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Abstract

This research investigates additive manufacturing as a fabrication method for shape memory
alloys. Shape memory alloys (SMAs) undergo a reversible solid-state martensitic phase
transformation that results in high recoverable strains, making them useful in industrial
applications. NiTi alloys are widely used SMAs. However, due to their sensitive material
properties, micromachining fine features in NiTi materials is difficult. Additive manufacturing
(AM) allows for complex 3D geometries to be fabricated directly to the final dimensions, albeit
surface finishing may be required. Moreover, AM has the capability to design material
microstructures “on demand” by controlling input feedstock composition and deposition
parameters during fabrication. This opens up avenues for manufacturing gradient microstructures

for functionally graded materials.

For this research, Ti-rich builds were fabricated using the additive manufacturing technique of
laser directed energy deposition. The feedstock was elementally blended Ni and Ti powders and
resulted in a Tiss.1Nise.9 at.% build. Previous results from the Hamilton group showed that laser
directed energy deposition additive manufactured (LDEDAM) Ni-rich NiTi alloys had an
anisotropic microstructure in the as-deposited condition. The degree of anisotropy was reduced
using precipitation heat treatment. For LDEDAM Ti-rich NiTi alloys in the as-deposited
condition, previous work showed the thermal-induced martensitic phase transformation (TIMT)
occurred at temperatures higher than those for the Ni-rich compositions. Thus, the Ti-rich

material is attractive for applications requiring the shape memory effect above room temperature.
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This work builds upon the Hamilton group’s previous work on as-deposited LDEDAM Ti-rich
NiTi alloys. The goal of this research is to investigate the influence of precipitation heat
treatment on the transformation temperatures of the as-deposited material condition. Two
different durations are used at one precipitation heat treatment temperature. Differential scanning
calorimetry (DSC) experiments are used to measure characteristic phase transformation
temperatures and enthalpies. Samples for calorimetry analysis were micromachined from
different height locations within the LDEDAM build in order to spatially resolve the behavior, as
the layer-by-layer fabrication is expected to cause microstructure anisotropy for the Ti-rich NiTi
alloys. The results from DSC analysis show that the transformation temperatures for the
precipitation heat treated material are comparable to the as-deposited material. The enthalpy
measurements for the TIMT on cooling and heating become equivalent for the longer duration
precipitation heat treatment.  Ultimately, the results show that precipitation treatments may

improve the reversibility of the TIMT without altering the operating temperature ranges.
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Chapter 1
Introduction

Shape memory alloys (SMAs) are metallic alloys that can “remember” their previous form and
revert back to it after being subjected to thermomechanical variations. There are two important
material responses of SMAs that give them the ability to recover large deformations: the shape
memory effect and the pseudoelastic effect. For the shape memory effect (SME) deformation is
recovered via heating, and for the pseudoelastic effect (PE) it is recovered during unloading [1].
SMAs are useful in different applications because of this behavior. One application that is
familiar to many people is eyeglasses that can bend and then return to their original shape [2].
SMA:s are ideal for medical applications as well. A wire in its deformed state will have a small
enough cross-section to be introduced easily into an artery, and once it is in place it can return to
its original shape after being triggered by body heat [3]. To date, more than 10,000 United States
patents and over 20,000 worldwide patents have been issued on SMAs and their applications [1].
Due to its superior mechanical properties, NiTi-based alloys are the most important of the known

SMASs and are the focus of this research.

Due to the high ductility and elasticity of NiTi, it is difficult to create intricate shapes during
machining processes [4]. To mitigate this issue, near net-shaping fabrication methods have been
investigated, including additive manufacturing [5]. During additive manufacturing (AM), parts

are fabricated by melting layers of metallic powder and adding layers on top of each other. Using
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AM, the poor machinability of NiTi is overcome since it enables the production of complex 3D

geometries. This thesis focuses on the use of laser-based directed energy deposition technology
to fabricate NiTi specimens. Directed energy deposition was chosen to create these specimens
because elementally blended powders could be used. Different ratios of nickel and titanium can
be created from elementally blended Ni and Ti powders. This research focuses on Ti-rich

specimens.

AM is a new fabrication approach for NiTi. Past research has shown that the directed energy
deposition AM technique can cause anisotropy in the microstructure. Since the unique material
properties of NiTi depend on the microstructure, this is not ideal. The anisotropy may result from
the exposure of the layers to complex thermal histories as layer upon layer is deposited [6].
Previous work from the Hamilton group report spatial heterogeneity of the phase transformation
temperatures throughout as-deposited builds of additively manufactured Ni-rich NiTi [6]. An

anisotropic microstructure was confirmed in their more recent work.

Homogeneity of the microstructure is desired so that the unique properties of NiTi are uniform
throughout the build. Homogeneity can be achieved through heat treatments. Solution treatments
that heat the material at high temperatures for long times can produce a solid solution, with all
secondary phases dissolved, that is homogeneous after rapid cooling. The objective of this
research is to carry out post-deposition precipitation heat treatments for laser directed energy
deposition additive manufactured (LDEDAM) Ti-rich NiTi alloys and spatially resolve stress-

free thermal-induced phase transformation temperatures.



Chapter 2
Background on Shape Memory Alloys

Shape memory alloys are a class of metal alloys that can recover apparent permanent
deformation when heated above a certain temperature or unloaded. This characteristic of SMAs
has resulted in their use for a variety of applications in many fields. For instance, NiTlI SMAs are
widely used in the medical field because of their osseo-integration, super-elasticity, shape
memory effect and biocompatibility [7]. Porous NiTi is preferred for bone scaffolds since its
elastic modulus is more comparable to that of bone than of steel or Ti alloys and its weight is
closer to that of the replaced bone [7]. Other examples of applications include their use as cell

phone antennas, thermal and mechanical actuators, automotive devices, and helicopter blades.

2.1 NIiTi

In 1963, William J. Buehler, a metallurgist at the Naval Ordnance Laboratory (NOL), discovered
the properties of nickel titanium and named it Nitinol (NiTiINOL), combining the composition
and the laboratory [8]. While the potential applications for Nitinol were understood at the time,

commercialization took nearly a decade [2].

The NiTi-based alloys are the most commercially successful SMAs with excellent mechanical

properties [9]. Phase transformations in the NiTi-based alloy system include



4
diffusionless/martensitic transformations, from which the shape memory behavior arises [9]. It is

known that the Ni concentration in NiTi affects the phase transformation temperatures, such that
the martensite start temperature (Ms) decreases with increasing Ni content [10]. NiTi-based
alloys also exhibit low elastic modulus, corrosion resistance, abrasion resistance, high ductility,

high strain recoverability, stable transformation temperatures, and high biocompatibility [11].

The focus of this thesis considers the thermal-induced phase transformation, which is the basis
for the shape memory effect and the pseudoelastic effect. SMAs exhibit one stable phase at high-
temperature called austenite, and another at low-temperature called martensite. The martensite

can exist as twinned and detwinned, as shown in Figure 1 [12].

Aunstenite
* High temperature phase

Muartensite

* Low tem perature phase

Twinned Martensite Detwinned Martensite

Figure 1: Different phases of a SMA (Taken from [11], used without permission)

A phase transformation between these two phases from heating or cooling is the cornerstone of
the unique properties of SMASs: the shape memory effect and pseudoelasticity. Upon cooling, in

the absence of an applied load, the material transforms from austenite into twinned martensite,
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and no observable shape change occurs. Upon heating, the material transforms from martensite

back to austenite. This transformation is defined by four characteristic temperatures, as shown in
Figure 2: Martensitic start temperature (Ms), where the material starts transforming from
austenite to martensite; martensitic finish temperature (Ms), where the transformation is fully in
the martensitic phase; austenite start temperature (As), where the reverse transformation from
austenite to martensite starts; and austenite finish temperature (As), where the material is fully in
the austenite phase [12].
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Figure 2: Temperature-induced phase transformation without mechanical loading. Taken from [12], used
without permission.

“Shape memory” refers to a plastically deformed material returning to its original shape upon
heating. If a mechanical load is applied to the material while it is in the twinned martensitic
phase at low temperatures, it is possible to detwin the martensite, and this results in a visible

shape change. The deformed configuration is retained when the load is released (Figure 3). The
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load applied must be sufficiently large to start the detwinning process [13]. Subsequent heating

of the SMA at a temperature above As results in a reverse phase transformation from detwinned

martensite to austenite and leads to complete shape recovery (Figure 4).

FOAH Detwinned Martensite

Stress, o

Twinned Martensite

M M :"t, A., Temperature, T

Figure 3: Schematic of shape memory effect of a SMA showing the detwinning of a material with an applied
stress (Taken from [14], used without persmission)

: _ Detwinned Martensite

Stress, ¢

Figure 4: Schematic of shape memory effect of a SMA showing the unloading and subsequent heating to
austenite under no load condition (Taken from [14], used without permission)

The phenomenon is more specifically referred to as the one-way shape memory effect. Figure 5

depicts the overall shape memory effect [14].
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Figure 5: Transformation from the austenite to the martensite phase and the shape memory effect (Taken from
[14], used without permission)

The other unique property of NiTi is the pseudoelastic effect. The Pseudoelastic effect (PE) is
induced by applying a mechanical load at constant temperature above the As temperature. The
alloy is initially in the austenite phase. A very large strain is observed as a result of the load,
which causes the austenite to transform into martensite. Upon unloading, complete shape
recovery can occur as the material returns to the austenite phase. The effect is shown

schematically in Figure 6 and the corresponding stress-strain diagram is shown in Figure 7 [12].
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Figure 7: Pseudoelastic stress-strain diagram (Taken from [12], used without persmission)



2.2 Ti-rich NiTi

The material specifically studied in this thesis is a titanium (Ti) rich NiTi alloy composition. This
indicates that the composition was more than 50 atomic percent (at. %) Ti, with the balance
being nickel (Ni). The phase diagram of the Ti-Ni system is given in Figure 8 [10]. In this figure,
1257 K is the temperature at which NiTl is in solid solution. The dashed line between the arrows

shows the range of possible NiTi compositions.
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Figure 8: Phase diagram for Ti-Ni system (Taken from [10], used without permission)

As mentioned earlier, the Ms temperature sharply decreases with increasing Ni content based on
empirical data [10]. The Ms temperature will be relatively high for Ti-rich compositions. This is

depicted in Figure 9 for Ni concentrations (Xni) less than 50 at. %, which fall in region I.
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Figure 9: Influence of the Ni concentration (Xni) on the measured Ms temperature (Taken from [10], used
without permission)

The martensitic phase transformation for Ti-rich material is expected to occur above room
temperature. Therefore, Ti-rich NiTi would be used for applications with operational conditions
above room temperature. One example of such an application is NiTi thin films used as

electrothermal microactuators [15].

2.3 Characterization of the Thermal-induced Phase
Transformation

There are measurable changes during temperature cycling that can be used to characterize the
thermal-induced phase transformation [10]. One of these is the change in lattice parameter of the
crystal structure, as seen in Figure 2. The measurement used in this thesis is the latent heat of

transformation. The latent heat of transformation is the energy to transform the shape memory



11
alloy from martensite to austenite or vice versa. This process is measured through calorimetry,

which is the process of measuring the amount of heat absorbed or released during the solid-state
phase transformation. Differential scanning calorimetry is used for the current thesis to measure
the transformation temperatures of the material and will be described in more detail in the

Materials and Methods Section.
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Chapter 3

Background on Additive
Manufacturing

Additive manufacturing (AM) as defined by the ASTM F42 Technical Committee is the “process
of joining materials to make objects from three-dimensional (3D) model data, usually layer upon
layer, as opposed to subtractive manufacturing methodologies” [16]. It is a near-net-shaping
technology that allows for the direct fabrication of complex metallic parts and 3D geometries.
AM is a manufacturing process where a structure is built by sequentially adding each layer of
material in the desired shape specified by a computer-generated 3D model. Compared to
traditional subtractive manufacturing methods, AM incurs much less waste and is more efficient
[17]. Since there is no need for a mold, a prototype can be quickly manufactured and changes to
a prototype can be made easily. For these reasons, AM has gained popularity as a manufacturing
method. Although rapid prototyping has been available for some time and can be considered as

AM with plastic materials, recent work has focused on fabricating metals [5].

According to ASTM classification, AM for metals can be categorized broadly into two groups:
directed energy deposition and powder bed fusion [18]. Directed energy deposition is the method

used for this thesis research. For both techniques, metallic powder is melted by an energy source.
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In powder bed fusion, a bed of powder is spread over a build plate. A laser beam melts powder in

the path of the beam using a scanner system, and the powder cools and solidifies. The powder
delivery system then moves up and the build station piston retracts as the powder coater spreads
a new layer of powder across the previous layer. This process is repeated layer by layer until the
build is completed. This process is depicted in Figure 10 [18]. Powder bed fusion is limited by
the horizontal layer construction and slow deposition rate, while directed energy deposition

offers larger build envelopes and higher deposition rates [19].

Powder coater -\

LS S AT
s TR
e T TR

Build station
Powder delivery piston
systam

Figure 10: Schematic showing powder bed fusion technology (Taken from [18], used without permission)

3.1 Directed Energy Deposition

For the AM technique directed energy deposition (DED) employed in this work, metallic powder
feedstock flows into a meltpool with the flow directed by delivery nozzles [19]. To begin,
powder travels through the nozzle to deliver the material into the meltpool. The cladding head’s
laser beam melts the material upon deposition. The delivery nozzles follow a path that is

determined by the 3D model. As the nozzle moves, the meltpool just behind the nozzle solidifies
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and the metal layer is formed. Layer by layer the part is built up onto the substrate to form the

build coupon. This process is depicted in Figure 11 [19]. The hatch direction corresponds to the
x-axis and the width of the build, the build direction is along the y-axis, and the z-axis

corresponds to the build height [20].

cladding
head
focused delivery nozzles
laser \
b
o build coupon
build _
height )
(2-dir) 4 build
/ substrate direction
(y-dir)

»
hatch direction
(x-dir)

Figure 11: Schematic showing directed energy deposition (Taken from [20], used with authors’ permission)

3.2 AM of NiTi

As a fabrication approach for NiTi, AM is relatively new and is still being researched. Recent
studies have shown the feasibility of using laser based AM with elementally blended Ni and Ti

powders to fabricate NiTi SMAs [20-22]. One of the challenges with AM, however, is that it
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brings about microstructure heterogeneity due to variations in feedstock distribution, thermal

gradients, and residual stresses, which are all inherent to the fabrication process. As previously
discussed, the layer-by-layer deposition process of AM can produce anisotropic properties [23-
25]. In previous work from the Hamilton group, a spatial heterogeneity in the transformation
temperatures was characterized for AM NiTi with large build volumes [10]. This spatial
heterogeneity suggests an anisotropic microstructure. The following figure is from “Anisotropic
Microstructure and Superelasticity of Additive Manufactured NiTi Alloy Bulk Builds Using
Laser Directed Energy Deposition” by Bimber et. al., of the Hamilton group. The figure shows
the microstructures of the as-deposited NiTi material observed at z-heights of 2.5mm, 6.0mm,
and 8.5mm above the substrate. The heterogeneity in the microstructure can be seen in the
differences between the three images as the distance from the substrate increases. At the 2.5mm
distance, the NizTi phase appears globular, as shown in Figure 12 (c). With increasing build

height, the globular NisTi phase is not observed, as shown in Figures 12 (a) and (b).
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(a) z-height = 8.5 mm

(b) z-height = 6 mm

(c) z-height =

o

Figure 12: SEM images of the as-deposited compression specimen with a Ni-rich composition, which are at (a)
8.5 (b) 6, and (c) 2.5 mm z-heights . The NisTis precipitate microstructure varies through the build height and thus the
anisotropic microstructure exists for LDEDAM. For the Ti-rich material in this work, Ti2Ni second phases are expected
based on the phase diagram (see Fig 8). Though the presence of the Ti2Ni phases is not confirmed in this work, an
anisotropic microstructure of Tiz2Ni is expected to exist for Ti-rich alloys, as it is inherent to AM. (Taken from [6], used
with authors’ permission)

This work confirms an anisotropic microstructure for the as-deposited builds of additively

manufactured Ni-rich NiTi. [6].

This thesis research focuses on precipitation heat treatments for Ti-rich NiTi alloys. For the Ti-
rich composition of this material, the phase diagram (Figure 8) shows that a solid-solution phase
cannot be achieved and thus precipitation heat treatment is investigated. A high temperature
very near the solidus temperature of 1275K (shown in Figure 8) was used for the heat treatments.
Laser directed energy deposition AM (LDEDAM) is used to fabricate builds, and samples are
micromachined from different spatial locations within the build. The samples are investigated

using DSC to measure the thermal-induced phase transformation temperatures and enthalpies.
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The degree to which measurements vary at different spatial locations is used to rationalize the

effectiveness of the precipitation heat treatments for tailoring the transformation behavior of the

AM NiTi builds.
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Chapter 4
Materials and Methods

The material studied in this thesis is a Ti-rich NiTi alloy that was additively manufactured using
the directed energy deposition technique. The specific details of this AM process are given in a
recent publication by the Hamilton group [20]. For the DED AM process, elementally blended
Ni and Ti powder feedstock was used. The powder blend ratio of Ni:Ti was 58:42 wt.%

(46.9:53.1 at.%). The build parameters are given in Table 1.

Table 1: Specifications of AM process for build

Coupon ID: B38

Feedstock (composition): Nis3Tis7 Wt.% for an equivalent
composition of Nis79Tis3.1 at.%
(Ni-poor)

Laser type and settings: Nd:YAG laser, with 1 kW laser power

Laser travel speed: 10.6 mm/s

[in build direction (y-dir) in Fig. 11]

Number of passes: 6

[in hatch direction (x-dir) in Fig. 11]

Number of layers: 14

[in build height (z-dir) in Fig. 11]

Substrate material: Polished pure Ti
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Figure 13: Images of the NiTi build coupons as-deposited onto the Ti-substrate showing (a) the width, (b) the
height, and (c) the length of the as-deposited builds

The as-deposited build coupons are shown in Figure 13. The builds were deposited onto a heated
(355°C) Ti-substrate and are shown adhered to the substrate. Compression specimens were
extracted from these builds using wire electro-discharge machining (EDM). Figure 14 shows the
specimen extraction locations along the build direction. The dimensions of the compression
specimens were 4 mm by 4 mm, with an 8 mm length. The top surfaces were about 0.1 mm

below the top layer of the build, and the bottom surfaces were about 0.2 mm above the substrate.
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sy

13 mm

Figure 14: Extraction of compression specimens from the AM build (Taken from [6], used with authors’
permission]

4.1 Sample Preparation for this Work

The next step was to section compression specimens into small samples for differential scanning
calorimetry (DSC) analysis. These DSC samples were extracted at the locations along the height
of the compression specimens shown in Figure 15 using a slow speed diamond saw. The letters
A-F correspond to the height location for each sample. Fig. 15 shows the height measurements
for samples sectioned from the compression specimen micromachined from the as-deposited

build.



21

Figure 15: Locations for DSC specimen extraction along the build height.

4.2 Precipitation Heat Treatments

Precipitation heat treatments were carried out in a tube furnace in an inert Ar environment with a
flow rate of ~1 L/min and were followed by a water quench (WQ). The furnace is located in
Engineering Science and Mechanics Department’s Center for Innovative Sintered Products
(CISP). The heat treatment temperature (950 °C) was chosen to reach the temperature (1257 K)
very near the solidus line (see Fig. 8) so that diffusion rates become appreciable to reduce the
degree of anisotropy. This temperature and the durations (t >= 10 hours) are typical for Ni-rich
NiTi alloys [6,26,27]. Other research on AM NiTi alloys used similar temperatures and times as
well [5,21]. The first method attempted in this research was to heat treat the samples after

sectioning them from the as-deposited material. Another method was to heat treat the
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compression specimens before sectioning samples for DSC experiments. These two methods

were chosen to highlight the difference between the effects of heat treating the compression
specimens compared to heat treating the sectioned DSC samples. The heat treatment for the
samples was 950 °C for 10 hours with WQ. For heat treating the compression specimens (prior
to sectioning DSC samples), two heat treatments were employed: 950 °C for 10 hours with WQ,
and 950 °C for 10 hours with WQ followed by another 950 °C heat treatment for 14 hours with

WQ.

4.3 DSC Experimentation

The first step to characterize an SMA material is to establish the transformation temperatures:
austenite start temperature (As), austenite finish temperature (Af), martensite start temperature
(Ms), and martensite finish temperature (Mf) without load applied. The temperatures can be
determined using differential scanning calorimetry (DSC). DSC measures the changes in heat
flow of a specimen with temperature over time [28]. While the temperature changes, the DSC
measures a heat loss/gain against a reference sample. The specimen is enclosed in a pan and
compared against an empty reference pan. The difference in thermal power required to maintain
these both at the same temperature is measured and plotted in a thermogram. For determining the
transformation temperatures, ASTM F2004 was followed [29], which is the standard for
characterizing NiTi alloys using thermal analysis [29]. As stated in this standard, “this test
method involves heating and cooling a test specimen at a controlled rate in a controlled
environment through the temperature interval of the phase transformation” [29]. The program

followed for this work had start and end conditions of 25°C and was as follows:
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(i) Heat from 25°C to 125°C at 10°C/min
(ii) Hold for 1 minute at 125°C

(iii) Cool from 125°C to -120°C at 10°C/min
(iv) Hold for 1 minute at -120°C

(v) Heat from -120°C to 125°C at 10°C/min

The method was programmed using PerkinElmer Pyris software. The software outputs heat
loss/gain and temperature data for plotting heat flow vs. temperature curves, also referred to as

thermograms.

The transformation temperatures could be determined from the thermograms. An exothermic
peak arises during cooling because heat is lost due to the forward phase transformation from
austenite to martensite. An endothermic peak arises during heating as heat must be supplied to
complete the reverse phase transformation from martensite back to austenite. The method of
tangents, as described in ASTM F2004, was used to determine the As, Ar, Mf, and Ms
temperatures for each experiment. The following figure depicts the method of tangents as it is

used to obtain these measurements.
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Figure 16: The method to determine transformation temperature measurements from the cooling segment of a
heat flow vs. temperature curve

This figure shows how the Ms measurement is obtained for this example heating curve. The
intersection of the two tangent lines corresponds to the temperature measurement. The
transformation enthalpy was calculated from these DSC curves using the Pyris software, as
depicted in the following figure. The blue shaded area corresponds to the “reverse” enthalpy and

the red shaded area corresponds to the “forward” enthalpy.
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Chapter 5
Results and Discussion

The AM Ti-rich NiTi material was studied in as-deposited and two heat treated conditions. A
single stage heat treatment was 950°C for 10 hours and water-quench (WQ). A two stage heat
treatment was 950°C for 10 hours WQ followed by 950°C for 14 hours WQ. For the single stage
treatment, DSC samples were prepared using two approaches. For a sample treated approach,
DSC samples were first sectioned from the compression specimen and subsequently given the
single stage treatment. A specimen treatment approach started with heat treating the compression
specimen using the single stage treatment and subsequently sectioning DSC samples from the

heat treated specimen.

The first section in this chapter presents the DSC analysis for the as-deposited condition. The
second section presents the analysis for the sample treatment approach with the single stage
treatment. The last section presents the DSC analysis for the specimen treatment approach. In
this section, the analysis for the single stage and two stage treatment conditions are presented.
The DSC analysis of each condition is used to characterize the stress-free thermal-induced phase
transformation with respect to transformation temperatures, peak temperatures, and/or

transformation enthalpies.
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5.1 As-deposited Condition

Figure 18(a) shows the cooling portion of the DSC thermograms for the as-deposited material
and Figure 18(b) shows the heating portion. The specimens were sectioned from the as-deposited
build through its z-height as shown in Figure 15. These specimens are labeled in Figure 18(a)
(A-F), and each thermogram corresponds to a different DSC sample. Multiple peaks in each
cooling curve in Figure 18(a) indicate that multiple exothermic reactions occur during the
forward austenite-to-martensite phase transformation. The peaks closer to the substrate (at a
smaller height) are less narrow than the peaks further away from the substrate for both the

cooling portion and the heating portion.
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Figure 18: DSC thermogram for as-deposited material. (a) shows the cooling portion and (b) shows the heating
portion.

The areas under these curves correspond to the enthalpies, (see Figure 19), which are plotted as a

function of z-height. Hr is the enthalpy of the forward reaction, which is the area under the peaks



28
in the cooling portion of the DSC thermograms. Hr is the enthalpy of the reverse reaction, which

is the area under the peaks in the heating portion. These enthalpy measurements show that the
enthalpy is less for the specimens closer to the substrate. The enthalpies increase as the distance
from the substrate increases, with the highest forward and reverse enthalpy measurements
occurring furthest from the substrate (h=5.2mm). Figure 19 also shows that the forward and
reverse enthalpies are not the same at each z-height, although they should be. This could be
because there are small secondary peaks in the cooling portion that were not accounted for. The

secondary peaks in the curves indicate multi-step phase transformations.
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Figure 19: Enthalpies for the forward and reverse transformations for the as-deposited material
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Figure 20(a) shows that the transformation and peak temperatures are different for the varying

specimen heights. The Ms and M, temperatures are highest closest to the substrate at h=1.00mm
(F) and lowest furthest from the substrate at h=5.2mm (A). The Ap1 temperature is highest
closest to the substrate as well, and is equivalent for the rest of the heights. Figure 20(b) depicts
the differences between the peak temperatures (Ap, and Mp) at each z-height. This difference is
largest closest to the substrate at h=1.00m (F) and the smallest at h=1.9mm (E). The difference
between peak temperatures are equivalent further from the substrate, for h=3.5mm (C), h=4.3mm

(B), and h=5.2mm (A).
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Figure 20: For the as-deposited material, (a) shows the transformation temperatures and (b) shows the
difference between the peak temperatures
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5.2 Sample Treatment Approach with Single Stage
Treatment

For the sample treatment approach, the DSC thermograms are shown in Figure 21. The
specimens were sectioned from the build, as labeled in the figure, and each thermogram
corresponds to a different DSC sample. Multiple peaks in each cooling curve in Figure 21(a)
indicate that multiple exothermic reactions occur during the forward austenite-to-martensite
phase transformation. The number of exothermic peaks decreases from three (Mp1, Mp2, Mp3) to
two (Mp1, Mp2) as the z-height increases. The height of Mp: increases as the distance from the
substrate increases, with the highest peak at h=5.2mm (A). In Figure 21(b) there are multiple
peaks in each heating curve which indicates that multiple endothermic reactions occur during the
reverse martensite-to-austenite phase transformation. The number of peaks decreases from three
to two with increasing distance from substrate. The height of Ap:1 increases with increasing
distance from the substrate, with the highest peak at h=5.2mm (A). Comparing the cooling
portion and heating portion of the thermograms, the Mp1 and Mp. temperatures are much further

apart than the Ap2 and Aps temperatures which are very close together.
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Figure 21: DSC thermogram for the single stage heat treatment. (a) shows the cooling portion and (b) shows the
heating portion.

The transformation temperatures (Ms, Mp, and Ap) are shown in Figure 22. These transformation
and peak temperatures are different for samples sectioned from different heights. The Ms and
Mp: temperatures are highest closest to the substrate at h=1.00mm (F) and are equivalent for the
other heights. The Ap: temperature is highest closest to the substrate and is equivalent for the

other heights. The Mp2, Mp3, Mps, Apz2, and Aps temperatures rise with increasing z-height.
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5.3 Specimen Treatment Approach

5.3.1 Single Stage Heat Treatment

Figure 23(a) shows the cooling portion of the DSC thermogram for the single stage heat
treatment material condition and Figure 23(b) shows the heating portion. The peaks closer to the
substrate are again less narrow than the peaks further away from the substrate. The peaks are
steeper for this material than they are for the as-deposited material. As they do for the as-
deposited material, the height of the peaks increase with increasing distance from the substrate
for both the exothermic peaks in Figure 23(a) and the endothermic peaks in Figure 23(b).

Multiple peaks can be seen in the cooling and heating portions of the thermograms.
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Figure 23: DSC Thermogram depicting the single stage heat treatment condition. (a) shows the cooling portion
and (b) shows the heating portion.
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Figure 24 shows the enthalpies of the forward and reverse reactions for the single stage

treatment. The enthalpies of the reactions in the single stage treatment condition are larger than
the enthalpies for the as-deposited material, in general. The forward and reverse enthalpies are
not equal at each height, which indicates that the transformation is multi-step and may not be

crystallographically reversible.
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Figure 24: Forward and reverse enthalpies for single stage heat treatment condition

Figure 25(a) shows the transformation temperatures and Figure 25(b) shows the differences
between the peak temperatures for the single stage treatment condition. The Ap and My
temperatures are equivalent for the three different z-heights. The Ms temperatures decrease with
increasing distance from the substrate, with the largest Ms temperature at h=3.0mm (E). The

differences in peak temperatures varies for each z-height, with the largest difference in Mp and



Ap temperatures at h=4.9mm (C) and the smallest difference the furthest from the substrate at

h=6.3mm (A).
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Figure 25: For the single stage heat treatment condition, (a) shows the transformation temperatures and (b)
shows the differences between the peak temperatures




5.3.2 Two Stage Heat Treatment "
Figure 26(a) shows the cooling portion of the DSC thermogram for the two stage heat treatment
condition and Figure 26(b) shows the heating portion. The z-heights are labeled in Figure 26(a).
The peaks closer to the substrate are less narrow than the peaks further away from the substrate
for both the cooling portion and the heating portion. The highest exothermic peak and the highest
endothermic peak both occur furthest from the substrate at h=4.4mm (E). The peaks are not as
steep for this material as they were for the single stage heat treated material condition. Multiple
peaks are visible in the DSC thermograms, which indicates a multi-stage transformation. These
peaks appear smaller compared to the secondary peaks of the as-deposited or single stage heat

treated materials.
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Figure 26: DSC thermogram depicting the two stage heat treatment condition. (a) shows the cooling portion and
(b) shows the heating portion.
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Figure 27 shows a plot of the enthalpies of the forward and reverse reactions for the two stage

heat treated material. The enthalpies were closer in value to the as-deposited material than to the
single stage heat treated material. The enthalpies for the forward and reverse reactions become
equivalent with respect to those of the single stage heat treated material. The differences between
the peak temperatures are also smaller for this material than the differences in peak temperatures
for the single stage heat treated material. The forward and reverse enthalpies are largest the

furthest from the substrate at h=4.4mm (E).
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Figure 27: Forward and reverse enthalpies for the two stage heat treatment condition
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Figure 28(a) shows the transformation temperatures and Figure 28(b) shows a plot of the

differences between the peak temperatures for the two stage heat treated material. The Ap, My,

and Ms temperatures are each equivalent over the varied z-heights. The difference in peak

temperatures increases with increasing distance from the substrate.
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Figure 28: For the two stage heat treatment condition, (a) shows the transformation temperatures and (b) shows
the differences between the peak temperatures
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Chapter 6
Conclusions and Future Work

In summary, for laser directed energy deposition additive manufactured (LDEDAM) Ti-rich
NiTi alloys, this work reports on the influence of precipitation heat treatments on the stress-free
thermal-induced martensitic phase transformation (TIMT) temperatures. Elementally blended Ni
and Ti powders were deposited with directed energy deposition in a ratio of 58:42 wt.%
(46.9:53.1 at.%), which means the material was Ti-rich. The results of differential scanning
calorimetry (DSC) analysis for two different durations for the same temperature are contrasted
with those for the as-deposited condition. The influence of duration is reported in terms of the
number of transformation events (peaks) that are obvious in the heat flow versus temperature
curves (thermograms) obtained from DSC analysis. Measurements for the transformation
temperatures, enthalpies, and hystereses taken from the thermograms are also contrasted. The
analysis is conducted for DSC specimens extracted from different locations within a compression
specimen, which was micromachined from an as-deposited LDEDAM Ti-rich NiTi alloy build
coupon having a much larger size/volume than the compression specimen. Studying samples
from different spatial locations provided insight into the differential behavior with respect to the

build height, as an anisotropic microstructure is expected for material fabricated using AM.

A single stage heat treatment was used with two approaches for sample preparation: (1) the DSC

samples were sectioned from the compression specimens and subsequently given the heat
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treatment and (2) the compression specimen was heat treated and DSC samples were sectioned

from the heat treated compression specimen. Multiple transformation peaks existed in the DSC
curves for the samples prepared using approach 1 (referred to as “sample treatment”) in stark
contrast to the major peak observed for the as-deposited material. For samples prepared using
approach 2 (referred to as “specimen treatment”), the number of peaks in the thermograms was
equivalent to the as-deposited condition. The transformation temperatures for the sample
treatment changed, markedly with height; whereas, by comparison, the temperatures were
equivalent for the specimen treatment. From this phase of the work, we draw the conclusion that
diffusion plays a vital role. Consequently, a longer duration two-step precipitation heat

treatment was explored only using approach 2 (the specimen treatment).

The following conclusions can be drawn:
*The Ms temperatures were most consistent between the different heights for the two-step
treatment.
* The precipitation heat treatments created “steeper” curves in the DSC thermograms,
which suggests that a larger volume fraction of material underwent the transformation at
a similar driving force.
*Secondary peaks in the DSC thermograms indicate a multistage thermal-induced phase
transformation in the microstructure, which may be related to the transformation path
differing locally in material influenced by the Ti>Ni secondary phase.
*The longer duration precipitation heat treatment reduced the size of the secondary peaks.
The results from DSC analysis show that the transformation temperatures for the precipitation

heat-treated material are comparable to the as-deposited material. The enthalpy measurements
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for the TIMT on cooling and heating become equivalent for the longer duration precipitation heat

treatment.

Future work on heat treatments needs to be done on as-deposited build coupons. Microstructure
characterization with different post-deposition heat treatments should be included to see how the
microstructure behaves. Ultimately, the results show that precipitation treatments may improve
the reversibility of the TIMT without altering the operating temperature ranges. Future work on
the shape memory effect and psuedoelastic effect response would confirm improved reversibility

and performance for practical applications that can take advantage of shape memory behavior.



42

Appendix
Transformation Temperatures

The transformation temperatures in the tables below correspond to the plots in the results section
of this thesis. The “heights” are the z-heights on the x-axis of the plots. Ms is the martensite start
temperature, M, is the martensite peak temperature, A, is the austenite start temperature, Hs is
the enthalpy for the forward transformation, H; is the enthalpy for the reverse transformation, and
AT _h is the difference in peak temperatures. For Table 2, multiple peak temperatures are given
since there were multiple visible peaks in some of the curves on the thermogram for this material
(see Figure 21). The following figure is of a thermogram that has been labeled with the

transformation temperatures and enthalpies.

Heating
(Reverse MT: A— M)

—

Cooling
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Heat Flow —

Temperature (°C)

Figure 29: Labeled thermogram showing the transformation temperatures
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Table 2: Transformation temperatures for the sample treatment approach with single stage heat treatment

Sample ID | Height | Ms (°C) | Mp1 Mp2 Mp3 Mp4 Apl Ap?2 Ap3

(mm) (W9) 0 C) C) 0 (W9) (W9)
B38C6ASL 5.2 69.7 62.97 32.52 93.74 45.59
B38C6BSL 4.3 69.4 63.5 29.27 94.18 43.95
B38C6CSL 3.5 70.64 62.6 22.32 -2.41 -30.75 93.31 38 27.84
B38C6DSL 2.5 71.94 65.48 12.07 95.67 21.3 28.38
B38C6ESL 1.9 70.77 65.15 -6.88 -35.4 95.06 7.93 14.9
B38C6FSL 1 83.9 71.2 -19.4 -39.33 -47.94 | 104.67 0.86

Table 3: Transformation temperatures for the as-deposited material

Sample ID Height Ms (°C) Mp (°C) Ap (°C) Hf (J/g) Hr (J/9) AT_h (°C)
B38C6A () 5.2 75.64 62.64 93.77 15.8835 16.3289 31.13
B38C6B 4.3 74.45 63.5 94.42 11.8846 11.1507 30.92
B38C6C 3.5 76.86 64.1 95.12 8.415 7.5967 31.02
B38C6D 2.5 77.49 64.74 95.37 5.2676 6.9438 30.63
B38C6E 1.9 77.69 63.35 93.55 3.5591 3.9301 30.2
B38C6F 1 80.57 67.78 100.1 3.7832 4.3765 32.32

Table 4: Transformation temperatures for the section treatment approach — single stage heat treatment

Sample ID Height Ms (°C) Mp (°C) Ap (°C) Hf (J/g) Hr (J/g) AT_h (°C)
(mm)

B382C4SLA 6.3 72.21 62.11 97.31 11.4358 10.9132 35.2

B382C4SLC 49 78.49 61.8 100.31 13.5976 12.6705 48.46

B382C4SLE 3 80.07 62.02 99.39 14.955 11.5793 37.37

Table 5: Transformation temperatures for the section treatment approach — two stage heat treatment

Sample ID Height Ms (°C) Mp (°C) Ap (°C) Hf (J/9) Hr (J/9) AT_h (°C)
(mm)

B38C8SLA 0.8 76.24 63.72 98.89 2.3411 2.5582 35.17

B38C8SLC 2.3 77.14 62.18 99.45 8.6266 8.4599 37.27

B38C8SLE 4.4 76.67 62.03 100.76 10.0987 9.6432 38.73
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