstructure in the as-printed condition may vary with their composition or
corresponding VED. Figure 3.20c and Figure 3.20d show the change of transformation
based on the estimated Ni (at. %) calculated from the solution heat treated DSC results.
At Ni content (at. %) above 50%, transformation temperatures are higher in as-printed
condition as the potential formation of Ni-rich precipitates, which are not confirmed by
the TEM study, will decrease the Ni content in the matrix. While due to the residual
stress from the large thermal gradient during the printing process or dislocation
formation, the transformation temperatures are lower in the as-printed condition when Ni

content (at. %) is lower than 50%.
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STEM BF

Figure 3.19 Transmission electron microscopy investigation of the as-printed Case #8
sample of the NR powder after aging at 400 °C for 1 h, a) bright-filed STEM images b)
angular, dark field images of (a), (c) selected area electron diffraction pattern (SADP) in
the [210]g2 zone axis, d) schematic presentation of SADP in (c).
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Figure 3.20 (a) AMs vs. VED, (b) AAsvs. VED, (c) AMs vs. Ni(at.%), and (d) AAs vs.
Ni(at.%). AMs and AAT reprensent the transformation temperature(TT) changes after
solution heat treatment (ATT=TTas-printed — T TSHT).

3.6 Summary
In this chapter, a process optimization guided methodology based on a
computationally inexpensive analytical thermal model was used to construct a near-
optimal printability map for printing fully dense parts of NiTi shape memory alloys
(SMASs) with two different compositions via Laser Powder Bed Fusion (L-PBF). One of
the compositions was near-equiatomic Niso.1Tiag.9, and the other one was Ni-rich NiTi

(Niso.8Tiag.2). It was concluded that the Ni content of the starting powder should be
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slightly higher than the one used in this chapter to be able to form a sufficient fraction of
NisTis precipitates and to achieve lower transformation temperatures in the as-printed
parts, such that higher superelastic strains and possibly complete superelasticity can be

achieved in 3-D printed Ni-rich NiTi SMAs.
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CHAPTER IV
LASER POWDER BED FUSION OF DEFECT-FREE NITI SHAPE MEMORY
ALLOY PARTS WITH SUPERIOR TENSILE SUPERELASTICITY FROM
NIs12Tlsgs (AT. %) POWDER
Few additively manufactured NiTi parts have been reported to exhibit
superelasticity under tension in the as-printed condition, without a post-fabrication heat
treatment, due to either persistent porosity formation or brittleness from oxidation during
printing, or both. In this Chapter, NiTi parts were fabricated from Nis12Tisg s (at. %)
powder using L-PBF and consistently exhibited room temperature tensile superelasticity
up to 6% in the as-printed condition, almost twice the maximum reported value in the
literature. In addition to the framework explained in the previous Chapter, this was
achieved by eliminating porosity and cracks through the use of optimized processing
parameters, carefully tailoring the evaporation of Ni from a Ni-rich NiTi powder
feedstock, and controlling the printing chamber oxygen content. Crystallographic texture
analysis demonstrated that the as-printed NiTi parts had a strong preferential texture for
superelasticity, a factor that needs to be carefully considered when complex shaped parts
are to be subjected to combined loadings. Transmission electron microscopy
investigations revealed the presence of nano-sized oxide particles and Ni-rich
precipitates in the as-printed parts, which play a role in the improved SE by suppressing

inelastic accommodation mechanisms for martensitic transformation.
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Figure 4.1 below shows a flowchart summarizing the experimental methods utilized in

this chapter.
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Figure 4.1 Flowchart summarizing the experimental methods used and

properties/features measured/detected in this study.
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4.1 Materials and Experimental Methods
4.1.1 Powder Characterization

A NiTi shape memory alloy ingot with a nominal composition of Nis12Tiss g (at.
%) was acquired from Fort Wayne Metals and then gas-atomized by Nanoval GmbH &
Co. KG. Solution heat treatment of powder samples was performed at 950 °C for 24 h in
quartz tubes with protective argon atmosphere followed by quenching and breaking the
tubes in water at room temperature to homogenize the powder and thus, determine the
transformation temperatures. A TA instruments Q2000 differential scanning calorimeter
(DSC) was used to measure the transformation temperatures of the as-received and
solutionized powders. Two thermal cycles were run between -150 °C and 150 °C at a
heating/cooling rate of 10 °C/min. Transformation temperatures were determined from
the second cycle results using the tangent line interception method following ASTM
F2004-17 [53]. A FEI Quanta 600 FE scanning electron microscope (SEM) operated at
20 kV was used to investigate the morphology and size distribution of the powder
particles.

Based on SEM observations, as-received NiTi powder has mostly spherical
particles with sizes ranging from 5 pm to 70 um (Figures 4.2a and b). dso and dgo values
are 20 pm and 32 um, respectively (Figure 4.2c). DSC results indicate that the as-
received powder exhibits a broad peak during reverse transformation around -10 °C
(Figure 4.2d). After solutionizing at 900 °C for 1h in a protective argon atmosphere, no

transformation peaks were observed down to -150 °C, indicating the Ni content in this
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powder would be at least 51 at. % based on the Ms temperature prediction with respect to

Ni content [40].
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Figure 4.2 (a) Low-magnification and (b) higher magnification SEM images of
the as-received Nisy 2 Tisgg powder. (c) Particle size distribution (PSD) of the powder and
(d) differential scanning calorimetry (DSC) results of both as-received powder and
powder after a solution heat treatment at 950 °C for 24h.

4.1.2 Single Track Experiments and The Printability Map
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A 3D Systems ProX DMP 200 L-PBF system with a fibre laser of 1070 nm
wavelength and beam diameter of 80 um was used to fabricate the NiTi parts.
Equiatomic NiTi (i.e., NisoTiso (at. %)) plates were used as substrates for the prints and
were sandblasted with 50 um aluminum oxide prior to printing in order to achieve better
powder spreading and coverage of the substrate. Layer thickness (t) was set to 32 um
during printing of single tracks, cubes, and rectangular prisms to have at least 80% of the
powder within the layer based on the particle size distribution (PSD) information.

10 mm long single tracks (Figure 4.2) with 1 mm intervals were printed on an
equiatomic NiTi substrate using 66 different P and v combinations, with a range of (P,v)
= (40-240 W : 0.08-2.33 m/s). Top-view SEM images were taken from the middle of
each single track and six width measurements were conducted to assess the continuity of
the tracks. Cross-section samples of the single tracks were prepared using wire electrical
discharge machining (wire-EDM) and then grinding with up to 1200 grit sandpaper
followed by a final polishing with water based colloidal silica (0.25 pm) suspension. The
polished surfaces were then etched with an etchant of 1 part HF, 2 parts HNO3z and 10
parts distilled water for 15s to reveal the grains and the melt pool shapes. Optical
microscopy images of the single-track cross-sections were taken using a Keyence VH-X
digital microscope and d was calculated as the average of three different cross-section
measurements.

Melt pool depth (d) and width (w) values showed an increasing trend with
increasing linear energy density (LED = P/v) (Figures 4.4Figure 4.4a and b). In general,

for the combinations resulting in relatively low levels of LED, the laser was not able to
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melt the entire powder layer and left no tracks on the substrate or resulted in tracks with
non-uniform width and discontinuity, causing the lack of fusion phenomenon (Figures
4.3d). On the other hand, when the LED was relatively high, vaporization of elemental
constituents resulted in trapped gases within the melt pools, leading to the keyholing
defect (Figures 4.3d). It is also observed that the melt pool becomes unstable when P and
v are both high, and the single tracks break into discontinuous droplets on the substrate,
causing the balling phenomenon (Figures 4.3c).

The reader is referred to chapter 3 for details on the selection of different
material properties used in the E-T model. With the measured melt pool dimensions
from the single-track experiments, the model was calibrated in order to more precisely
predict the melt pool dimensions corresponding to different P and v values. The
printability map (Figure 4.4c) could then be constructed taking into consideration the

different regions.
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Figure 4.3 Single track top-view SEM images and cross-sectional optical microscopy
(OM) images displaying the examples of the single tracks with (a) good print quality, (b)

keyholing defect, (c) balling defect and (d) lack of fusion defect.
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Figure 4.4 Variation of melt pool measured (a) width and (b) depth as a function of
linear energy density (P/v) in printed single tracks. (c) Calibrated printability map of the
as-received Nis12Tisgg (at. %) powder.

4.1.3. Density and Porosity Measurements

Density of the as-printed rectangular prisms was measured using Archimedes’ method
following ASTM B962-17 [85]. A quantitative density comparison of the as-printed
parts was also conducted by the porosity analysis of SEM images, taken from the cross-
sectional surfaces parallel to the build direction. These images were then processed using
ImageJ software to calculate the porosity amount.

4.1.4 Thermal Properties and Thermomechanical Characterization

3 mm diameter x 1 mm thick DSC samples were wire-EDM cut from the as-printed

rectangular prisms. DSC samples were initially used to find the transformation
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temperatures of as-printed parts. 2 thermal cycles were run between -150 °C and 150 °C
at a heating/cooling rate of 10 °C/min. The samples were subsequently solutionized at
800 °C for 1 h to dissolve any possible secondary phases and retested for 2 more thermal
cycles in an effort to indirectly determine the matrix Ni content based on the martensite
start (Ms) temperatures as outlined in [62] due to the difficulties associated with
detecting small changes in Ni content through conventional chemical analysis.
Thermomechanical testing was performed using a servo hydraulic MTS test frame with
heating and cooling capability. Incremental loading-unloading tests were conducted on
dog-bone tension specimens with gage dimensions of 8 mm x 3 mm x 1 mm at a
nominal strain rate of 5 x 10 s and at different temperatures above the As temperature
for characterizing the SE of the as-printed parts. Specimens were initially loaded to 0.5%
strain, unloaded and the loading-unloading cycles continued with 1% increments until
failure occurred. To characterize the transformation stress as a function of temperature,
specimens were loaded at different temperatures to 1% strain, unloaded and heated up to
100 °C for full recovery, a temperature well above the Ar temperature.

4.1.5 Phase Analysis and Crystallographic Texture Study

Two cross-sectional samples (perpendicular to and along the build direction) wire-EDM
cut from the rectangular prisms were mechanically ground and polished using the same
procedure used to prepare optical microscopy samples. Polished samples were then
heated to 100°C and cooled down to RT to recover any residual martensite before
running the X-ray diffraction (XRD) and EBSD analyses. Phase analysis was conducted
using a Bruker D8 Discover X-ray Diffractometer equipped with a Vantec 500 detector
and Cu K, (0.15406 nm) X-ray source. The texture and microstructure of these surfaces
were investigated utilizing a TESCAN FERA SEM with EBSD detector from Oxford
Instruments. Large sample areas were analysed using step size of 1.3 um whereas a
detailed analysis of smaller areas was performed using a step size of 0.1 um with a tilt
angle of 70°. The EBSD raw data was processed using Aztec Crystal software to plot
inverse pole figure maps, pole figures, and kernel average misorientation (KAM) maps.
For the evaluation, misorientations greater than 15° were defined as high-angle grain
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boundaries whereas those greater than 2° but less than 15° were defined as low-angle
grain boundaries. KAM was calculated using the 3rd order neighbors (kernel size) and
maximum misorientation angle of 5°.

4.1.6 Transmission Electron Microscopy (TEM)

TEM experiments were performed on the cross-section surfaces (both perpendicular and
parallel to the build direction) from rectangular prisms to investigate any possible oxide
inclusions and precipitate formation that may affect the thermomechanical properties of
the printed parts. TEM foils were prepared by initially mechanical grinding of slices
wire EDM-cut from the rectangular prisms down to 50 pum, followed by punching of
foils with a diameter of 3 mm. Foils were finally ion milled using a Gatan PIPS Il at -
165 °C. A JEOL ARM200F scanning transmission electron microscope (STEM) was
used at an accelerating voltage of 200 kV. STEM energy-dispersive X-ray spectroscopy
(EDS) was also used to detect the chemical composition of the precipitates.

4.1.7 Thermal diffusivity measurements

Thermal diffusivity measurements were performed on 1 mm thick, 10 x10 mm square
cross sections which were wire-EDM cut from the rectangular prisms. From each prism,
seven samples were cut normal to the build direction from varying build heights with
0.33 mm between samples. Additionally, three samples with faces parallel to the build
direction were cut from each prism. It should be noted that since thermal diffusivity is
measured through the thickness of the specimen, when a surface normal to the build
direction is characterized, the measured diffusivity is parallel to the build direction. All
samples underwent thermal diffusivity measurement using a TA Instruments DXF 200
high-speed Xenon-pulse delivery source and solid-state PIN detector. Measurements
were taken at approximately 50 °C temperature intervals as the samples were heated
from -150 °C to 150 °C. The measurements were repeated during cooling from 150 °C to
-150 °C. Specific heat capacity values were obtained from the respective DSC curves via
the sapphire standard method. Thermal conductivity was then calculated according to the
equation: k = a-p-cp, where k is thermal conductivity, a is thermal diffusivity, p is

density, and cp is specific heat capacity.
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4.2 Fabrication of Bulk Cube Prints
Once the calibrated printability map (Figure 4.4c) was obtained based on the
measured single tracks following the methodology summarized in [32, 86, 87], four P
and v combinations (Table 4.1) were selected from the “Good” region (Figure 4.4) that
yielded continuous tracks with reasonable penetration to the substrate (e.g. deeper than
the layer thickness, t). The maximum value of the hatch spacing between adjacent laser

t

tracks was calculated using the formula h,,,,, = w |1 — v

[32] to ensure sufficient
overlap between adjacent tracks and provide integrity to the single layer.
Table 4.1 Processing parameters used for printing 10 x 10 x 10 mm? cubes and 30 x 10 x

10 mm?3 rectangular prisms. Layer thickness, t was set to 32 pum for all prints, which is
the dgo of the powder used.

Print ID Power, SScar& SHait%h V%Irlljé?g:/m O, level
fn P (W) v F();e/sj E ( 'm%’ density, VED (ppm)
H (I/mmd)
Cube #1 240 1.83 65 63 500
Cube #2 240 1.58 70 68 500
Cube #3 160 1.08 60 77 500
Cube #4 60 0.205 85 108 500
Cube #5 60 0.205 61 149 500
Cube #6 240 1.58 24 198 500
Prism #1 240 1.58 24 198 500
Prism #2 240 1.58 24 198 100

At first inspection of Cubes #1 to #4 (Figure 4.5), macroscopic defects such as
delamination from the substrate, cracks and warping were found to be too severe,
although the processing parameters were selected from the “Good” region on the

printability map. The severity of the defects was also found to decrease with increasing
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VED values. It should be noted that these defects were not observed in parts printed with
a less Ni-rich, i.e. NisogTisg2 (at. %) powder using the same process optimization
framework in a previous study, even at lower VED values [86]. Possible reasons for the
overall inferior quality of prints with the Nis12Tisss (at. %) powder of the present study
will be discussed in Section 4.1. In an effort to mitigate these macroscopic defects, two
more cubes (Cubes #5 and #6) were printed using the same processing parameters of the
Cubes #4 and #2, but with smaller hatch spacing (h) values to reach higher VED values
of 150 and 198 J/mm?3, respectively. By using this method, warping and delamination
issues were dramatically reduced (Figure 4.5) and Cube #6 was found to have the overall

best print quality.

[ =

63 J/mm?3 68 J/mm3  77J/mm3 108 J/mm3 149 J/mm® 198 J/mm3
Increasing VED

Less crack and less warping

Figure 4.5 As-printed cubic Nis12Tisgg parts showing diminishing grades of macroscopic
defects such as cracks, warping and delamination, with increasing volumetric energy density
(VED).

Since Cube #6, fabricated at a VED value of 198 J/mm?, displayed the best print

quality among other cubes, the P-v combination used to print Cube #6 was utilized to
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print two rectangular prisms to be able extract dog-bone tension specimens and perform
mechanical testing. The 30 x 10 x 10 mm? as-printed rectangular prisms were found to
be mainly austenitic microstructure under ambient conditions based on the DSC results
(Figure 4.6) with an Ar temperature ~ 26 °C. During the incremental loading-unloading
test performed both at room temperature (25 °C) (Figure 4.6) and slightly above the As
temperature (30 °C) (Figure 4.6), the tensile specimen extracted from one of the as-
printed rectangular prisms showed early failure. The sample exhibited very low ductility,
failing at 1% without a distinct stress plateau indicative of the martensitic
transformation. As evident from the oxide layer on the fabricated samples (Figure 4.7),
the early failure may be attributed to the severe oxidation that took place under the high
VED of 198 J/mm?,

In an effort to increase the ductility of the as-printed NiTi parts, O level in the
printer chamber was lowered from 500 ppm to 100 ppm by purging more argon through
the system and another rectangular prism was fabricated using the same set of
parameters. The rectangular prism printed at a 100 ppm build chamber O content
(referred to as S100 hereafter) is noticeably less oxidized based on the colour differences
when compared with the rectangular prism fabricated under 500 ppm O (referred to as
S500 hereafter) (Figure 4.7b). Unlike S500, S100 material showed enhanced tensile
superelasticity both at 25 °C and 35 °C (about 10 °C above the Ar temperature),
recovering about 4% and 6% strain, respectively. The stresses required to initiate
martensitic transformation were determined as 300 MPa and 400 Mpa at 25 °C and 35

°C, respectively. To the best of the authors’ knowledge, this is the first time in SMA
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literature that an AM NiTi SMA reaches the end of the stress plateau during tensile
loading up to 5% and continues with the elastic deformation of the detwinned martensite

up to 6% strain.
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Figure 4.6 DSC thermograms of Nis12Tisg.s Samples extracted from rectangular prisms

printed with the processing parameters (P,v,h) = (240W, 1.58m/s, 24um) at (a) 500 ppm
and (b) 100 ppm build chamber O concentration. Incremental loading-unloading test
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results of the tensile specimens extracted from the prism printed at 500 ppm, test
conducted at (c) 25 °C and € 30 °C. Incremental loading-unloading test results of the
specimens extracted from the prism printed at 100 ppm, test conducted at (d) 25 °C and
(f) 35 °C.

vevsw @@ ¢ e

(€)) (b)
Figure 4.7 (a) Rectangular prisms (Prism #1) of Nis12Tisg.g Samples printed with the
processing parameters (P,v,h) = (240W, 1.58m/s, 24um) in a build chamber with 500 ppm.

(b) Same processing parameters were used to print another set of prisms (Prism #2) at a build
chamber Oz content of 100 ppm.

Based on the stress-strain response of S100 material at different temperatures
(Figure 4.8a), the temperature dependence of the critical stress to induce martensitic
transformation was calculated as 9.3 MPa/°C (Figure 4.8b). It should be noted that the
sample failed before reaching 1% strain when tested at 50 °C, after undergoing 4 loading

cycles to 1% strain at lower temperatures.
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Figure 4.8 a) Tensile stress-strain responses of the Nis12Tisgg specimens printed at 100 ppm
build chamber O, concentration (S100) upon loading to 1% strain and unloading at different
testing temperatures. b) Temperature dependence of the critical stress to induce martensitic
transformation was determined as 9.3 MPa/°C.

Based on Archimedes’ density analyses, the measured densities are 6.452 g/cm®
and 6.453 g/cm? for S100 and S500 materials, respectively, which are about 99.5% of
the theoretical density (6.4816 g/cm®) of Nis12Tisss calculated based on an austenite
lattice parameter of ap = 3.0127 A from XRD results in Section 3.4. Nis1 2 Tiss.s nominal
matrix composition was predicted from the transformation temperatures of the
solutionized S100 material (Figure 4.6b) using the Ms dependence of transformation
temperatures on Ni content as described in [62]. As shown in Figure 4.9, the SEM
images of the cross-sections parallel to the build direction also indicate that both S100
and S500 parts are almost fully dense. The small number of observed pores (Figure 4.9c)

have diameters smaller than 10 pm, and these pores could be a result of hollow particles
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in the as-received powder, that have been previously reported in NiTi powder fabricated

using gas atomization [44].

Figure 4.9. SEM images of the cross-sectional surfaces of the Nis12Tisgs specimens cut
parallel to the build direction in (a) S500 and (b) S100 samples. (c) A pore with a diameter
less than 10 pm detected in the S100 material, possibly resulting from the hollow particles in
the as-received powder.

Processing parameters P and v were systematically varied based on a previously
developed process-optimization framework [32, 86, 87] and h was selected based on a
maximum hatch spacing criterion for the fabrication of defect-free parts from a Ni-rich NiTi
SMA powder feedstock [86]. 66 single tracks were printed to be able to select the optimal
single track parameters that will yield a continuous melt pool with desired depth and ideally
avoid porosity resulting from keyholing, lack of fusion and balling phenomena. It is well
known that the selection of a sufficiently small h can ensure the overlap and remelting of the
adjacent tracks, while energy input, i.e. the volumetric energy density (VED), controls the

extent of Ni evaporation from the molten powder [86], hence the transformation temperatures

of the printed part. As illustrated in Figure 4, optimal P-v combinations based on single tracks
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along with h values determined from the maximum hatch spacing criterion was not able to
avoid the macroscopic cracks in the printed parts and their delamination from the build
surface of the substrate. It is possible that these defects stem from the high Ni content of the
starting powder since, as mentioned previously, none of these defects were encountered when
a less Ni-rich powder was used in a previous study [86]. However, in the same study, only
partial superelasticity could be obtained in the printed parts due to the lack of strengthening
mechanisms such as coherent Ni-rich precipitates and solid solution hardening from higher
Ni contents. Therefore, a more Ni-rich powder was selected with the aim of forming Ni-rich
precipitates and taking advantage of higher Ni contents towards solid solution hardening to
strengthen the matrix and ultimately achieve superior superelasticity in the printed parts with
a large recoverable strain. Smaller h values were utilized to increase VED and evaporate just
enough Ni to achieve superelasticity near room temperature and to suppress macroscopic
defects. It was shown that the cracks and delamination from the substrate were noticeably
mitigated at higher VED values (Figure 4.5). Listed below are the possible reasons that the
as-printed parts were not able to be fabricated defect-free without a necessary reduction in h
values:
a. The gas atomization method used to fabricate the specific powder feedstock
used in this study was reported to have notable internal pores within the powder
particles [88] and this explains some spherical porosity observed in the final NiTi
prints. Additionally, carbon contamination from the graphite crucible during the gas
atomization process may limit the ductility and make the prints more prone to cracks

and delamination.
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b. The bidirectional scanning pattern with a 45° angle employed in this study
may generate a large thermal gradient during printing and result in excessive residual
stress [71, 89] within the NiTi parts.
C. At low VED values, the resulting matrix is more Ni-rich with the chances of
precipitating out strengthening second phases and ending up with increased strength
at the expense of ductility. In addition, it is well known for NiTi SMAs that the higher
the Ni content, more brittle the material becomes [90]. The initiation of cracks from
defects like pores or inclusions will most likely be easier, especially in the presence of
residual stresses.
d. Increasing transformation temperatures were observed with increasing VED
due to increased Ni evaporation, similar to the results presented in [86]. Even if the
transformation temperatures of the parts printed at high VED values were slightly
below room temperature, each layer of these parts may be able to transform back to
the martensite under potentially graded residual stress during cooling and before the
subsequent layer is printed. Martensitic transformation may help the relaxation of the
residual stress introduced by the thermal gradient during the laser melting process. In
contrast, in the absence of martensitic transformation, e.g. in parts built with lower
VED values, residual stresses might cause cracks, warping and delamination
problems.
O level in the build chamber was shown to be critical for controlling the high
temperature oxidation during the printing process, especially at elevated VED levels. O2

control has already been reported to be critical for the mechanical properties for AM NiTi
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and a lower chamber atmosphere O content of 25 ppm, which is much lower than the 500
ppm required by ASTM F2063-05, was suggested by Wang et. al. [25] for improved tensile
ductility. In the current study, tensile ductility was shown to dramatically increase and
superelastic recovery could be achieved by solely decreasing the Oz level in the chamber
from 500 ppm to 100 ppm. TEM observations revealed that the size and volume fraction of
oxide particles were smaller in parts built at a chamber O content of 100 ppm compared to
500 ppm. Hence was the necessity to limit the chamber O content at high VED levels for
improved ductility. Depending on the capability of different L-PBF systems, O, content may
be decreased even further, e.g. as low as 25 ppm as shown in the work of Wang et al. [25].

At high VEDs, not just the oxidation but also the residual stresses are expected to be
higher due to larger thermal gradients inside the printed part. Warping may accumulate
during the layer-by-layer building process under the residual stress, but the resulting strains
may be accommodated via the martensitic transformation as discussed above. It is also likely
that high VEDs increase the temperature of the currently printed layer and may help relieve
the residual stresses stored in the previously built layers. As an alternative to increasing VED
through a decrease in h values, it may also be possible to eliminate cracks and delamination
in Ni-rich NiTi through using a more complex scanning pattern than the 45° bidirectional
pattern used in the present study or employing a pre-heated substrate that will result in
smaller thermal gradients.

It should be noted that the determination of the “good” printable region in the
printability map in Figure 4.4c is, to some extent, conservative. During printing, the

temperature of the region in the vicinity of the current single track may increase due to
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thermal conduction, and the energy required to form a melt pool with a given depth might
decrease. Therefore, the minimum requirement of d >t (layer thickness) may be slightly
relaxed, and it is indeed possible that fully dense NiTi parts can be fabricated in the “lack of
fusion” region that is close to its upper boundary near the “good” printable region, especially
with the selection of smaller hatch spacing values.

Unlike the conventional fabrication methods typically used for the fabrication of NiTi,
e.g., vacuum induction melting, oxygen pickup during the layer-by-layer fabrication in L-
PBF processes is much more critical as each of the many layers that comprise the part is
prone to oxidation during printing depending on the atmospheric cleanliness of the printer
chamber. Therefore, in addition to Ni evaporation, possible precipitation reactions and the
unique AM defect structure as a result of rapid cooling, oxidation may also play a role in the
evolution of transformation temperatures of AM NiTi based on different types of oxide
particles observed in the TEM study. As most of these oxides, if not all, are Ti-rich due to the
higher affinity of Ti towards oxygen, Ti is depleted from the matrix, tending to decrease the
transformation temperatures at relatively higher VED values, countering the effect of Ni
evaporation. The solutionized Nis12Tisgs (at. %) powder showed no sign of martensitic
transformation within a temperature range of -150 °C to 150 °C (Figure 4.2d). During
printing of rectangular prisms, the evaporation of Ni with the selection of appropriate
processing parameters resulted in the appearance of transformation peaks within the same
temperature range (Figure 4.6a and Figure 4.6b). When the DSC results of the solutionized
rectangular prisms printed at 100 and 500 ppm Oz are compared, it is observed that S100

material exhibits slightly higher transformation temperatures. This correlates well with the

90



assumption that increased oxidation leeches more Ti from the matrix, decreasing the
transformation temperatures and TEM images in Section 3.6 indeed show a qualitative trend

of increased area fraction and size of the oxide particles.

4.3 Phase Identification and Crystallographic Texture Analysis

S100 material was found to be mainly austenitic based on room temperature
XRD analyses (Figure 4.10) confirming the DSC results. Although the Ms temperature
of this material was below room temperature, low intensity peaks detected at 260 = 39.6°
and 44.2°, which correspond to (002)g19° and (020)g19°, respectively, may indicate the
presence of small amount of martensite. It is observed from peak intensities of different
crystallographic planes on surfaces extracted parallel and perpendicular to the build
direction (Figure 4.10) that there is a strong texture in the as-printed part, which is

actually expected and typical for AM NiTi [12].
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Figure 4.10 X-ray diffraction (XRD) patterns of the Nis1 2 Tisgg rectangular prisms
fabricated at 100 ppm build chamber O2 content. Results are for the surfaces parallel and

perpendicular to the build direction (BD).

As a detailed texture analysis at the microstructural level, EBSD analysis was
performed on the S100 samples. Figure 4.11a shows an inverse pole-figure map
constructed from the EBSD results for the plane perpendicular to the build direction
(BD) with colors corresponding to the Z direction in the sample reference frame (IPF-2Z).
In this plane, a majority of the grains exhibit a <100> orientation perpendicular to the
build direction (BD) in agreement with the XRD data in Figure 4.10. Figure 4.11b shows

the IPF-Z map from a surface parallel to the BD. In agreement with the XRD results
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shown in Figure 4.10, nearly all of the grains share a <110> orientation parallel to the
BD. Formation of columnar grains along the BD is observed. The band contrast map in
Figure 4.11c partially reveals the melt pools, and the elongated grains extend through
several melt pool boundaries. The corresponding pole figures are shown in Figure 4.11d
and Figure 4.11e for the samples with surfaces perpendicular and parallel to the BD,
respectively. It is observed that the high-angle grain boundaries are wavy and a high
fraction of low-angle grain boundaries is present. Higher magnification IPF maps along
with KAM maps shown in Figure 4.12a and Figure 4.12b, respectively, allow one to
investigate the local misorientation and geometrically necessary dislocation density.

They reveal the high density of sub-structures in the NiTi sample.
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Figure 4.11 Large area electron backscatter diffraction (EBSD) orientation and inverse pole
figure (IPF) maps (black lines show grain boundary (GB) misalignment larger than 15° and
gray lines show GB misalignment larger than 2°) and corresponding pole figures for the
cross-sections (a) (d) perpendicular and (b) (e) parallel to the build direction in the S100
samples of AM Nis12Tisgg. () Band contrast map of the cross-section parallel to build
direction partially revealing the melt pools. Black and white arrows represent the build
direction and the scanning direction, respectively.
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Figure 4.12 (a) Small area EBSD orientation and IPF map and (b) KAM map of the S100
material of AM Nis12Tisgg With the build direction out of the plane. 3 nearest neighbors are
considered for the KAM map.

Crystallographic texture of the S100 material has been investigated and a strong
<110> orientation has been observed along the loading axis of the dog-bone tension
specimens extracted from the rectangular prisms (Figure 4.11e). Another notable
observation is the formation of near pseudo single crystals in the printed NiTi samples
(Figure 4.11). Due to the epitaxial growth in the layer-by-layer fabrication process, the
columnar grains with similar orientations form a microstructure resembling a single

crystal. In this section, we will discuss the effects of the process parameters selected
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here, in particular the linear energy density (LED) which changes the melt pool shape,
hatch spacing, and rotation angle of the laser tracks between the successive layers, on
these two observed phenomena.

In the S100 samples, the [001] direction is aligned parallel to the build direction
whereas the [100] and [010] directions are aligned parallel/perpendicular to the laser
scanning directions (Figure 4.11d, Figure 4.11e, Figure 4.13a and Figure 4.13b). This
texture and the loading direction of the tensile samples are some of the reasons why
good tensile superelasticity was achieved in these samples, which is better than what is
reported in the literature so far. It is well known that texture plays a major role on the
thermomechanical response of NiTi SMAs. Gall et al. [91-93] have reported the
mechanical properties of Ni-rich NiTi single crystals tested along different
crystallographic orientations. The single crystals with <001> orientation along the
loading axis exhibit higher critical stresses to induce martensitic transformation during
tensile testing and premature fracture (at <2% strain), while the <110> orientations result
in a high recoverable strains (>5%) with the martensitic transformation triggered at
relatively lower tensile stresses (under the same aging conditions and test temperatures).
Considering the premature fracture of the NiTi single crystals along the <001>
orientation in tension [92, 93], the AM NiTi parts, especially the ones with higher Ni
contents than equiatomic composition, should not have a strong <001> texture along the

tensile axis for good superelastic performance.
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Figure 4.13 Schematic drawings of (a) scanning patterns and tensile specimen orientation in
the AM Nis12Tisg g rectangular prisms in the present study, (b) B2 austenite lattice orientation
with respect to the build direction and scanning directions in the AM samples based on the
measured texture in Figure 4.11, (c) thermal gradient directions in the molten layer during the

laser scan.

The <001> direction is the fastest crystal growth direction [94] along the highest
thermal gradient during solidification of cubic materials, and the <001> growth textures
have been reported in AM NiTi samples [12, 54, 95]. At first glance, the <001> texture
along the build direction may seem to result from the high thermal gradient between the
molten layer and the substrate or the previously printed layer (Figure 4.13c). However,
considering the melting and solidification processes during the laser scanning process,

there is also a large thermal gradient between the current laser track and the adjacent
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previously solidified track. For example, it has been reported that hatch spacing (h)
between the laser tracks affects crystallographic texture strength, smaller h values induce
stronger textures in AM NiTi by increasing the number of remelting and solidification
cycles, hence favouring the grain growth (forming pseudo single crystal structure) and
better alignment of <001> orientation with the build direction [95, 96]. However, <011>
orientation along the build direction has been reported in some other AM cubic materials
(e.g., 316L stainless steel [97-99]) by using a rotation angle of 0° or 180° between the
successive layers. Therefore, it is important to understand the underlying mechanisms of
texture evolution during AM processes and utilize it as guidance to achieve desired
textures in SMAs in order to accomplish near perfect superelasticity along different
directions of the built parts. Yet, the texture studies on AM NiTi SMAs are limited [54,
95, 96, 100]. This is because of the difficulty of measuring the austenite texture (which
is the relevant texture for the superelastic behavior) above room temperature which
necessitates studying Ni-rich compositions with the austenite phase at room temperature.
In addition, many of the earlier AM NiTi works were not able to achieve pseudo single
crystals in Ni-rich NiTi compositions.

4.3.1. Effects of laser power and scan speed on crystallographic texture
evolution. The shape of the melt pool may play an important role in the texture evolution
during AM as it affects the direction of the local thermal gradient. As previously
demonstrated with single track prints in Section 3.2, the melt pool geometry can change
from a keyhole mode (Figure 4.14a) under a relatively high LED value (thus, high laser

power or low scan speed) to a shallow shape (Figure 4.14b and Figure 4.14c) under low
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LED values. At low LED values, the melt pool has a flatter bottom and is more likely to
develop a <001> texture along the build direction as the thermal gradient is larger along
the build direction. In our process optimization framework, the “good” tracks are defined
conservatively with the criteria of d<w/2 for avoiding possible keyholing porosity
(Figure 4.3c) and thus, they are likely to result in the development of <001> texture
along the build direction.

Sun et al. [99] have reported that <011> orientation was aligned with the build
direction in AM 316L steel. Their melt pool shape (as a result of the high LED values
they used) can be defined as the keyhole type based on the process optimization
framework presented above. Figure 4.14a schematically illustrates the melt pool shapes
that Sun et. al. [99] observed when they achieved <011> texture along the build
direction. This schematic also explains the mechanism proposed to rationalize the
growth of <001> oriented grains 45° to the build direction due to the highest local
thermal gradient direction perpendicular to the solid-liquid interfaces of the keyhole melt
pools shown in the schematic. Figure 4.14b and Figure 4.14c also illustrate potential
texture evolution mechanisms for low LED melt pool shapes. In short, Figure 4.14
explains a potential mechanism to control the texture during AM process based on the
melt pool shapes through the control of LED value, and thus, laser power and scan

speed.
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Figure 4.14 Schematic illustration depicting the thermal gradient and solidification direction
under (a) high linear energy density (LED) (keyholing mode) [99], (b) lower LED (good print
region in Figure 4.3) with large hatch spacing, and (c) lower LED (good print region) with
small hatch spacing as used in the present study. The melt pool becomes shallower and flatter
under lower LED, so the thermal gradient and solidification direction are mostly along the
build direction in the present case with small hatch spacing, which results in the <001>
texture formation in (c). Cell growth direction from the solid-liquid interface indicates <001>
orientation formation since it is the fastest crystal growth direction for cubic materials. The
schematics were constructed for the rotation angle cases of 0° or 180° between the successive

layers.
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4.3.2. Effects of hatch spacing on crystallographic texture evolution.

The value of h may also affect the texture in AM NiTi parts. Andreau et al. [97]

proposed a mechanism for forming <011> texture along the build direction in 316L steel

taking the effect of h into account. Based on this mechanism, the epitaxial growth at the

overlap of the molten region with the previously printed track will favour the

crystallographic orientation that has less misalignment for lowering the nucleation
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energy of new nuclei, and the growth direction may have a small angular difference with
the local thermal gradient (Figure 4.14b). As printing takes place, this orientation will
gradually dominate the others. However, h used in our NiTi parts is very small (24 um, a
quarter of the melt pool width, Figure 4.14c), so the epitaxial growth can start from a
flatter region in the mid-bottom of the melt pool. At the mid-bottom region of the
previously (or the first) printed track will have a <001> orientation along the build
direction, which is aligned with the thermal gradient during its solidification. As more
tracks are printed, this orientation may be inherited and dominate others.

4.3.3. Effects of rotation angle between successive print layers on the crystallographic
texture evolution.

The rotation angle of the scan directions between successive layers may also
influence the resulting texture. As shown in Figure 4.15a, both <001> and <011>
orientations along the build direction could be possible during a single layer scan
depending on the melt pool shape and h value, as described in Figure 4.14. However, if a
rotation angle of 90° is imposed between layers (Figure 4.15b), the <001> orientation
would be preferred along the build direction since this orientation would perfectly match
between the layers and have minimum misalignment. In addition, this orientation
preference is more likely to be inherited from the previous layer during cell growth since
the <011> orientation parallel to the build direction will have a large angular deviation
of 90°. Several studies [98, 101, 102] have shown successful control of the texture
orientation in the AM parts in materials other than NiTi with different rotation angles.

Therefore, a similar texture control should be possible in AM NiTi parts as well.
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Figure 4.15 Schematic of the orientation selection/growth mechanism during (a) single-layer
scanning (lattice cells were slightly rotated for better view) and (b) multi-layer scanning with
a 90° rotation angle of scan directions. Both orientations would be possible for single-layer,
but only the <001> would be favoured due to its less misalignment with the previous
sintered layer for the multi-layer situation.

Evidently, the pseudo single crystal AM NiTi samples in the present study
resulted from a combination of a shallow melt pool, a relatively small h value, and a 90°
rotation angle between layers. Knowing the orientation selection/growth mechanism
shall expand the scope of texture engineering in additively manufactured NiTi based

SMAs as well as other materials with cubic crystal structure.

102



4.4 Microstructural Evolution

As shown with superelastic testing results in Figure 4.6, S100 material exhibited
enhanced superelasticity, with the highest recoverable strain recorded in literature so far.
On the other hand, S500 material failed in a brittle manner without showing any sign of
superelasticity. TEM was performed to reveal the role of microstructural features,
especially the presence of different types of non-metallic inclusions and precipitates, on
the observed differences in the mechanical behavior of the as-printed NiTi samples.

TEM imaging revealed that both the S500 (Figure 4.16) and S100 (Figure 4.18)
materials have qualitatively similar microstructures consisting of highly irregular grains
with curved, wavy grain boundaries and a large amount of low angle grain boundaries.
In addition, both conditions had a very high density of secondary phase particles. The
microstructure of the S500 sample was inhomogeneous, with the distinct distributions of
secondary particles varying from one area to the next. As shown in Figure 4.16a there
were regions of the specimen containing 20-50 nm spherical particles that had no clear
preferred orientation relative to the surrounding matrix. The background filtered high
resolution TEM (HRTEM) image and corresponding fast Fourier transform (FFT) shown
in Figure 4.16c and Figure 4.16d are representative of these particles.

In addition, there were large regions of the S500 specimen that contained
networks of < 20 nm particles that appeared similar to subgrain networks, as shown in
Figure 4.16b. The HRTEM and selected area electron diffraction (SAED) shown in

Figure 4.16e and Figure 4.16f reveal a clear orientation relationship between these
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particles and the matrix. However, the d-spacings observed do not match well with any

of the known secondary phases in NiTi including pure and mixed oxides. STEM - High-
angle annular dark-field imaging (HAADF) and STEM-EDS (Figure 4.17) indicate that
both types of particles contain oxygen and are poor in Ni relative to the matrix.

Similar to the S500 specimens, the S100 samples also contained two distinct
distributions of secondary phase particles. As shown in Figure 4.18a and Figure 4.18b,
some areas of the specimen contained randomly distributed spherical particles, while
other regions showed a network of particles. HRTEM revealed that there were very fine
(<15 nm), randomly distributed coherent particles present in addition to the larger
particles shown in Figure 4.18a. A representative particle and the corresponding FFT are
shown in Figure 4.18c and Figure 4.18d, respectively. The d-spacings observed in Figure
4.18d do not match well with any of the expected secondary phases, but HAADF
imaging of this region indicates that these nm-scale precipitates are Ni-rich, as shown in
the STEM-HAADF image in Figure 4.19a. Unlike in the S500 specimen, as shown in
Figure 4.18e and Figure 4.18f, the networked particles do not have a clear preferred
orientation. As shown in Figure 4.19, STEM-HAADF and STEM-EDS confirm that both
the networked particles and the larger, spherical particles are Ti-rich oxides, similar to

what was observed in the S500 specimen.
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Figure 4.16 TEM micrographs representative of the distribution and structure of
secondary phases in the S500 samples of AM Nis12Tisgs. (&) A bright Field (BF)-TEM
image showing region with randomly distributed, spherical particles. (b) Another BF-
TEM image showing region with networked, non-uniformly shaped particles. (c)
Absolute background filtered HRTEM showing a spherical particle. (d) FFT of (c) with
[110]-oriented NiTi austenite matrix reflections indicated by red arrows. (e) Absolute
background filtered HRTEM showing a coherent particle representative of the
networked particles shown in (b). f) The selected area electron diffraction (SAED) image
from an area with networked particles with [100]-oriented NiTi austenite matrix
reflections indicated by red arrows and secondary phase reflections indicated by green
arrows.

While it is difficult to quantify the particle density due to the unknown thickness
of the samples and the variation in visibility of particles due the various orientations
present, the line-intercept method was used to determine the network spacing in both

conditions. The mean network spacing for the S500 specimens were 104.1 nm, whereas
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for the S100 specimens it was 127.6 nm, indicating a higher volume of oxide particles in

the S500 specimens.

Figure 4.17 STEM-HAADF and EDS maps of (a-d) spherical secondary phase particles
and (e-h) networked particles in the S500 samples of AM Nis1 2Tisss. (a & €) HAADF
images with brightness proportional to atomic mass. (b & f) at. % Ni maps. (¢ & g) at. %

Timaps. (d & h) at. % O maps.
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Figure 4.18 TEM micrographs representative of the distribution and structure of
secondary phases in the S100 samples of AM Nis12Tissg. (a) A BF-TEM image showing
region with randomly distributed, spherical particles. (b) Another BF-TEM image
showing region with networked, non-uniformly shaped particles. (c) Absolute
background filtered HRTEM image showing a 14 nm diameter, coherent particle. (d)
FFT of (c) with [111]-oriented NiTi austenite matrix reflections indicated by red arrows
and secondary phase reflections indicated by green arrows. () Another HRTEM image
showing several particles of different orientations representative of the networked
particles shown in (b). (f) SAED from an area with networked particles with [110]-
oriented NiTi austenite matrix reflections indicated by red arrows and secondary phase
reflections indicated by green arrows. Blue arrows highlight streaking observed in the
pattern indicating a potential range of lattice parameters in the secondary phase particles
present.
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Figure 4.19 STEM images and EDS maps showing secondary phase particles in the
S100 samples of AM Nis12Tisss. (a) A HAADF image showing larger, Ni-poor oxide
particles like the one indicated by the red arrow and smaller, Ni-rich particles like those
indicated by the green arrows. (b) at.% Ni map corresponding to (a). (c) at.% Ti map. (d)
at.% O map. € A HAADF image of the region containing networked, Ni-poor oxide
particles. (f) The STEM-BF image of the region shown in €.

As observed from the TEM images presented in this section, it is clear that the
build chamber O2 level plays an important role in the formation of Ti-rich oxides. It is
also likely that the high VED values (198 J/Jmm?) employed in this study exacerbated the
oxidation as observed from the colored oxide layer formed on the rectangular prisms

(Figure 4.7).
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Figure 4.20 Schematic of the precipitates and non-metallic inclusion particles observed in
AM NiTi samples in this study. (a) Randomly distributed Ti-rich oxides surrounded by Ni-
rich precipitates; (b) networked Ti-rich oxides surrounded by Ti-rich particles.

As shown in Figure 4.20, there are four types of particles observed in the AM
NiTi samples based on the TEM study. Ultrafine Ni-rich precipitates (with a size range
of 2-4 nm) were identified in the S100 material around the randomly distributed Ti-rich
oxides in the grain interior. The depletion of Ti from the matrix due to the formation of
Ti-rich oxides has dual effects: first, it increases the Ni/Ti ratio in the matrix, hence
decreasing the transformation temperatures; second it promotes the formation of Ni-rich
precipitates. Coherent nanosized NisTis precipitates are known to strongly influence the
mechanical and shape memory properties of NiTi SMAs such as transformation
temperatures [103], appearance of the intermediate R-phase transformation [104],
functional and structural fatigue [93] and superelasticity [56, 105, 106]. In addition, the

nano-oxides should generate elastic strain fields in the surrounding area and serve as
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preferential nucleation sites for martensite at interfaces. All these nanosized particles
strengthen the matrix by acting as barriers against slip deformation and potentially
suppress the irreversibility associated with the martensitic transformation. It is likely that
the presence of nanosized particles in the present AM samples (in addition to favourable
crystallographic texture) resulted in the good superelastic behavior. On the other hand,
there is a notably higher volume fraction of oxide particles in the S500 samples,

resulting in the inferior ductility and premature failure during the tension tests.
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So far, there are only a few studies showing the existence of NisTiz type
precipitates in AM NiTi in the as-printed condition [107, 108]. It is possible that the
repetitive thermal cycling during the AM process is too fast to have enough time and
preferable temperature for the growth of Ni-rich precipitates. It is also likely that the Ni-
rich precipitates may be dissolved during the melting of subsequent layers. To the best of
authors’ knowledge, this is the first time that ultrafine Ni-rich precipitates with a size
range of a few nanometres were identified in AM NiTi SMA. Most importantly, the
highest superelastic strain achieved in this study is more than the double of what has

been reported in the literature for AM NiTi (Figure 4.21).
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Figure 4.21 Comparison of the tensile superelastic strain levels achieved in AM NiTi
samples in the present work in comparison with what is reported in the literature so far.

Based on the thermal diffusivity measurements, neither build chamber O level nor the
measurement direction were found to have a significant impact on thermal conductivity

values. Therefore, superelastic strain in AM NiTi can be increased as demonstrated here
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without a detrimental effect on thermal transport properties. Additionally, part
orientation during printing does not have to be considered in order to optimize thermal
transport, since thermal transport properties were not found to be anisotropic.
Nevertheless, as a future work, a thorough systematic study is needed to evaluate the
effects of different processing parameters on thermal transport properties to be able to
fully implement AM NiTi parts in applications where the knowledge of thermal
conductivity is significant, e.g. in the case of actuation applications, with the cycle time
dependent on how quickly the SMA can cool down; or elastocaloric applications, where
the heat absorbed or released during stress induced martensitic transformation should
rapidly be transferred between different media for increased operation frequency.
4.5 Thermophysical Properties

The specific heat capacities of the S100 and S500 materials were measured to be
0.43 and 0.44 J/g-K respectively, showing good agreement with specific heat capacity
values of NiTi SMAs reported in the literature [66]. Thermal conductivity of samples is
plotted against temperature in Figure 4.22. In Figure 4.22a, the thermal conductivity
measured parallel to the build direction (with heat flux along the normal to the plane of
the substrate surface) is shown for both the S100 (open circles) and S500 (solid squares)
samples. Each data point represents the average of the thermal conductivities measured
in seven samples taken from varying heights within the as built prisms. Although there
was some scatter among the thermal conductivities measured at different build heights
(indicated by the 1-standard deviation error bars) there was no trend with respect to build

height in either the 100 ppm or 500 ppm samples. Furthermore, there was little
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difference in thermal conductivity between the 100 ppm and 500 ppm samples as
indicated by the proximity of the corresponding curves in Figure 4.22, the thermal
conductivity measured perpendicular to the build direction (with heat flux direction
within the plane of the build plate surface) is plotted against temperature for the 100 ppm
and 500 ppm samples, where each data point represents the average thermal conductivity
measured in three samples. Although the average thermal conductivity of the 100 ppm
samples is lower than that of the 500 ppm samples, significant spread in the 500 ppm
data suggests that the difference may not be statistically significant, as shown by the
overlapping error bars between the two curves. In order to determine whether the
measurement direction or build chamber O level have a statistically significant effect on
the thermal conductivity of the printed material, t-tests were performed on the 55 °C data
points using 95% confidence intervals (significance level o = 0.05). In each case, the
resulting p-value was greater than the significance level, indicating that the observed
differences in thermal conductivity are not statistically significant. Therefore, it cannot
be concluded that build chamber O- level or measurement direction has an effect on the

thermal conductivity.
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Figure 4.22 Thermal conductivity of AM Nis12Tisgs measured (a) parallel to the build
direction and (b) perpendicular to the build direction. Measurements taken from S100
material are represented by the blue curves, and those taken from S500 material are
represented by the green curves. The error bars correspond to one standard deviation above
and below the average value.

Regardless of measurement direction and build chamber O level, the thermal
conductivity curves show similar behavior with changing temperature. Upon heating
from -150 °C, thermal conductivity increases slightly and subsequently dips during
reverse martensitic transformation. The austenite phase shows higher thermal
conductivity as well as increased sensitivity to temperature increase compared to the
martensite phase. As the samples were cooled down through martensitic transformation,
thermal conductivity dipped significantly lower than during the reverse transformation.
The thermal conductivities in both the martensite and austenite phases are lower
compared to the thermal conductivity measured in bulk NisoTiso [109]. At temperatures
of -100 °C and 100 °C representing the martensite and austenite phases respectively,

bulk NisoTiso showed thermal conductivities of approximately 12 and 16 W/m-K [109],

114



whereas the AM Ni-rich NiTi of the present study showed average thermal
conductivities of approximately 8.5 and 11.5 W/m-K. This difference in thermal
conductivity may be attributed to the differing composition and the unique
microstructure of AM NiTi with increased number of defect sources, e.g., non-metallic
inclusions, precipitates and increased dislocation density, acting as phonon scattering
centers. Further investigation is needed to isolate the effects of compositional and
microstructural effects on the thermal conductivity of AM NiTi SMAs.
4.6 Summary

In this Chapter, highly textured Ni-rich NiTi SMA parts were successfully
fabricated without notable porosity or microcracks using the L-PBF technique and
tensile superelasticity values up to 6% could be achieved through the selection of
optimal processing parameters and formation of nanosized precipitates and oxide

inclusions. The following summary statements and conclusions can be drawn:
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CHAPTER V
SUMMARY OF RESULTS, CONCLUSIONS AND SUGGESTIONS FOR FUTURE

WORK

5.1 Results and Conclusions

1. For Nis11Tisso (at. %) and NisosTise7 (at. %), fully dense NiTi parts were
successfully fabricated using several different combinations of processing
parameters in a large region of the processing parameter space. Porosity was
detected in parts that were printed with processing parameters positioned near
keyholing or lack of fusion defect boundaries on the constructed optimum
printability map following the framework. This was attributed to a possible shift
of the defect boundaries due to heat accumulation while printing 3D parts. A
proper keyholing criterion has been identified for these NiTi SMAs to eliminate
the porosity near these boundaries.

2. The transformation temperatures of the NiTi parts, fabricated using NisogTiag2
(at. %) powder, increase almost monotonically with the volumetric energy
density (VED) used for printing due to the Ni evaporation during the melting
process. Hence it is possible to precisely tailor the chemical composition and the
functional properties of Ni-rich NiTi SMAs by varying the processing
parameters. The amount of Ni evaporation as a function of VED was calculated
using the measured transformation temperatures, which exhibits an impressively

good correlation with VED. On the other hand, transformation temperatures of
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4.

parts fabricated using the Niso.1Tise.9 (at. %) powder only changed minimally due
to the insensitivity of transformation temperatures for Ni contents below 50 at.
%.

As-printed NiTi specimens exhibited tensile ductility up to 16%. This is a
remarkable value compared to literature results considering the fact that a simple
scanning strategy was used, and the oxygen level in the building chamber was at
500 ppm during printing. This was attributed to consistently achieving fully
dense parts in the optimum printability region of the process parameter space.
As-printed NiTi specimens also showed good shape memory effect and
superelasticity. Up to 6% strain could be recovered in shape recovery tests, and
4% superelastic strain was achieved in NiTi parts fabricated using the NisogTisg.2
(at. %) powder. Superelasticity levels slightly improved after an aging heat
treatment at 400 °C for 1h. The complete superelasticity was not achieved due to
the Ni evaporation and the lack of a sufficient amount of excess Ni in the matrix
to precipitate out enough NisTis precipitates.

Crack and delamination issues observed in the printed parts (Nis1.2Tisg s, at. %)
may originate from the residual stresses generated due to the large thermal
gradients during printing, and they were mitigated by using smaller hatch spacing
and higher VED values. It is possible that with increased transformation
temperatures and the initiation of the martensitic transformation when the printed

parts cool down, residual stresses might be relaxed.
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6. O2control of the atmosphere in the chamber was also found to be critical for the
ductility of the printed parts and the achieved superelasticity levels. O
concentration of 500 ppm led to the parts (Nis1.2Tisgsg, at. %) that failed in a
brittle manner at low strains without showing any sign of superelasticity, while
decreasing the O, concentration to 100 ppm yielded parts (Nis12Tisg s, at. %) that
exhibit show 6% superelastic strain without any post fabrication heat treatment,
which is the highest reported to date in literature.

7. The unique AM microstructure with strong texture, the presence of nano-sized
inclusions and ultrafine Ni-rich precipitates in Nis12Tisgs (at. %) suggest a
possible approach for achieving high levels superelasticity in AM NiTi in the as-
fabricated condition. Thermal history during the process needs to be further
studied in order to provide the ideal conditions for the growth of Ni-rich
precipitates, otherwise post heat treatments may be necessary for the
achievement of superelasticity.

8. The strong favorable crystallographic texture in the as-printed tension samples
(Nis12Tisgs, at. %) indicated that the superelastic properties are orientation
dependent.

9. Thermal conductivity values of the as-printed NiTi were found to be independent
of the build chamber O level, in the range studied in the present study, or
orientation of the part. As a future work, a more detailed study is required to

characterize the effects of processing parameters such as laser power, scan speed
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and hatch spacing for a complete understanding of the relationship between

microstructure and thermal transport properties in AM NiTi.

5.2 Future work
Based on the results and findings of this research, several recommendations are
made for future studies.

1. In addition to composition, a detailed study could be performed on powders with
different particle size distribution to understand its effect on the quality and
functional properties of the NiTi prints. The impurity (e.g., oxygen and carbon)
level of the powder shall also be characterized to ensure repeatability.

2. The transformation temperatures of the NiTi prints were observed to increase
with increasing VED or evaporation of Ni. However, the transformation
temperatures were observed to shift differently before and after solution heat
treatment. Microstructural study on different NiTi prints from a given powder
could be performed to understand the precipitation evolution and other effects
(e.g., residual stress and dislocation density) in additive manufacturing NiTi.
This could further help with the prediction of the functional properties for a given
sets of parameters in the as-printed NiTi.

3. Functional or compositional graded NiTi can be additive manufactured using the

findings from this work.
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Further engineering the texture in additive manufactured NiTi may favor better
mechanical properties (i.e. strength and superelasticity level) for the near-net-
shape fabrication of complex functional NiTi parts.

. The variability and repeatability shall be investigated for additive manufactured
NiTi. And the effect of using recycled powder shall also be studied.

NiTi shape memory alloy parts with complex geometries shall be fabricated and
tested to validate the process optimization framework in this work. Functional
and texture gradient can also be applied to explore their potential in application.
Post-processing (e.g., post-process heat treatment and electropolishing and ) shall
be investigated to improve the properties and quality of the additive

manufactured NiTi parts. And their corrosion resistance needs to be evaluated.
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