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ABSTRACT

Laser powder-based directed energy deposition (DED) is a major laser aided
additive manufacturing (AM) process for metals. It applies laser energy to deposit metal
powders to form 3D metal parts. Apart from manufacturing traditional alloys, DED can
also be used to develop advanced alloys with the novel idea of elemental powder mixture
feedstock. TiNi-based alloy is a type of shape memory alloy (SMA), a smart material with
unique shape memory effects. Using laser powder DED to synthesize TiNi-based SMASs
from elemental powder mixture can create more possibilities in new compositions and
properties. It can also overcome the limitations of conventional manufacturing.

In this work, a comprehensive review on applying elemental powder mixture in the
DED process to fabricate all kinds of alloys was first performed to summarize the current
status of this novel method. Then, the elemental powder DED process was used to deposit
Ti—Ni—Cu ternary SMA with Cu as the third element to extend the application of DED in
fabricating ternary SMAs. The major phase obtained was TiNi phase with successful shape
memory effects. Next, Ti-rich Ti-Ni—Cu ternary SMA was fabricated on the substrate of
near equiatomic TiNi binary SMA by the elemental powder DED process to build bi-
metallic SMA structures with two different SMA sections and multiple shape memory
effects. The joining region obtained a good quality, and the multiple shape memory
temperatures were demonstrated. Heat treatment effects on material properties of the as-
deposited bi-metallic Ti—Ni—Cu/TiNi SMA were also studied, and the various
combinations of properties show that the DED process via elemental powder has great

potential in developing multifunctional smart alloys with a wide range of applications.
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1. INTRODUCTION

1.1. BACKGROUND

TiNi-based alloy with a near equal atomic composition of Ti and Ni elements is
attracting interest in various industries, including but not limited to civil engineering,
aerospace engineering, actuators, and biomedical field, owing to its unique shape memory
effect, superelastic behavior, and excellent biocompatibility [1-3]. As for the shape
memory effect, TiNi-based alloy belongs to shape memory alloy (SMA), a class of smart
material that can memorize shapes with temperature changes [3]. The knowledge and
experience in the manufacturing and processing of TiNi-based alloys are of great
importance. It was reported that traditional machining processing methods are difficult for
TiNi-based alloys [4,5]. Therefore, more approaches are in need for processing TiNi-based
alloys in a faster and more cost-effective way.

In addition to traditional manufacturing processes, additive manufacturing (AM)
has large potential in the manufacturing of complex products with a layer-by-layer fashion,
and laser is an effective energy source in the field of AM [6]. Laser directed energy
deposition (DED) is a laser aided AM technique for metals, which uses laser energy to
deposit raw metallic materials, either powders or wires, to build 3D parts [7]. As the DED
process uses the additive approach, the geometric flexibility is much higher in fabricating
complex bulk metal parts and performing part repairing that conventional manufacturing
can hardly handle [8,9]. Also, the AM process causes less waste [10]. Nowadays, various
types of industrial alloys have been made into pre-alloyed powders and used in DED,

including steels [9], Al-alloy [11], Ti-6Al-4V [12], and Inconel625 [13], etc. Due to the
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limitations in conventional material subtraction approaches, using the AM process such as
DED with the additive feature can be a different feasible way to fabricate and develop
novel TiNi-based alloys [14]. AM process is commonly known as 3D printing [9]. While
when the AM process is used in the manufacturing of TiNi-based alloys with shape
memory effects that the shape changes with time, it is also regarded as 4D printing [14].

The DED processing technique also has high material flexibility [15]. For powder
state feedstocks, multiple different powders can be pre-mixed in a wide range of
compositions and fed simultaneously during the DED process. Then, apart from using pre-
alloyed powders, researchers also have started to try fabricating alloys by DED using
elemental powder mixture as an alternative type of powder feedstock [16,17]. In the early
days, elemental powder mixture was applied in powder metallurgy as a cost-effective
approach [18]. Then it was also adopted in the powder-based AM processes, including
DED [17]. The novel method of using elemental powder in DED has several main
advantages. For pre-alloyed powders, each powder particle is designed with a fixed
composition. In comparison, the elemental powder mixture has the potential to lead to more
possibilities in novel alloy manufacturing [17], resulting in wider varieties of properties
and performances, which can potentially contribute to the novel alloy development. With
elemental powder mixtures, generating more possibilities in novel alloy manufacturing
could be more cost-effective [17]. Also, in the DED manufacturing system, the alloy
composition can be changed during the manufacturing process by controlling the feeding
rate or mixing composition at different layers. Then, various compositions within a single

part can be realized, which shows more functions than homogeneous alloys [19].
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Multifunctional metal parts can be useful in many industrial environments that need
material components to possess different properties at different spatial locations [19].

In the manufacturing of TiNi-based alloy, using Ti and Ni elemental powder is
more cost-effective than TiNi alloy powders [20]. Thus, using elemental powder mixture
as the feedstock in DED to fabricate smart alloys like TiNi-based SMA also has a large
potential [20]. Also, it was found that a third metal element can be added to the TiNi alloy
system to form ternary SMAs that can adjust material properties such as phase
transformation temperatures [21,22]. The effect of adding a type of third element in the
TiNi system can be more conveniently studied using the flexible elemental powder mixture
technique in DED. However, the work in using DED to fabricate TiNi-based ternary SMA
by elemental powders is still limited, and more understanding and knowledge are needed
in TiNi-based ternary SMAs by AM using elemental powders, and the correlations among
element composition, structure, and functional properties.

Moreover, by taking advantage of the layer-wise additive feature and the wide
range of material selection in both the substrate materials and powder feedstock materials,
DED can also be used to deposit structures with multiple sections of different alloys or join
different metal sections to realize bi-metallic structures and graded structures, which fully
utilizes the high degree of customization in both spatial locations and material
compositions. Examples of bi-metallic structures by DED include Cul/steel [23,24],
Cu/Inconel [25], Ti-6Al-4V/AI12Si [26], etc., which can combine excellent properties
from both metals. DED can be applied to directly deposit one type of alloy on the other
type of alloy used as substrate material [27] or insert graded layers or intermediate layers

to improve the joining [28]. Also, more possible joining structures can be designed and
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invented with the aid of elemental powder mixtures. Other than joining bi-metallic
structures from traditional alloys, for smart alloys such as SMAs, TiNi-based alloys with
different compositions, structures, and functional properties can also be combined into bi-
metallic SMA that can demonstrate multiple memory effects. An example of functionally
graded TiNi-based alloy was reported, which was fabricated using the powder-bed AM
process selective laser melting with adjustable processing parameters at different TiNi
sections [29]. While very limited work has been done in taking advantage of the promising
elemental powder DED AM process to develop bi-metallic smart metals such as TiNi-
based multi-sectional SMAs and study the shape memory behavior of different sections.
The feasibility of manufacturing bi-metallic SMAs using the elemental powder DED
process, the study and evaluation of performance, including but not limited to joining
quality, bonding strength, the exhibition of multiple shape memory behaviors, and the post-
processing effect on the entire bi-metallic multifunctional structure will all be of great

interest in the manufacturing of new smart materials.

1.2. RESEARCH OBJECTIVES

The objective of this research is to improve the understanding and advance the
knowledge of the fabrication and development of advanced alloys by laser aided DED
manufacturing process with elemental powders as feedstocks. Also, it aims to provide more
perspectives on incorporating AM process, especially DED, in developing more novel
smart alloys such as TiNi-based ternary SMAs and bi-metallic SMAs with multiple

functional behaviors to benefit a wide range of industries.
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Although several groups have attempted to use DED to 3D print various alloys with
elemental powder [17,30,31], a systematic review in the research progress of using
elemental powder blends in the DED process to fabricate various alloys has not been done.
Therefore, a comprehensive review of the use of the elemental powder DED process in
manufacturing all types of metal alloys will be first performed. The review will cover the
latest progress and outlook to contribute to both the metal AM area and the development
of new alloys for AM.
The second topic will be conducted to study the fabrication of Ti—Ni—Cu ternary
SMAs by elemental powder DED to make good use of DED in fabricating novel SMAs.
Various types of third elements can be added to the Ti—Ni binary system, which is expected
to adjust material properties and shape memory behaviors on the TiNi-based SMA, while
the addition of the Cu element is expected to narrow down the thermal hysteresis of the
phase transformation [21,32]. The feasibility of using the elemental powder mixture in the
DED AM process to fabricate Ti—-Ni—Cu ternary SMA will be conducted by depositing
elemental Ti, Ni, and Cu powder mixtures on pure Ti substrate. The as-mixed Ti, Ni, and
Cu composition of Ti—45at.%Ni—5at.%Cu will be used, where a few amounts of Cu will
be added. Microstructure analysis, phase information, mechanical properties, and shape
memory effects study will all be carried out to evaluate the fabrication outcome. Also, the
correlations among composition, structure, and properties of the as-fabricated alloys will
be presented.
In the third topic, the fabrication of Ti—Ni—Cu ternary SMA will be expanded to the
design and development of SMAs with multifunctions such as multiple shape memory

effects. Studies of using the DED AM process to build TiNi-based bi-metallic alloy
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structures will be carried out. To achieve the goal of the TiNi-based bi-metallic SMAs with
multiple shape memory effects, two different types of compositions were selected for the
substrate material and the powder material for the DED process. A Ti-rich Ti/Ni/Cu
elemental powder mixture with a Ti composition of 53 at.% will be used for feedstock,
while a near equiatomic TiNi binary alloy will be picked for the substrate. The
transformation temperatures at both sections and the bonding strength at the interface will
be evaluated. Also, the multiple mechanical behaviors will be revealed by the digital image
correlation technique, which can be a useful tool to accurately record the mechanical
behaviors of the multi-sectional bi-metallic SMA.

Based on the third topic, the investigation of heat treatment on properties of TiNi-
based bimetallic structure built by DED will be conducted. Since both laser heat effect and
post heat treatment can affect the microstructure and material properties [33,34], this work
will provide more investigations on the effect on the multi-sectional structure features and
shape memory effects from both laser effects during the DED process and the post heat
treatment effects at different locations of the bi-metallic structure, which will finally greatly
contribute to a wider range of property combinations in bi-metallic multifunctional new

SMA:s.

1.3. ORGANIZATION OF DISSERTATION

In this dissertation, four major works are presented by four papers. In Paper I, a
systematic review of fabricating metallic alloys using the laser aided DED AM process
with the novel idea of elemental powder mixture feedstock is carried out. The review

summarizes the advantages of using elemental powder as raw materials in the DED process
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and covers the latest progress in the design, development, and modifications of all kinds of
metallic alloys, including conventional alloys and novel alloys. Also, points that are not
widely explored and some potential challenges are discussed. Paper Il presents the
fabrication and comprehensive characterization of Ti-Ni—Cu ternary SMA on pure
titanium substrate material by the DED process with elemental powders. It shows both
good shape memory behaviors and effects from the addition of the third element, which
provides useful results in the manufacturing of TiNi-based SMA with more element types
using the cost-effective elemental powders in the AM area. Paper Ill presents the
development of bi-metallic SMA structures by depositing Ti-rich Ti—-Ni—Cu ternary SMA
using elemental powder DED on near equiatomic TiNi binary SMA substrate in order to
create a combining effect of two different SMAs to achieve multiple shape memory
responses. It successfully demonstrates a good metallurgical bonding between two SMA
sections and the multiple shape memory effect. This paper also provides perspectives on
incorporating the flexible elemental powder DED AM process with the development of
novel SMAs with both a wider range of elements and a structure with more functions. Post
heat treatment studies on the DED bi-metallic SMA can be seen in Paper IV. It investigates
the heat effect on the structure and properties at multiple locations of the bi-metallic SMA
structure from both laser and post heat treatment. This paper proposes potential methods
to further adjust the combined functional properties and expand the application possibilities

of DED TiNi-based bi-metallic SMAs.



PAPER

I. AREVIEW ON METALLIC ALLOYS FABRICATION USING ELEMENTAL
POWDER BLENDS BY LASER POWDER DIRECTED ENERGY DEPOSITION
PROCESS

ABSTRACT

The laser powder directed energy deposition process is a metal additive
manufacturing technique, which can fabricate metal parts with high geometric and material
flexibility. The unique feature of in-situ powder feeding makes it possible to customize the
elemental composition using elemental powder mixture during the fabrication process.
Thus, it can be potentially applied to synthesize industrial alloys with low cost, modify
alloys with different powder mixtures, and design novel alloys with location-dependent
properties using elemental powder blends as feedstocks. This paper provides an overview
of using a laser powder directed energy deposition method to fabricate various types of
alloys by feeding elemental powder blends. At first, the advantage of laser powder directed
energy deposition in manufacturing metal alloys is described in detail. Then, the state-of-
the-art research and development in alloys fabricated by laser powder directed energy
deposition through a mix of elemental powders in multiple categories is reviewed. Finally,
critical technical challenges, mainly in composition control are discussed for future

development.



1. INTRODUCTION

Additive manufacturing (AM) is a novel manufacturing technique that can fabricate
a wide range of materials and complex structures. The definition given in the American
Society for Testing and Materials (ASTM) states that: AM is “The process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies [1]”. Due to its layer-based additive nature that
is different from subtractive manufacturing, AM created a paradigm shift in the
manufacturing industry [2]. AM has lots of advantages compared to traditional subtractive
manufacturing. For example, AM can directly produce complex 3D parts without much
tooling and assembly. It is also much more material-saving than conventional
manufacturing since conventional manufacturing mainly uses the subtractive method to
remove materials to reach the desired geometry [3]. Thus, AM has become more essential
in the manufacturing industry. As metals and their alloys are of great importance in human
life, efforts have been paid on the research and development of AM of metals and alloys
[4]. Based on the mechanism and material, the AM process has been classified into seven
categories [5]. There are four major categories associated with metal additive
manufacturing, which are powder bed fusion (PBF), directed energy deposition (DED),
binder jetting (BJ), and laminated object manufacturing (LOM). Among them, PBF and
DED are more commercialized [5]. According to ASTM F3187-16 standard guide for DED
technique [6], the DED process applies an energy source to fuse feedstock metallic
materials by melting during deposition. Metallic materials in powder or wire form are fed

into the melt pool and solidify into a 2D solid layer. The tool path is guided by path
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planning to fill every layer, and the successive layers will be built until a 3D part is achieved
[6]. The laser powder DED process applies laser as the energy source and metal powder as
the raw material feedstock. In this paper, we focus on the laser powder DED, and for
convenience, here we use DED to represent the laser powder DED process. Using
computer-aided design (CAD) tools, a 3D model of a part can be created, and the slicing
algorithm can be used to slice the 3D model into many 2D layers. Figure 1 shows the
schematic diagram of the DED process using powder as feedstock. During the DED
process, a laser beam is applied to create a melt pool, and metal powders are carried and
blown into the melt pool by the inert gas. After the laser moves away, melted powders will
join and cool down to form a solid layer. The laser travels according to the toolpath for

each layer. By repeating this procedure for each layer, a 3D part can be constructed [7].

Powder nozzle

Laser collimator

55

Powder flow
Laser beam

Deposited part

Build direction

Substrate

Figure 1. Schematic illustration of DED to build a 3D part.

During the past decade, typical metal alloys fabricated by DED has been studied.

These alloys include austenitic stainless steels (304/304L [8,9] and 316/316L [10,11]),
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precipitation hardening stainless steels (17-4 PH [12]), nickel-based superalloys (Inconel
718 [13,14] and Inconel 625 [15,16]), titanium alloys (Ti-6Al-4V [17,18,19,20]), etc. DED
and PBF have their own advantages according to their special features. For DED, it is able
to build parts on a non-flat surface while PBF usually needs a horizontal area for powder
spreading. Thus, modification of the curved surface and repairing of damaged parts are
also possible using the DED process [21,22,23]. The part remanufacturing can be
collaborated with reverse engineering to repair damaged parts by constructing a damaged
profile and determine the laser scanning strategy, which will be of great significance in
saving cost on tooling [24,25]. As an in-situ powder feeding process, it has the potential to
fabricate parts without an enclosed chamber [26]. Therefore, the volume of building parts
can be much larger than the PBF process. One more important feature is because of the in-
situ powder feeding process, DED can flexibly create different material compositions from
layer to layer by mixing different powders; however, this is difficult to be realized in PBF.
Therefore, much more metallic alloys with various compositions can be potentially directly
created by taking this advantage of DED. This novel aspect of DED will be the main topic
to review in this article.

Metal powders are the commonly used raw materials and feedstocks in the DED
process. Most of the powders used in DED mentioned in the former paragraphs are pre-
alloyed powders, which indicate that each powder particle is designed with the prescribed
composition. Since the composition is identical in each particle, the composition of the as-
fabricated 3D part made by DED is usually close to constant. However, the cost of
producing pre-alloyed powders are high. Therefore, similar to using cost-effective

elemental powders in powder metallurgy [27,28,29], the idea of mixing elemental powders
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into the desired composition to synthesize alloys is also arisen in the area of AM, especially
for DED. The cost of alloy powder manufacturing can be reduced by using elemental
powders. Also, as each pre-alloyed powder particle has a constant elemental composition,
the possibility of fabricating various types of alloys using DED is limited. If the pre-alloyed
powders are replaced by elemental powder blends, it is possible to fabricate more alloys
with a pre-designed elemental weight percentage or atomic percentage. This replacement
can potentially make a great contribution to the development of novel alloys through the
thorough investigation of different alloy systems. In addition, with the evolvement of
highly automated DED manufacturing systems, the weight composition of multiple
elemental powders can be changed during the manufacturing process by in-situ control of
the feeding rate. Then, a variety of elemental compositions can coexist within a single part,
which can be more functional than homogeneous alloys.

Although a few works have been done using DED to fabricate various alloys, as a
relatively new method in DED, a comprehensive overview of the research progress of DED
using elemental powder blends has not been done. Thus, an overview of the elemental
powder-based DED process can provide new knowledge systems for the metal AM area
and potentially develop new alloys, which can significantly widen the application of metal
AM in the next generation of manufacturing fields. This review paper will summarize the
current research progress in different types of applications via DED and discuss the major
technical challenges and issues that remained in this area in order to provide guidelines for

future studies.
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2. CURRENT STATUS OF DED USING ELEMENTAL POWDER

The typically reported research works in DED using elemental powders can be
generally classified into two categories, which are listed and elaborated in Section 2.1 and
Section 2.2, respectively. Many types of industrial alloys can be potentially fabricated by
mixing the specified composition of elemental powders. Also, conventional alloys can be
flexibly modified by mixing elemental powders with other compositions to get an in-depth
understanding of how a certain element affects the final properties. The study of the effect
of specific elements on the as-fabricated parts will be more direct. With the flexible change
in compositions, various types of alloys with a gradual shift in alloy compositions can be
joined and form functionally graded materials (FGMs). Using DED and elemental powder
blend method can investigate FGMs that are difficult to realize using conventional
manufacturing. Novel alloys, especially high entropy alloys (HEAS), which need more
types of elements, can be fabricated and designed flexibly by the DED process using
elemental powders. Section 3 mainly covers the controlling of the deposition in multiple
aspects. The outlook is discussed in Section 4, while the conclusion is summarized in

Section 5.

2.1. INDUSTRIAL ALLOYS AND INTERMETALLICS

There is a wide variety of alloys that are prevalent in the industry due to their
excellent mechanical properties. However, due to the high manufacturing cost, they are
mostly seen in specific areas. For instance, Ti-6Al-4V is an excellent industrial alloy with

high specific strength and corrosion resistance [30]. However, the cost is high for certain
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industrial areas such as automobile and transportation [31]. Thus, reducing the
manufacturing cost of Ti-6Al-4V is essential to expand the applications. Near net shape
processing, such as powder metallurgy, was reported as a cost-effective approach to
develop and expand the use of titanium alloys [32]. In the area of powder metallurgy, the
elemental powder blend is applied to form titanium alloys and avoid the high cost of pre-
alloyed powders [32]. Based on the elemental powder method applied in powder
metallurgy, blending elemental powder to fabricate alloys has also become a potential
method in powder-based metal AM, such as DED, to reduce the manufacturing cost and
open new perspective research and industrial fields. Until now, several attempts were made
in synthesizing Ti-6Al-4V by a mixture of Ti, Al, and V pure powders via DED.
Differences were found between Ti-6Al-4V fabricated by DED using elemental powder
blends and conventional Ti-6Al-4V. Manufacturing issues were also identified. More
investigation of properties and performances of DED-processed Ti-6Al-4V using
elemental powder blends are needed.

Hua et al., Yan et al., and Chen et al. [33,34,35,36] mixed Ti, Al, and V elemental
powders to fabricate Ti-6Al-4V, which proved the feasibility of making industrial alloys
like Ti-6Al-4V using elemental powders in a cost-effective approach. Apart from Ti-6Al-
4V, Clayton [37] applied pure Fe, Cr, and Ni powders to make Fe-based alloys similar to
stainless steels such as SS316 and SS430. It was found that the Fe-based alloy Fe-17Cr-
12Ni made by elemental powder mixture got similar microstructure and mechanical
properties with SS316. On the other hand, properties of the alloy Fe-17Ni fabricated by
elemental powder mixture was not comparable with the conventional pre-alloyed SS430.

More experimental investigations are needed to reveal the attributes of the difference in
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properties. Similarly, a number of other Fe-, Ti-, and Ni-based alloys in Fe-Cr-Ni and Ti-
Al-V alloy systems can be potentially fabricated by mixing elemental powders with certain
compositions. It is significantly beneficial to the alloy manufacturing industry that using
only a small stock of Fe, Cr, Ni, Ti, Al, and V powders can generate a large number of
alloy combinations.

Some types of intermetallic compounds possess excellent mechanical properties
that could be widely used in various industries. Thanks to the manufacturing flexibility of
the DED process, many hard-to-machine intermetallic compounds can now be fabricated
by new methods. As a wide variety of intermetallic compounds only consist of two metal
elements, mixing elemental powder can be a convenient way to synthesize those
compounds. A couple of intermetallics are attractive for their high wear and corrosion
resistance. For instance, Fe-Al intermetallics possess excellent wear, corrosion, and
oxidation resistance. It can also function in a high-temperature environment.
Conventionally, Fe-Al intermetallics are manufactured by sintering blended elemental
powders. However, this process causes high energy consumption and cost [38]. Therefore,
the DED process was also introduced for the fabrication of Fe-Al intermetallic [38]. Pg¢ska
et al. [39] applied elemental Fe and Al powder to synthesize Fe-Al intermetallics by DED.
The hardness of the as-fabricated samples was very similar to the classically built Fe-Al
intermetallics.

NiTi is a special intermetallic compound with unique shape memory effects and
superelasticity. It is also biocompatible and corrosion resistive [40]. Thus, it is widely used
in structures with shape-changing effect and biomedical implants. Machining is difficult to

process NiTi. To reduce the machining procedure, attentions are paid on near-net shaping
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processes, especially AM. Attempts were made by using the DED process to fabricate NiTi
and pre-alloyed powders were applied in [41,42,43]. As pre-alloyed NiTi powder is
expensive, blending Ni and Ti elemental powder is an alternative way to in-situ synthesize
Ni-Ti alloys and with a variety of composition design. Halani et al. [44] applied the DED
process to fabricate NiTi using elemental powder. Different compositions such as
Ni55Ti45 and Ni50Ti50 in atomic percentage were attempted for the deposition process.
Similarly, Shiva et al. [45] studied the difference among premixed compositions of
Ni45Ti55, Ni50Ti50, and Ni55Ti45. Bimber et al. [46,47,48] conducted works in
fabricating NiTi by DED with elemental powder blends. They built large volume structures
to find out the difference in the secondary phase, compressive properties, and martensitic
transformation temperature regarding the spatial locations. Other works include
comparative studies among DED, SLM, and EBM by Wang et al. [49]. Figure 2 shows the
microstructure of NiTi alloy fabricated by DED in [49]. Different issues were identified in

three metal AM processing methods, which will be discussed in the later sections.

Figure 2. (a) Microstructure and fusion boundary of NiTi alloy fabricated by DED using
elemental powder blends. (b) SEM image of the NiTi alloy with NiTi phase and Ti2Ni
phase. (c) EDS mapping of Ti and Ni [49]. (Reproduced with permission from Elsevier).
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Other types of intermetallics for surface strengthening using elemental powder
mixture for DED were also studied. Most of the works focus on the surface strengthening
of steel and titanium alloy to improve wear and corrosion resistance by synthesizing
intermetallics on the surface. Yu et al. [50] applied elemental Al and Ni powder to
synthesize pure NizAl intermetallic compound coating on 1Cr18Ni9Ti stainless steel.
Effects of laser energy density on tribological behavior and crystallographic orientation
were studied. Wang et al. [51,52,53,54] have fabricated various types of intermetallics for
surface coating applications using laser cladding. Those works include coating TiCo/Ti.Co
on titanium alloy [51], coating TisSia/NiTi2 on titanium alloy [52], and coating Cr3Si on
austenitic stainless steel 1Cr18Ni9Ti by using Cr-Si-Ni elemental powder as the precursor
material [53]. Si was also blended with metal powders to provide intermetallics and
Ni2Si/NiSi on 0.2% C carbon steel [54]. Zhong et al. [55] applied the DED process to clad
WC/Ni hardfacing alloy on 40Cr steel by using W, C, and Ni elemental powder. The in-
situ reaction produced WC hard phase in the Ni matrix for surface wear resistance
improvement. Different dissolution behaviors were observed in W and C/Ni powder within
the melt pool at different locations in the melt pool. The dissolution situation of W, C, and
N depends highly on the local temperature distribution and reheating, which is related to

laser deposition parameters and deposition strategies.

2.2. DEVELOP ADVANCED ALLOYS
Due to the advantage of customization and small-batch manufacturing, the DED
process with blended elemental powders is also a powerful tool for developing novel alloys

and inventing innovative materials [33]. Changes in structure and property of adding
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different types and quantities of elements in an alloy system can be quickly observed by a
small volume deposition, rather than making a large structure using conventional methods.
By adding more alloying elements, the fabrication of advanced alloys such as FGMs,
HEAs, and metallic glass can also be realized. Therefore, using elemental powder will then
create many more probabilities in the field of alloy design in a cost-effective way.

2.2.1. Alloy Modification. Modifying alloys can be flexible by using elemental
powders in DED, as the composition can be customized by varying parts of the elements
or all elements. This method may either solve the difficulty in processing certain alloys or
study the element effects in alloy systems using DED. This advantage can benefit the
development of numerous binary and ternary alloy systems, including, but not limited to
Cu-Ni, Ti-Nb, Fe-W, Ti-Al-Mo, etc. [56,57,58,59] and the development of new alloys. Cu
and Ni are completely soluble, which attracts industrial interests in making Cu-Ni alloys
with both high thermal conductivity from Cu and high mechanical properties from Ni.
Karnati et al. [56] mixed elemental Cu and near-pure Ni powders in different composition
levels, and they all produced solid solutions of Cu-Ni alloys. Li et al. [57] deposited 80W-
20Fe using elemental W and Fe powders, which indicates DED is an effective and novel
method to process W based alloys. Fallah et al. [58] deposited 55 wt.% Ti/45 wt.% Nb in
elemental powder blend on the Ti-6Al-4V substrate to create a compositionally modified
surface layer. Then the biocompatibility of Ti-Nb alloy at the surface can be utilized, and
the cost can be reduced by avoiding manufacturing the entire part using Ti-Nb alloy. Zhang
et al. [59] deposited a series of Ti-2Al-yMo (y =2, 5, 7, 9, 12) to study the Ti-Al-X system

and develop innovative alloys via DED.
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2.2.2. FGMs The elemental powder mixture can be used to modify alloys using
different compositions of elemental powders. The DED process is also a flexible layer-
based AM technique, which can produce different compositions at different locations.
Then, within a certain binary or ternary alloy system, different compositions can be joined
together by taking a proper usage of the DED process in a layer-wise fashion. More
advanced metallic alloys can be designed for multifunctionality, and FGM is a good
example. The concept of FGM originated from applying a graded composition between
two materials with different properties to avoid delamination under extreme loading
conditions at the interface [60]. Compared with selective laser melting (SLM), which is a
laser-based metal additive manufacturing in the category of PBF, one important advantage
for DED is the flexibility of in-situ control of the location-dependent chemical
composition. The flexibility in composition control makes DED an excellent processing
technique for fabricating FGMs [60]. DED can be fully utilized to deposit different
compositions of elemental powder mixtures layer by layer without using complicated
assembly processes in traditional manufacturing. One purpose of fabricating FGMs is to
join two dissimilar pure alloys without a sharp interface [61,62,63,64]. This could be solved
by adding compositionally graded interlayers between pure alloy A and pure alloy B.
Figure 3 illustrates the concept of joining based FGM, and a real deposited sample from
the literature [61] is shown in Figure 4, which joins Inconel 625 and 304L stainless steel

via a compositional gradient.
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Pure Alloy A

Mixture of A and B with

a compositional gradient

Pure Alloy B

Figure 3. FGM joined by pure alloy A and pure alloy B with a compositional gradient.

Inconel 625

Gradient Zone

304L Stainless Steel

Figure 4. (a) Schematic of Inconel 625/304L stainless steel FGM. (b) Image of an Inconel
625/304L stainless steel FGM sample fabricated by DED [61]. (Reproduced with
permission from Elsevier).

In addition, FGMs can be intentionally designed by combining different chemical
compositions at different locations to fabricate multifunctional parts. This type of FGM
has been done in using the DED method to fabricate binary or ternary alloy systems with
a compositional gradient via elemental powder mixture. Banerjee et al. have made a decent
amount of Ti-based binary alloys into FGMs using elemental powders, including Ti-V
[65,66], Ti-Mo [66], and Ti-Ta [67]. Titanium can form o/f alloy systems with many other
metal elements. As seen in Figure 5, a Ti/VV FGM was fabricated by mixing graded Ti/V

composition and the resultant composition gradient varies from 100% Ti on the left to 75
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at.% Ti/25 at.% V on the right side. It is of great interest to apply elemental powder to
study graded titanium alloys and identify their process-structure-property relations since
many Ti-based binary alloys have not been widely considered in the AM category.
Elemental powder mixture will be convenient to check the effect of alloying elements on
microstructure, grain size, and mechanical properties. Those works focused on the
relationship among composition, microstructure, and mechanical properties of Ti-based
binary alloys with a composition change along the graded direction. Here the research in
DED-processed FGMs also helps to establish the process-structure-property relationship
of these promising alloy systems. Ti-Cr [68], Ti-Al [69], Ti-W [70], and Ti-Mo [71]
systems were also investigated. Details are tabulated in Table 1. W element is good for
grain refinement, while Mo does not have a significant refining effect. They also studied
the Ti-Al-V system by varying the composition of V using the elemental powder mixture
of Ti-8Al-xV [72]. Thus, graded ternary alloys can also be fabricated using DED to

systematically study the effect of variation of alloying elements.

Ti - D Ti-25at% V
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Figure 5. Schematic diagram of Ti-25 at.%V FGM alloy fabricated via elemental powder
mixture and the compositional variation vs. distance [65]. (Reproduced with permission
from Elsevier).
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Table 1. Summary of Ti-based FGM alloys fabricated by elemental powder-based DED.

Alloy
Ref. Composition Findings
System
Hardness first increased and then decreased, a
Ti-Mo [66] Ti-25 at.% Mo
combination of grain size and alloy content.
The microhardness initially decreases, then
Ti-Ta [67] Ti-50 wt.% Ta
increases, and finally decreases again.
Hardness and modulus increase with Cr
Ti-Cr [68] Ti-60 at.% Cr
composition.
W has a significant effect of grain refinement
Ti-w [70]  Ti-23wt.% W

across the gradient.

Karnati et al. [73] mixed elemental Cu and Ni powders to create Cu-Ni FGMs based

on the complete solubility in Cu-Ni binary system. After the previous investigation of

mixing Cu and Ni in different compositions, the different compositions were then

combined and fabricated into Cu/Ni FGM. Li et al. [74,75] fabricated a new graded Fe-Cr-

Ni alloy using Fe, Cr, and Ni elemental powders with a gradient in Cr and Ni composition,

as shown in Figure 6. Thus, on the Cr-rich side, the graded system can exhibit excellent

behaviors in corrosion resistance. On the Ni-rich side, the system possesses high plasticity

owing to the large composition of austenite.
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Experimental dataat 773K CT P1: Fe-16Cr-8Ni
Hertzman et al., 2010 1.0 P2: Fe-14Cr-16Ni

P3: Fe-12Cr-23NI
014 <09 Pa: Fe-9Cr-28Ni

MASS_FRACTION NI
Pre-mixed Fe-Cr-Ni Elemental Powder
with the Four Composition Designs

Fe-9Cr-28Ni
Fe-12Cr-23Ni

Fe-14Cr-16Ni

Fe-16Cr-8Ni

Figure 6. Fabricating Fe-Cr-Ni FGM by DED process using elemental Fe, Cr, and Ni
powders [74]. (Reproduced with permission from Elsevier).

2.2.3. Magnetic Materials and Metallic Glass Apart from common structural
alloys, new types of alloy systems with special functions were also studied using elemental
powder blend. Conteri et al. [76] studied a novel magnetic alloy Fe73.5Si13.5B9Nb3Cul.
Based on this study, Borkar et al. [77] synthesized a more complex magnetic alloy with a
gradually changing Si/B ratio. Thus, this new design is also known as a functionally graded
Fe-Si-B-Cu-Nb alloy with magnetic properties. Amorphous (or glassy) metals can be
fabricated using this technique. Manna et al. [78] deposited 94Fe4B2C, 75Fe15B10Si, and
78Fe10BC9Si2AI1C by mixing glass-forming elemental powders on a substrate made by
carbon steel. While in Hou et al.’s work [79], the Fe-based Fe-Cr-Mo-Co-C-B amorphous
alloy was produced according to the weight percentage of

Fe45.8M024.2Cr14.7C07.8C3.2B4.3. The amorphous phase occupied 52.8% of the entire
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volume. The resulted hardness of the deposition has a maximum of 1200 HV0.5, which
shows a significant improvement compared to the substrate that is 200 HV0.5.

2.2.4. HEAs HEA was also proved to be feasible to be fabricated by DED using
elemental powders. HEASs are known to possess high hardness, excellent high-temperature
strength, corrosion resistance, and wear resistance due to the unique multiprincipal element
composition [80]. It is promising for fabricating coating materials on engineering parts for
wear and oxidation resistance. As the flexible mixture of powders from at least five
principal elements, different atomic ratios can be varied to study the element effect on the
as-fabricated HEAs, such as AlxCrCuFeNi [81], where x varies while the atomic
percentage of all five elements are between 5 at.% and 35 at.%.

Coating HEAs on conventional structural alloys are highly attractive due to the
potential high hardness of HEAs. Cui et al. [82] applied DED to coat AICoCrFeNi on AlSI
SS316 using the elemental powders. An intermediate CoFezNi layer was applied between
the AICoCrFeNi HEA coating and the SS316 substrate to avoid cracking. The intermediate
CoFezNi was also synthesized by elemental powder, which has the purpose of providing
an average coefficient of thermal expansion (CTE) that does not differ greatly from the
SS316 substrate and the HEA coating. Chao et al. [83] applied DED to coat AlxCoCrFeNi
on a 253MA steel substrate, where the value of the Al mole fraction x was taken as 0.3,
0.6, and 0.85. Elemental powders were utilized, and the composition change of Al can be
adjusted. The effect of the Al mole fraction on the crystal structure was revealed by material
characterization. Chen et al. [84] varied two types of elements (Al and Cu) to study the
influence on the structure and properties of AlxCoFeNiCuix, where x = 0.25, 0.5, and 0.75.

It was found that crystal structure and hardness varied significantly from 0.25 Al/0.75 Cu
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to 0.75 Al/0.25 Cu. In another work, the hardness of Al alloy was improved by depositing
AlosFeCuo7NiCoCr HEA coating [85]. The average value of hardness reached about eight
times higher than the Al alloy substrate.

In addition, HEAs that possess high erosion and oxidation resistance can be
synthesized by elemental powder mixture. Siddiqui et al. [86] coated AlxCuosFeNiTi HEA
on Al alloy AA1050 by elemental powder blend for erosion resistance. It was stated that
the erosion rate was decreased mainly due to the improved microhardness of tough grains
formed in HEA. The HEA coating using elemental powder is also studied for the
potentially high-temperature oxidation resistance. Huang et al. [87] studied that depositing
TiVCrAISi on Ti-6Al-4V can improve the oxidation resistance of Ti-6Al-4V at 800 °C.

As high temperature fields can be created by the high-power laser beam, some
works that focus on combining a series of metal elements with high melting points to
produce refractory HEAs were also carried out. Dobbelstein et al. [88] produced
TiZrNbHfTa from elemental powder blends for the first time. The mixing was
homogeneous, and a high hardness was achieved. The effect of the mole fraction of one
specific element was also studied. The WxNbMoTa HEA with the composition change in
W was fabricated by Li et al. [89]. The mole fraction x was taken as 0, 0.16, 0.33, and 0.53.
It was found the microhardness increases with the increase in W. Based on the flexibility
in modifying the mole fraction, different HEAs with different mole fractions can also be
fabricated together to make FGMs, which then becomes compositionally graded HEAs. By
taking advantage of FGM, Dobbelstein et al. [90] also fabricated compositionally graded
TiZrNbTa refractory HEAS using elemental powder blends. Gwalani et al. [91] deposited

AlICrFeMoVx compositionally graded HEA, where the mole fraction of V varies from 0 to
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1. The lattice parameter decreased, and an improvement was found on hardness with the
increase in V content. DED with elemental powders was regarded as a high-throughput

method to study the composition-microstructure-hardness relationship of novel HEAs.

3. DEPOSITION CONTROL

In Section 2, major types of alloys which have been fabricated by elemental powder
based DED technique are introduced and discussed. The classification and examples with
the reference are tabulated in Table 2. Using elemental powders to fabricate various types
of alloys using DED is now very promising. However, as a novel technique, there are still
a lot of unsolved issues beyond feasibility studies to popularize this concept. Whether the
composition of the deposited part matches up with the originally designed composition is
a big issue for this technique. Also, the final deposition is expected to be homogeneous. As
the entire feedstock delivery and manufacturing system are highly complex, multiple key
factors should be taken into consideration. The stability and repeatability are of great

importance to promote this process into a new stage in various industries.

3.1. ENTHALPY OF MIXING

Mixing is important to maintain a good homogeneity during the deposition. To
ensure a uniform mixing, the enthalpy of mixing of the system should be negative.
Schwendner et al. [92] used Ti-Cr and Ti-Nb binary elemental powder blend to study the
effect of mixing enthalpy on the homogeneity of mixing. The results showed that Ti-10%Cr

alloy has a negative enthalpy of mixing and has a homogeneous intermixing result within
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the melt pool. While the Ti-10%Nb system has an inhomogeneous mixing and a slow
cooling rate. The mixing of enthalpy can be a useful criterion to guide the design of
chemical elements in the alloy. For some of the alloy systems, the constituent elements are
in the positive enthalpy of mixing, such as Cu-Ni [56] and Cu-Fe, the adjustment of laser
power to generate additional energy for mixture homogenization is needed. For example,
Karnati et al. [56] applied pulse width modulated laser power to induce vibrations in the

melt pool to avoid segregation during the deposition of the Cu-Ni system.

3.2. POWDER DELIVERY

Although using the elemental powder blend is straightforward to understand, the
accuracy of the chemical composition of the as-deposited part is a big challenge. The pre-
designed chemical compositions or elemental composition should match well with the
deposited part. Element deviations are often observed from most of the previously reported
works. Among those works, few of them made an in-depth investigation in this aspect. In
[56], blending Ni and Cu resulted in the part with a 4% error with respect to the pre-
designed composition. In [82], the atomic percentage of Al in AICoCrFeNi HEA was
between 10 at.% and 15 at.%, while the pre-designed atomic percentage was 20 at.%. In
some cases, fabricating the material system with high compositional accuracy is of great
importance. A small composition error can cause a significant change in microstructure,
phase, and mechanical properties. For example, a slight increase in the Mo composition of
Ti-Mo alloy will result in a bimodal distribution of a lath in the f matrix [66]. The control
of chemical composition needs to be solved in order to improve the manufacturing quality

of the elemental DED process and push this method entirely in the industrial applications.
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Table 2. Classification of alloys synthesized by elemental powder-based DED.

Alloy Types Examples Ref.
Industrial Ti-6Al-4V [33,34,35,36]
Alloys Stainless Steel [37]
FeAl [39]
NiTi [44,45,46,47,48,49]
Intermetallics NizAl [50]
Hard Coadings: TiCo, CrsSi, NiSi,
[51,52,53,54,55]
etc.
Ti-based: Ti-Mo, Ti-V, Ti-Ta, etc. [68,69,70,71,72]
FGMs Cu-Ni [73]
Fe-Cr-Ni [74,75]
Magnetic
Fe73.5Si13.5B9Nb3Cul etc. [76,77]
Alloys
Metallic
78Fe10BCISi2AI1C etc. [78,79]
Glass
HEAs AlxCrCuFeNi etc. [81,82,83,84,85,86,87,88,89,90,91]

Powders are the commonly used feedstock material for the DED process. Most of

the previous works applied the method of blown powder blend of pre-mixed elemental

powders to deliver powders into the melt pool with the carrier gas. Since elemental powders

made by different metals are mixed and delivered by carrier gas, the powder properties,
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and flow behavior are important to control. Collins et al. [93] mentioned that powder size
and density could affect the actual composition of the as-deposited part in their work of
fabricating Ti-Al-Mo and Ti-Al alloys. Li et al. systematically studied powder separation
using both numerical and experimental methods [94,95,96]. As the powder mixture is
delivered by the carrier gas, the velocity of each particle mainly depends on its shape,
density, and size. Li performed studies in exploring the powder segregation in the blown
powder DED process with pre-mixed spherical elemental powder as feedstocks, as seen in
Figure 7. The larger the difference in density, the greater the segregation phenomenon will
be. Cu and Al powders were applied for the experimental investigation of the flow
behavior. In the investigation, it was found that significant segregation was observed in un-
sieved powder mixtures without size adjustment. The segregation issue was resolved after
the sieving process under the guidance of the density and size relation. The limitation of
this model is it only works for spherical powder particles. For non-spherical powders, the

flowability will be changed, and more studies are needed.

Al Vol.%

Cu Vol.%
3mm

4mm 4 'S

Figure 7. Investigation of powder segregation between Al powder and Cu powder by
spraying powder mixture on a glue plate and calculating the volume ratio of Al powder
and Cu powder at different locations [96]. (Reproduced with permission from Elsevier).



30
3.3. CAPTURING AND MELTING

When a real deposition is performed, a stream of powder is blown into the melt
pool, and only part of the powder can be captured by the melt pool. The capture rate is also
a factor to affect the chemical composition, as for different types of powders, the
probability of falling into the melt pool also varies. Chen et al. [36] performed an
experiment to investigate the powder capture rate of Ti, Al, and V at different size levels.
For each metal powder, a constant capture rate can be determined, and the corresponding
size level can be picked for the same capture rate. Another perspective for keeping a
constant capture rate for different metal powders is to maintain a constant divergence angle
to maintain a consistent composition before and after deposition. A mathematical model
was worked out by Zhang et al. [97]. The constant divergence is a reflection of constant
speed out of the nozzle. The optimized powder particle size of Ti, Al, and V used to
maintain a constant divergence angle match nicely with Li’s work [94].

The study of the flow behavior by Li et al. [96] revealed the relationship between
powder properties and the avoidance of powder separation. However, it was limited in
powder spray. The actual laser deposition was not performed to check the exact elemental
composition of the as-deposited part. As when an actual deposition is performed, different
metals may have different composition loss due to evaporation. The melt pool capture rate
of powders can also be different. In the research [74,75] of the Fe-Cr-Ni FGM, Li et al.
applied this method and found that the deposition works better when the powder size was
sieved and controlled according to the physical properties of Fe, Cr, and Ni, as shown in
Figure 8. Fe, Cr, and Ni have relatively similar density and melting point, the effect of

evaporation and capture rate will be less obvious. For other combinations with larger
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differences in properties, such as Cu and Al differ greatly in density and melting

temperature, further works should be done for this model extension.
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Figure 8. Element composition control of Fe-Cr-Ni FGM with un-sieved (the upper
figure) and sieved (the lower figure) elemental powder mixture. The FGM fabricated by
sieved powder mixture gives more accurate composition [74]. The percentage indicates

wt.% in this figure. (Reproduced with permission from Elsevier).

Therefore, apart from the flow properties of powder particles, the thermal
interactions are also complex, which may affect the composition, microstructure, and

performance. Metal elements cover a wide range of physical properties such as density,
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melting point, and laser absorption rate. For instance, among engineering structural alloys,
the melting point can span from 600 °C in Al to 3400 °C in W [91]. The energy absorption
rate is also worth considering when a highly reflected element, such as Cu, is part of the
alloy [98]. In SLM work, a refractory HEA comprises of NoMoTaW was deposited [99].
A 3.5% composition deviation was found. Although the element composition of 5%-35%
can all be regarded as HEA, how this deviation can affect the phase evolution and the final
properties are still unknown at this moment. In [90], a new processing of DED was applied
to deposit a functionally graded refractory HEA, which includes a wide range of melting
points. The newly designed process route consists of a low power step to yield low powder
evaporation and a high power step to remelt the previous layer and homogenize the
elements. In Figure 9, Figure 9a,b are single track deposition and deposition track after the
second remelting step, respectively. Figure 9d,e are EDS mapping of elements (Zr, Nb, Ti,
Ta, and the substrate Mo) of Figure 9a,b respectively. From the EDS mapping, it can be
seen that the remelting step strongly homogenizes the refractory elements within the entire

deposition.

Figure 9. Deposition of TiZrNiTa refractory HEA on Mo substrate: (a) Single-track
deposition; (b) Deposition after the second remelting step; (c) Deposition after four
deposition and remelting steps; (d) The EDS mapping of deposition in (a) and (e) The
EDS mapping of deposition in (b) [90]. (Reproduced with permission from Elsevier).
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4. OUTLOOK

Based on the major factors discussed in Section 3, it can be concluded that keeping
an accurate composition in elemental powder deposition is still challenging. Those factors
were partially studies in a couple of previous works. Each factor needs more experimental
and theoretical studies. For blown powder-based DED, it was reported that linearly varying
flow parameters can still result in nonlinear compositional grading and material behaviors
[66]. The model of powder delivery using carrier gas needs to be further improved.
Multiple factors, including the elemental powder properties and the processing parameters,
are quite relevant, and the interactions among them are not negligible. It was reported that
nano-sized powders were applied in high velocity oxygen fuel (HVOF) coating technique
[100], which applies powder spray to fabricate thin layers. The delivery of powders with a
more tiny size can be further studied that the DED process can be extended to more precise
manufacturing applications. For thin layer deposition, preplacing powders on the
processing surface before laser melting is another way to obtain a strong metallurgical
bonding [50,51,52,53,54]. The dilution analysis can be further investigated to control the
resultant phases after the deposition process.

There are very few works that cover the tolerance of chemical compositions of
alloys fabricated by DED using elemental powders. Then, the compositional sensitivity
study can be an important topic to study for the industry to adopt this processing method.
It is worth mentioning that one advantage for elemental powder DED is that the mass loss
due to evaporation can be compensated [36]. For pre-alloyed powders, since all the

particles are in the same composition, if elements such as Mg, Zn, and Al are included, the
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favorable evaporation during the laser processing will change the overall composition. So,
there is a need to compensate for this loss in pre-alloyed powders. However, for elemental
powder mixture, more volatile elements can be prepared in the pre-designed powder
mixture by adding more volatile element powders. Mukherjee et al. [101] listed some
examples of the most volatile elements in some common alloys. Depositing pre-alloyed Ti-
6AIl-4V has a large loss in Al. It was reported the percentage of Al loss in pre-alloyed Ti-
6AIl-4V is higher than Cr loss in Inconel 625. If using elemental powders, various
compositions can be pre-mixed to compensate for easy-to-evaporate alloy elements. An
early compensation study was performed by Yan et al. [34]. During the first experiment,
the pre-designed composition was equal to Ti-6Al-4V, the ideal value. However, the result
gives Ti-5Al-2V. Later, a Ti-8Al-8V composition was pre-designed, and the result matched
well with Ti-6Al-4V. More details for the compensation study in different alloy systems
should be performed in future works, which is a challenging issue. A more mature
relationship between the pre-mixed composition and the deposited composition should be
studied. Another example is NiTi, which is very sensitive when there is a slight deviation
in compositions. There is a need to figure out how to adjust the pre-designed composition
in order to get an acceptable chemical composition.

Apart from obtaining an accurate composition, since the process is layer by layer,
the heating and cooling history varies at different locations. Also, to build a bulk part,
overlaps between tracks cannot be avoided. These are the main features in DED, and the
grain structure and the anisotropic mechanical behavior resulted from the layer by layer
heating and cooling history have been a hot topic. These features in DED lead to highly

dynamic phenomena including dynamic melt pool, particle vaporization, rapid
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solidification and phase transition. In traditional manufacturing processes, highly dynamic
phenomena was found to result in large scattering in mechanical properties [102], and when
it comes to DED, the scattering can be more serious. When the feedstock materials become
elemental powder mixture, the process will subject to more complex changes and may
cause more discrepancies that have not been understood very well. The spatial difference
sensitivity is worth learning, and a comprehensive thermophysical model is needed to
control the temperature heating and cooling to guide the processing.

As a promising technology which uses elemental powders as feedstock materials,
the effect of powder chemistry should be considered in the future study. Powder quality
affects the final deposition, and for the DED process, little has known in this area. Powder
chemistry, such as the composition of oxygen affects the final part of oxidation sensitive
materials such as titanium alloys. Also, the oxidation of powder can induce porosity in the
as-built parts. Karnati et al. [56] found the porosity issue in Cu-Ni FGM when using
elemental Ni powder. A Ni alloy powder with 96 wt.% Ni and a small amount of Si was
used as a substitution of pure Ni powder since Si can consume oxygen and relieve the
porosity issue. Powder recycling is attracting research interest in recent years, which is also
relevant to this area.

Last but not least, other related AM processing methods based on elemental
powders, and the difference between elemental powder-based DED alloys and
conventionally manufactured alloys are also worth further study. Nowadays, many
important industrial alloys, such as Ti-6Al-4V and NiTi can be manufactured by both
conventional methods and AM. The room-temperature mechanical properties of the as-

fabricated Ti-6Al-4V using powder mixture were better than wrought counterparts [33]. In
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AM, selective laser melting (SLM) and electron beam melting (EBM) can also apply
elemental powder mixtures. Wang et al. [49] found out the result of using SLM to fabricate
NiTi alloy through elemental powders was not similar to DED. It was reported that there
was a significant loss in Ti, which resulted in Ni-rich intermetallics as the predominant
phase. The fabrication using EBM was not successful, which shows a low printability.
Mechanisms and parametric study of SLM and EBM can be very different from DED based
elemental powder manufacturing [49]. Studying in this aspect will give more
understanding of the differences between additively manufactured alloys and
conventionally manufactured alloys. It will also figure out more advantages of using
multiple AM techniques to fabricate alloys by elemental powders in the corresponding

industrial area.

5. CONCLUSIONS

In this paper, the current research status of using the DED process to fabricate metal
alloys through elemental powder mixture was summarized based on different types of
alloys, including industrial alloy and intermetallics synthesis, alloy modification, FGMs,
metallic glass, and HEAs. The main issues and challenges are also summarized.

Various types of alloys, including industrial alloys, FGMs, metallic glass, and
HEAs, have been synthesized by DED through elemental powders. Many of those works
show good feasibility, and the mechanical properties of the deposited parts are comparable
to conventionally manufactured alloys. As a new technique, numerous topics are still

unsolved. Main scientific issues like overcoming the entropy of mixing, studying the
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physical and chemical properties of powders, the flow behavior for different metal
powders, and how the laser-material interaction affect the final composition of the as-built
part need systematic and in-depth research. Also, a relationship between the initial
designed atomic or weight composition and the final composition is needed, and it will be
integrated with the knowledge of materials science, dynamics, thermomechanical
interaction, and the manufacturing system. Numerical simulation and more experimental
results can be done in the future, which will significantly extend this new area to the metal
manufacturing industry not only in DED, but also in other AM areas such as SLM and

EBM.
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Il. FABRICATING TINICU TERNARY SHAPE MEMORY ALLOY BY
DIRECTED ENERGY DEPOSITION VIA ELEMENTAL METAL POWDERS

ABSTRACT

In this paper, a TiNiCu shape memory alloy single-wall structure was fabricated by
the directed energy deposition technique with a mixture of elemental Ti, Ni, and Cu
powders following the atomic percentage of Ti50Ni45Cu5 to fully utilize the material
flexibility of the additive manufacturing process to develop ternary shape memory alloys.
The chemical composition, phase, and material properties at multiple locations along the
build direction were studied, using scanning electron microscopy, energy-dispersive X-ray
spectroscopy, X-ray diffraction, Vickers hardness testing, tensile testing, and differential
scanning calorimetry. The location-dependent compositions of martensitic TiNi and
austenitic TiNi phases, mechanical properties, and functional properties were investigated
in detail. Variations were found in atomic compositions of Ti, Ni, and Cu elements along
the build direction due to the complex interaction between elemental powders and laser
processing. Good correlations were present among the chemical composition, phase
constituent, hardness, and feature of phase transformation temperatures at various
locations. The ultimate tensile strength of the as-deposited TiNiCu alloy is comparable
with the previously reported additively manufactured TiNi binary alloys. By adding Cu, a
much lower thermal hysteresis was achieved, which shows good feasibility of fabricating
ternary TiNiCu shape memory alloys, using elemental powders in the directed energy

deposition to adjust the thermal hysteresis.
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1. INTRODUCTION

Additive manufacturing (AM) has become a novel and essential fabrication
method. The layer-based additive feature makes AM more flexible in both geometry and
materials [1]. Directed energy deposition (DED) is an AM process that applies an energy
source to melt raw materials, such as metal powder or wire, and join them into solid parts
[2]. Among various DED-related techniques, laser and powders are commonly used energy
sources and raw materials, respectively [2]. Nowadays, as the manufacturing techniques of
metal powder is improving, various types of metallic materials and industrial alloys have
been made into pre-alloyed powders and thus used in DED, including steels [3,4,5], Inconel
[6,7,8], titanium alloys such as Ti-6Al-4V [9,10,11] and aluminum alloys [12,13]. Apart
from using a single type of pre-alloyed powder in DED, blending multiple types of powders
creates much more possibilities to generate new metallic materials and composites with
more advantages and, at the same time, the cost can be reduced [14]. Examples include
mixing metallic alloy powders with hard ceramic powders, such as TiC, SiC, and WC
[15,16,17,18], to gain high hardness and wear resistance, and blending various types of
elemental metal powders to synthesize industrial alloys and novel alloys, such as
functionally graded alloys and high entropy alloys [19,20,21,22,23,24]. A schematic
diagram for the mechanism of DED using laser and pre-mixed powders is demonstrated in

Figure 1.
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Figure 1. The schematic of laser-based DED with pre-mixed powders as feedstock
materials.

TiNi alloy has attracted much more attention in applications in various engineering
areas due to its unique shape memory effect and superelastic behavior [25,26]. Researchers
have found AM to be a good choice to fabricate TiNi since conventional machining is
challenging [27]. Several previous works attempted to fabricate TiNi alloys via pre-alloyed
TiNi powders [28,29]. Due to the high cost of producing pre-alloyed TiNi powders,
blending Ti and Ni elemental powders has become a novel approach to fabricate TiNi
alloys with more flexibility and low cost [27]. It was reported that a small amount of a third
metal element could be added to design new ternary shape memory alloys [30]. A good
example of metal elements that can act as the third element is Cu. Adding Cu in TiNi alloy
to replace a small portion of Ni attracts interest due to its capability to shorten thermal

hysteresis, which can be more welcomed in the field of actuator fabrication [30].



50

According to the high material flexibility of the DED process, adjusting material
properties by adding a third element in the Ti—Ni system can be carried out in a more
flexible way [31]. However, manufacturing ternary shape memory alloys by DED has not
been extensively reported. Shiva et al. [32] attempted to fabricate TiNiCu ternary alloys
via the DED process with elemental powders, and they compared material properties
among TiNiCu parts with different Cu compositions. However, some special aspects were
not reported in detail in [32]. For DED using elemental powders as feedstocks, it is also
worth mentioning the inhomogeneity of composition, microstructure, phase formation, and
material properties reported in the works of elemental powder-based DED [31]. The DED
process can cause anisotropic material behaviors due to its layer-wise fashion [33], and for
parts fabricated by DED with an elemental powder mixture, the interaction between the
powder mixture and energy is more complex than using pre-alloyed powders [31]. Thus,
the composition of the final as-fabricated part can be location dependent with
compositional deviations [31]. In [32], the location information and the correlation among
chemical compositions, phase, and material behaviors at various locations within an as-
fabricated TiNiCu alloy part were not fully described. Therefore, in this work, we use a Ti,
Ni, and Cu elemental powder mixture to fabricate a TiNiCu ternary shape memory alloy to
find out more about the correlation among the composition, phase, mechanical properties,
and functional properties, which could provide a more comprehensive understanding of the
structure—property relationship in the TiNiCu ternary shape memory alloy, especially when

fabricated by the elemental powder-based DED process.
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2. MATERIALS AND METHODS

2.1. MATERIALS

The feedstock for this DED experimental study is a mixture of near-spherical
elemental Ti, Ni, and Cu powders. The Ti, Ni, and Cu powders were supplied by AP&C,
Atlantic Equipment Engineers, and Royal Metal Powders Inc., respectively. A Hitachi
S4700 scanning electron microscope (SEM) was applied to obtain images of powders.
SEM images of Ti, Ni, and Cu powders are shown in Figure 2. Those powders were
weighted according to the atomic percentage of 50 at.% Ti, 45 at.% Ni, and 5 at.% Cu. The
weighted Ti, Ni, and Cu powders were mixed and homogenized using a Turbula T2F
powder mixer for 20 min. Grade-2 Ti bar with a dimension of 2 x %2 x ¥4 inch was selected
as the substrate material. The deposition was performed on the 2 x % inch horizontal
surface. Before the deposition experiment, the 2 x % inch flat surface was ground by
sandpapers to remove the surface oxidation layer and wiped with acetone to remove dust

particles.

Figure 2. SEM images of elemental powders used in this work: (a) Ti; (b) Ni; (c) Cu.
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2.2. DED FABRICATION
The DED fabrication process in this work was carried out by an in-house developed
laser powder DED system, which consists of a continuous wave fiber laser manufactured
by IPG Photonics with a wavelength of 1064 nm and a maximum power of 1 kW, a
deposition platform controlled by computer numerical control (CNC) with X, y, and z
movements, and a powder feeder designed by Powder Motion Labs. The diameter of the
laser beam was set at 2 mm. During the deposition process, the laser power generated a
melt pool on the solid materials. At the same time, the powder mixture was carried by Ar
gas and delivered through a vertical powder nozzle. A TiNiCu single wall was deposited
by applying the laser beam to travel back and forth with a distance of 30 mm. The laser
power was set at 600 W for the first layer and 400 W for the rest of the layers; the laser
travel speed was 250 mm/min. In the meantime, the powder blend was fed into the melt
pool steadily and continuously. The deposition was performed in an Ar atmosphere. The

average height of the entire single wall is approximately 16 mm.

2.3. MICROSTRUCTURE, ELEMENT COMPOSITION, AND PHASE

After the deposition, a thin piece of the cross-section area of the single wall was
sectioned by wire electric discharge machining (EDM). The build direction (BD) is from
the bottom to the top. In order to analyze the material properties at certain locations, five
specific heights were marked as H1, H2, H3, H4, and H5 along the BD. The detailed
information of the specific locations of the single wall cross-section is illustrated in Figure
3. H1 is a near-bottom location that is 2 mm above the bottom of the TiNiCu single wall,

while H5 is a near-top location with a distance of 16 mm from the bottom. H2, H3, and H4
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equally divide the cross-section from H1 to H5 into four sections. At the region of each
specific height, the chemical composition and phase were studied to reveal the differences

at various locations.

® [ H5 (16mm above bottom)

Building direction ® |<—H3
(BD)

Bottom of i
TiNiCu deposition e ® [<— H1 (2mm above bottom)

Figure 3. Schematic of the location H1, H2, H3, H4 and H5 along the BD.

The cross-section was mounted, ground, and polished using a Buehler EcoMet 250
grinder/polisher. The well-polished cross-section of the single wall was analyzed using an
FEI Helios NanoLab 600 Dual-Beam SEM equipped with Oxford Energy Dispersive
Spectrometer. Both large area and small area energy dispersive spectroscopy (EDS)
analyses were carried out within the cross-section area of the single wall. The large area
EDS analysis was conducted at all five height locations with a rough area of 1 mm2.
Specific small areas were selected within various phases for the EDS spectrum analysis to
determine the composition of Ti, Ni, and Cu. The X-ray diffraction (XRD) technique was
used to characterize the crystal structure. All five locations were analyzed by an X Pert X-

ray diffractometer with a step size of 0.03°.
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2.4. HARDNESS TEST
Vickers hardness tests were performed using a Struers Duramin 5 Vickers hardness
tester equipped with a pyramidal diamond indenter. A thin slice of the TiNiCu single wall
was sectioned and polished for the hardness testing. The hardness measurement was taken
from 1 to 16 mm above the bottom, with an interval of 1 mm. For each measurement, the

indentation load was 1.96 N, and the dwell time was set at 10 s.

2.5. TENSILE TEST

Tensile tests were applied by an Instron 5969 universal testing machine to evaluate
the tensile strength of the as-deposited TiNiCu structure. The type of mini tensile sample
was designed, and more details about this design can be found in the previous work [34].
The sketch is shown in Figure 4. The gauge length of this mini tensile sample design is 3
mm. Samples with the horizontal direction and vertical direction were both prepared by
EDM and tested. Details of the location of sample extraction can be found in the section of
results and discussions. The testing speed (strain rate) was 0.003 mm/mm/s from the start
to fracture. The fracture surface was imaged by the Helios SEM, and discussion was

provided based on the fractographical feature.

119 Unit: mm

b 9.53

Figure 4. The mini tensile sample design.
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2.6. PHASE TRANSFORMATION CHARACTERIZATION
Differential scanning calorimetry (DSC) was used to identify the phase
transformation temperature of the as-deposited TiNiCu at various locations. In this work,
a slice of the cross-section was divided into four sections according to the five location
points. As seen in Figure 3, the four sections marked by the orange color between location
points H1-H2, H2-H3, H3-H4, and H4-H5 are named S12, S23, S34, and S45,
respectively. A TA Instruments Q2000 differential scanning calorimeter was utilized to run
a heating and cooling cycle on each section. The range of the heating and cooling cycle

was from 0 °C to 120 °C, with a constant rate of 10 °C/min.

3. RESULTS AND DISCUSSION

3.1. ELEMENT COMPOSITION AND MICROSTRUCTURE

A picture of the as-deposited TiNiCu single wall structure is displayed in Figure 5.
The as-prepared cross-section of the TiNiCu deposition was analyzed by Helios SEM in
both the element composition and phase distribution. At each location, large area EDS was
applied for element composition study. The atomic compositions of Ti, Ni, and Cu
regarding the location from H1 up to H5 are plotted in Figure 6. From Figure 6, all three
elements have some variations along with BD. Ti and Cu start with a composition higher
than the as-mixed composition in the powder state and decrease gradually when the
location rises. In contrast, Ni begins with a lower composition and gradually increases. At
higher locations, the composition of the three elements becomes much closer to the initial

as-mixed composition Ti50Ni45Cu5. The element deviation at the lower height might be
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due to a combined effect of dilution from the Ti substrate and powder flow rate difference

among different types of metal powders [35].

as-deposited single wall

Ti substrate

Figure 5. Image of the as-deposited TiNiCu single wall on Ti substrate.
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Figure 6. Ti, Ni, and Cu element composition distribution along with the height locations.

SEM images were obtained for detailed analysis in microstructure and phase

composition. Figure 7 is a combination of images of all five locations. Among the ten sub-
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images, Figure 7a,c,e,g,i are SEM images of locations H1, H2, H3, H4, and H5,
respectively. Figure 7a,c,e,g,i shows the overall phase distribution, and Figure 7b,d,f,h,j
shows higher magnified SEM images of a specific region within Figure 7a,c,e,g,i for small
area EDS analysis on phases, respectively.

As shown in Figure 7a,c,e,g, locations H1, H2, H3, and H4 are all dominated by
the light gray phase as the matrix phase and the dark gray phase as the secondary phase,
which disperses within the matrix. In general, it can also be seen that the area covered by
the dark gray phase decreases as the height increases. In Figure 7i, another light phase that
is brighter than the matrix is also detected. In Figure 7b,d,f,h,j, ten areas within these three
types of phases were picked for the EDS analysis. Areas 1, 3, 5, 7, and 9 were selected
within the matrix of five height locations, while Areas 2, 4, 6, and 8 were located inside of
darker secondary phases at the locations H1, H2, H3, and H4, respectively. At the height
of H5, Area 10 was drawn within the brighter secondary phase. All EDS analysis results
of the ten areas are listed in Table 1. In those EDS results, the relation between the atomic
percentage ratio of Ti and the sum of Ni and Cu is noticed. The ratio of atomic composition
Ti/(Ni + Cu) values is close to 1 in all matrices, which reveals that all five matrices are
recognized as the TiNi phase with a small amount of Cu substitution. In Areas 1, 3, and 5,
the matrix Ti composition exceeds 50 at.%, which is considered the Ti-rich TiNi phase,
while matrix phases in Areas 7 and 9 are Ti-poor. Areas 2, 4, 6, and 8 are inside the darker
secondary phase, and their Ti/(Ni + Cu) ratios are all close to 2. Then, the suggested phase
will be the Ti2Ni type intermetallic phase, which includes the Cu that replaces a low

percentage of the Ni as well.
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Figure 7. SEM images of the as-deposited TiNiCu single wall at various locations along
the BD: (a,c,e,g,i)—Locations H1, H2, H3, H4, and H5, respectively; (b,d,f,h,j)—
Locations H1, H2, H3, H4, and H5, respectively with higher magnification for EDS
analysis.
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Table 1. The EDS results of ten selected areas in Figure 7.

Area No.
Ti at.% Ni at.%% Cu at.%
for EDS
1 51.2 38.4 10.4
2 66.3 29.6 4.1
3 51.4 40.9 1.7
4 67.3 30.2 2.5
5 51.0 42.8 6.2
6 64.6 31.5 3.9
7 49.4 45.8 4.9
8 63.9 33.1 3.0
9 48.2 46.2 5.6
10 35.3 42.7 21.9

Area 10 is selected from the inner part of the brighter phase generated at the near-
top location H5 of the single wall. The EDS result in Table 1 gives that Ti at.% = 35.3%,
Ni at.% = 42.7%, and Cu at.% = 21.9%. According to the literature [36], the suggested
phase might be (Cu, Ni).Ti, which is a type of Ti-poor secondary phase. Figure 7j also
shows micro-pores that are less than 1 mm in size. The micro-pores at the upper layer could

be due to the heat accumulation resulting in overheating at the upper layer.
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3.2. PHASE

XRD patterns of five locations are shown in Figure 8. From the bottom to the top,
four phases can be found, including the austenitic TiNi (labeled as A-phase in Figure 8),
martensitic TiNi (labeled as M-phase in Figure 8), intermetallic Ti2Ni, and Ti. The
diffraction peaks of those four phases are labeled using different red markers. At the H1
location, austenitic TiNi, martensitic TiNi, and Ti give a strong signal, which is shown in
Figure 8a. The existence of Ti>Ni can also be found. The presence of the Ti crystal structure
is mainly due to the dilution effect near the bottom of the single wall. In Figure 8b, the Ti
peaks cannot be observed since the impact of dilution is largely reduced. The major existing
phases are austenitic TiNi, martensitic TiNi, and Ti2Ni. Figure 8c demonstrates that
austenite dominates, while the signals of the martensitic TiNi and Ti2Ni become less
obvious. When they go up to locations H4 and H5, as shown in Figure 8d,e, the martensitic
TiNi and Ti2Ni can hardly be observed, and the entirety of the XRD patterns is almost
dominated only by the austenite phase. For TiNi phases, the signal of the austenite phase
starts from weak to strong from the bottom to the top, while the martensitic phase follows
an opposite tendency. At the lower location, the as-deposited structure consists of a
combination of martensite and austenite, while at the higher location, austenite becomes
much more prevalent.

According to the finding in the EDS results, from the bottom to the top, the atomic
composition of Ti within the matrix area varies from Ti-rich (Ti at.% > 50 at.%) to Ti-poor
(Ti at.% < 50 at.%). It was mentioned in a previous research study that Ti-rich TiNi-based
shape memory alloy tends to exhibit a martensitic structure at room temperature since the

temperatures for phase transformation are higher [37]. The transformation temperatures
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will also be discussed in Section 3.5. The decrease in the martensite signal correlates with
the gradual decrease in the Ti atomic composition and the constituent of Ti-rich
intermetallic Ti2Ni along with the BD, which is displayed in Figure 7. Thus, the XRD

results show good consistency with the composition study found in the EDS analysis.

500 800
450 700
a00 = 600
£ 350 ]
=1
3 300 3 500
o ="
‘; 250 - 400
‘2 200 ‘2 300
I 7
£ 130 £ 200
100
50 | 100 4
¢ A—_— 0
30 35 40 45 S0 55 60 65 70 75 80
2 Theta (%) 2 Theta (%)
(a) (b)
1200 1000
1100 A . oA 200 -
1000 A "M
- 800 -
E- 900 ¥ Ti,Ni E
S 800 A *Ti £ 700 A
3 3 600 4
8 700 - 3
< 600 4 < 500 -
‘é 500 A - 400 A
c
g 400 1 g 300 A
£ 300 - gL =
200 4 u . L 200 4
100 A A A A 100 4
0 : : v ; ; v : : T 0 ; - : T : T T T
30 35 40 45 50 55 60 65 70 75 80 30 35 40 45 50 55 60 65 70 75 80
2 Theta (%) 2 Theta (°)
(0) (d)
1100
1000 ®A
900 - e =M
2 s00 4 ¥ TiNi
g *Ti
3 700 A
S 600 4
Z 500 -
E 400 -
£ 300 A
200 A
. [ ]
100 | .* A
30 35 40 45 50 55 60 65 770 75 80
2 Theta (°)
(e)

Figure 8. XRD patterns of five locations: (a) H1; (b) H2; (c) H3; (d) H4; (e) H5.
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3.3. HARDNESS
The Vickers hardness values were tested along the BD across the entire deposition.
The polished surface of the single wall cross-section was indented from 1 to 16 mm above
the TiNiCu/Ti interfacial line (bottom line of the single wall). Hardness measurements are
plotted in Figure 9. In Figure 9, the zero height is set at the TiNiCu/Ti interfacial line. It
can be seen from Figure 9 that, from 1 to 10 mm, hardness values mostly fall into the range
of 200~250 HV0.2, which reflects the hardness of the martensite in the lower region. There
is a tendency of decline in the hardness from 1 to 10 mm within the martensite-rich region.
The decline is due to the decrease in Ti2Ni intermetallics from 1 to 10 mm. The measured
hardness value becomes higher starting from 11 mm, and it increases to > 300 HVO0.2,
which corresponds to the hard austenite-dominated regions [29]. The increase in hardness
at higher levels reflects the formation of the Ni-rich austenite phase since the matrix

becomes Ti-poor at the location H4, which is 12.5 mm above the interface.
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Figure 9. Vickers hardness distribution along the BD.
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3.4. TENSILE TEST
Mini tensile samples were extracted along the horizontal (parallel to the substrate
surface) and vertical direction (parallel to the BD). For the horizontal one, the entire sample
is mainly included in the region of 8~12 mm above the interface. The vertical one spans
from 13.5 to 3.5 mm above the bottom. Then, the gauge length of the vertical sample
locates in the range of 7~10 mm. To avoid sample misalignment, mini tensile samples need
a preload at the beginning of the test, which can also be found in previous works [38]. All
tensile tests were carried out at a constant strain rate of 0.003 mm/mm/s until the sample
fracture finally occurred. The stress and strain data points were collected and plotted as

stress—strain curves, shown in Figure 10.
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Figure 10. Stress—strain curves: (a) Horizontal tensile sample; (b) vertical tensile sample.

The stress—strain curves of both horizontal and vertical samples are recorded and

plotted in Figure 10, where the horizontal and vertical samples correspond to Figure 10a,b,



64
respectively. The ultimate tensile strength (UTS) values of the horizontal sample and the
vertical sample are 622 MPa and 447 MPa, respectively. The two curves are different in
feature mainly due to their different compositions of martensite and austenite. The concave
part of the vertical sample at the tensile strain range between 0.01 and 0.05 indicates the
martensite reorienting stage [39], while the horizontal sample includes less martensite; this
plateau region is not found obviously.

The SEM images of the fracture surface of the fractured samples are listed in Figure
11, where Figure 11a,b indicates the horizontal sample and Figure 11c,d represents the
vertical sample. The fracture surface in Figure 11a,b,d shows the mix mode of the fracture
with both dimple-like features and microcracks within the fracture surface image. The
ductile feature is due to the ductile matrix, while the defects and secondary phases can
cause microcracks under tensile loading and finally result in brittle fracture. Figure 11c
shows brittle features. The martensite-rich vertical sample shows a lower UTS and mostly
brittle fracture at the fracture surface. The strain value at the fracture point of the vertical
sample is also lower than the horizontal sample. On the fracture surface of the vertical
sample, more pure brittle fracture regions can be found, such as that shown in Figure 11c.
The vertical sample displays more brittle features and a lower UTS result, as it includes
more Ti2Ni secondary phases along the direction of BD.

Researchers in [40,41] fabricated DEDed TiNi binary alloy parts through elemental
powder blend, and the UTS values of 250 MPa and 320 MPa were obtained, respectively.
The fracture shows brittle features in [40]. While in [42], TiNi was built by DED with pre-
alloyed TiNi powder, and the UTS exceeds 700 MPa. Some other available reported UTS

values of TiNi using selective laser melting (SLM) and wire arc additive manufacturing
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(WAAM) include 601 MPa (SLM [43]), 690 + 15 MPa (SLM [44]), and 571.4 + 18.6
(WAAM [45]). These reported data are tabulated in Table 2 for comparison. Therefore,
this work obtains a much higher UTS value among DED works using an elemental powder
blend, and it is comparable with the TiNi binary alloys fabricated with AM processes other
than DED. In addition, it can still be improved when comparing with DED works with pre-

alloyed powders.
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Figure 11. Fracture surface of the fractured tensile sample under SEM: (a,b) Horizontal
sample; (c,d) vertical sample.
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Table 2. Comparison of UTS of current work and other published AM TiNi alloys.
UTS (MPa) AM Processing Methods Ref.

622 for the horizontal sample
DED (elemental powder) This work
447 for the vertical sample

250 DED (elemental powder) [40]
320 DED (elemental powder) [41]
780 DED (pre-alloyed) [42]
601 SLM [43]
690 + 15 SLM [44]
571.4 +18.6 WAAM [45]

3.5. DSC PHASE TRANSFORMATION ANALYSIS

The DSC exothermic/endothermic graphs of four different sections are shown in
Figure 12a—d. For each section, the procedure was set as a heating and cooling cycle:
heating to 120 °C from 0 °C with a constant heating rate of 10 °C/min (the lower part of
each graph), and then cooling back to 0 °C with a constant cooling rate of 10 °C/min (the
upper part of each graph). Peaks appear during the heating and cooling process, which
reflects the heat absorption or release between martensite and austenite phase
transformation. From Figure 12a-c, it can be observed that sections S12, S23, and S34
have one martensite-to-austenite (M—A) peak during heating and one austenite-to-
martensite (A—M) peak during cooling, while no peak can be observed between the given

temperature range in S45.
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The characteristic temperatures of S12, S23, and S34, including the austenite
starting temperature (As), austenite finishing temperature (As), austenite peak temperature
(Ap), martensite starting temperature (Ms), martensite finishing temperature (Ms), and
martensite peak temperature (M) are determined from DSC graphs in Figure 12a—c. All of
the phase starting and finishing temperature points were determined by the tangent method.

These characteristic temperatures are all labeled in each DSC graph.
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Figure 12. DSC heat flow—temperature curves of TiNiCu at four sections: (a) Section
S12; (b) Section S23; (c) Section S34; (d) Section S45.
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From Figure 12a-c, it can be found that S12, S23, and S34 experience
transformation during the heating and cooling temperature. In contrast, no transformation
can be found in S45 in the given temperature range. This indicates that S12, S23, and S34
include the martensite TiNi phase before heating, while almost no martensite exists in S45.
S12, S23, and S34 exhibit some portion of the martensite phase at room temperature (~25
°C) since their values of Ms and As are all higher than room temperature. For S45, it can
be inferred that the martensite transformation may occur at a low temperature that is lower
than 0 °C. Therefore, at room temperature, S45 consists of almost all austenite. This agrees
well with what is found in the aforementioned XRD results. In XRD results, no strong
diffraction pattern of the martensite phase can be detected in locations H4 and H5. From
Figure 12a—c, peak widths of M—A: |A+As|, and A—M: [Ms—Mg| can also be determined.
The relation of peak widths among S12, S23, and S34 is S12 < S23 < S34. The temperature
range for the phase transformation becomes longer when the location gets higher, which
shows that the homogeneity of martensite is the highest at location H1, and it follows a
descending trend when going up along the BD direction [42].

Adding Cu to replace a certain atomic number of Ni was reported to be able to
reduce the thermal hysteresis, which is usually defined by the difference between Ap and
Mp [46], or the difference between Afr and Ms [47]. In this work, the thermal hysteresis
calculated by |A,—Mp| of these three sections can be found for S12 (11 °C), S23 (12 °C),
and S34 (16 °C). Peak widths and hysteresis of S12, S23, and S34 in this work are
summarized in Table 3. Several previously reported thermal hysteresis values of TiNiCu
alloys and additively manufactured TiNi alloys have been collected and listed together with

S12, S23, and S34 in Table 4 for comparison.
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Table 3. Peak width and hysteresis of Sections S12, S23, and S34.

Section |[Ms—M| (°C) |A—As| (°C) |Ap—Mp| (Hysteresis) (°C)
S12 10 8 11
S23 12 17 12
S34 27 28 16

Table 4. Comparison of thermal hysteresis of TiNiCu and TiNi.

Material Type Processing Hysteresis (°C) Ref.
DED 11~16 This work

Plasma skull push—pull 21.1 [30]

TiNiCu Vacuum arc melting 23.8~30.6 [46]

Ingot metallurgy 5~19 [47]

Magnetron sputtering 9 [49]

DED 35.3~45.9 [50]

SLM 30 [51]

TiNi
SLM 28 [44]
Powder metallurgy 30~36 [52]

The thermal hysteresis of TiNi is mostly within the range of 25~40 °C [48], as seen
from the TiNi binary alloys listed in Table 4 by both AM and non-AM methods. Table 4

indicates that most reported hysteresis values of TiNiCu ternary shape memory alloys by
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various non-AM techniques are below 25 °C. There is very little reported hysteresis of
TiNiCu by AM so far, and in this work, the TiNiCu fabricated by elemental powder-based

DED reaches a much more narrow range of 11~16 °C.

4. CONCLUSIONS

In this work, a TiNiCu ternary shape memory alloy single-wall structure was
fabricated by the DED process through an elemental powder mixture. As AM is a layer-
based manufacturing technique and the elemental powder mixture is a novel concept in
AM, the single-wall structure was equally separated into five location points along the BD
to perform comprehensive material characterization on the chemical composition, phase,
mechanical properties, and functional properties with regard to various locations of
interest. The main conclusions are summarized below:

For the overall element composition along the BD, at the upper locations, the
compositions of the three elements are much closer to the as-mixed composition. The small
area EDS analysis results show that all matrix phases are TiNi phases, where a small
portion of Ni atoms are replaced by Cu. At the lower locations, the main secondary phase
is Ti2Ni. The Ti2Ni composition decreases when the location goes up due to the decrease
in the Ti element composition. At the top of the as-deposited single-wall structure, a small
amount of the Ni-rich secondary phase exists where the Ti composition decreases to
slightly below 50 at.%.

The XRD patterns indicate the increase in austenite TiNi and the decrease in

martensite TiNi from the bottom to the top, which is related to the changing of the
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compositions of Ti and (Ni + Cu). The variations in the martensitic TiNi and austenitic
TiNi compositions agree well with the atomic compositions of Ti and (Ni + Cu). The
average Vickers hardness at the martensite-rich area (200~250 HV0.2) is lower than the
austenite-rich area (300~450 HV0.2), which also matches the XRD results well.

The UTS of the as-deposited TiNiCu tensile sample reaches 622 MPa along the
horizontal direction in the area with less of the martensite phase. The vertical sample that
includes martensite-rich areas within the gauge length gets a UTS of 447 MPa, and the
strain at the fracture is also lower than the horizontal sample. The UTS values of both are
comparable with other AM-based TiNi binary alloys.

Strong martensite—austenite transformation signals are witnessed from the DSC
results in sections S12, S23, and S34 within the 0~120 °C temperature range, which reflects
a good phase transformation response at room temperature. The three sections’ thermal
hysteresis values are much smaller than AM-based TiNi binary alloys. These results agree

well with reducing thermal hysteresis by adding Cu in the Ti—Ni binary system.
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1. TINI-BASED BI-METALLIC SHAPE-MEMORY ALLOY BY LASER-
DIRECTED ENERGY DEPOSITION

ABSTRACT

In this study, laser-directed energy deposition was applied to build a Ti-rich ternary
Ti—Ni—Cu shape-memory alloy onto a TiNi shape-memory alloy substrate to realize the
joining of the multifunctional bi-metallic shape-memory alloy structure. The cost-effective
Ti, Ni, and Cu elemental powder blend was used for raw materials. Various material
characterization approaches were applied to reveal different material properties in two
sections. The as-fabricated Ti—Ni—Cu alloy microstructure has the TiNi phase as the matrix
with Ti2Ni secondary precipitates. The hardness shows no high values indicating that the
major phase is not hard intermetallics. A bonding strength of 569.1 MPa was obtained by
tensile testing, and digital image correlation reveals the different tensile responses of the
two sections. Differential scanning calorimetry was used to measure the phase-
transformation temperatures. The austenite finishing temperature of higher than 80 °C was
measured for the Ti—-Ni—Cu alloy section. For the TiNi substrate, the austenite finishing
temperature was tested to be near 47 °C at the bottom and around 22 °C at the upper
substrate region, which is due to the repeated laser scanning that acts as annealing on the
substrate. Finally, the multiple shape-memory effect of two shape-memory alloy sides was

tested and identified.
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1. INTRODUCTION

Joining different metal alloys into a single bi-metallic component can realize a wide
variety of combinations with excellent material properties [1,2,3], and the joining of bi-
metals is necessary in many industrial environments where different properties are needed
at different locations [3]. The directed energy deposition (DED) additive manufacturing
(AM) process has become an important approach to realize various types of metal joining
and metal repair since strong metallurgical bonding can be achieved [4,5,6]. So far, DED
has been used in various applications including metal joining and part repairing [2,6,7,8].
Also, since the AM process has a high degree of freedom for the spatial distribution of both
geometry and material compositions, it can be much more flexible in developing more
novel alloy structures [9,10]. Typical works using DED to join similar or dissimilar alloys
include steels, Ti alloys, Ni-based superalloys, and Cu alloys. Sahasrabudhe et al. [2] joined
SS410 with Ti-6Al-4V to obtain a high application temperature at the Ti-alloy end and the
economic corrosion-resistive steel end. Jones et al. [11] applied DED for the manufacturing
of steel-Inconel bi-metallic structures. Zhang et al. [12] used DED to join steels and Cu in
order to obtain both high strengths from steel and high thermal conductivity from Cu.
Functionally graded structures and interlayers can also be used for joining two dissimilar
alloy parts by DED, which benefits from the flexible nature of the additive process
[13,14,15].

Shape-memory alloy (SMA) is a type of smart metallic material that is able to
demonstrate different shapes at different temperatures and memorize its original shape

through austenite-martensite phase transformation [16,17]. TiNi alloy is a popular metallic
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material that can demonstrate shape-memory effects [17,18,19]. For TiNi alloys, it has
been found that their phase-transformation temperature (TT) can be changed by adjusting
the chemical composition and processing methods [17,20]. Therefore, the TTs of TiNi
alloy can cover a wide temperature range for multiple functions [20]. Also, if different
types of TiNi SMAs can coexist in a single component, it will obtain more unique and
attractive multiple shape-memory behaviors. For example, Khan et al. [21] flexibly applied
a laser to TiNi alloys to generate a discrepancy between laser-affected areas and created
location-dependent TTs within a single part. Nematollahi et al. [22] applied selective laser
melting (SLM), a powder-bed-based AM process, to build a graded TiNi SMA by changing
the processing parameters at two different sections. For DED, by taking advantage of the
flexible capability in similar or dissimilar joining, SMAs with multiple shape-memory
behaviors can also be combined using DED to demonstrate more functions. Most of the
aforementioned DED processes used for metal joining focused on improving the
comprehensive mechanical, structural, and thermal properties. However, the joining effect
and shape-memory behavior after joining two different types of TiNi-based SMAs using
DED have not been widely reported.

For DED, both the feedstock SMA materials and the substrate SMA materials can
have a wide range of selections. In this paper, we applied the DED approach to join two
different TiNi-based parts into a bi-metallic SMA in order to exhibit multiple shape-
memory behaviors. A Ti-rich ternary Ti—-Ni—-Cu SMA was deposited on a near equiatomic
binary TiNi alloy to realize the bi-metallic SMAs, which were joined by two SMA parts
with different element types, element compositions, and processing methods. A small

amount of a third element can be applied to create more applications [23], such as by adding
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Cu to replace a small portion of Ni, Ti-Ni—-Cu SMA can obtain narrower hysteresis and
potential applications in the biomedical field [24,25]. The Ti—-Ni—Cu ternary SMA was
fabricated by the powder mixture of Ti, Ni, and Cu elemental powders. The elemental
powder mixture was used as an alternative form of raw materials other than pre-alloyed
powders [26,27]. The SMA with an as-mixed atomic composition of Ti—45at.%Ni—
5at.%Cu was fabricated by elemental powders in [28,29] with titanium as the substrate
material. In this work, more details will be studied on using elemental powder DED to
build Ti-Ni—Cu/TiNi bi-metallic alloys. The joining effect at the interface, the bonding
strength, and the multiple functional behaviors from different sections of SMA will all be

evaluated.

2. MATERIALS AND METHODS

In this work, a Ti-rich Ti-Ni—Cu alloy single-wall structure was deposited on a
TiNi substrate by a DED processing system mainly including a laser system, a CNC-
controlled moving stage, and a powder feeder. Near spherical Cp-Ti powder (AP&C,
particle size 53~150 pm), Ni powder (Atlantic Equipment Engineers Inc., Upper Saddle
River, NJ, USA, particle size —100/+325 mesh), and Cu powder (Royal Metal Powders
Inc., Maryville, TN, USA, average particle size 110 um [12]) were mixed with the atomic
composition of Ti/Ni/Cu = 53/44/3 to create a Ti-rich composition that is different from
the TiNi substrate. We use Ti—Ni—Cu alloy to represent this Ti—44at.%Ni—3at.%Cu ternary
SMA that was deposited and studied in this paper. The powder blend was homogenized

using a Turbula T2F mixer for 0.5 hr. The substrate material is near-equiatomic TiNi binary
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SMA bar material purchased from Kellogg’s Research Labs (New Boston, NH, USA),
which was cut to size, 25 mm x 10 mm x 5 mm. The Ti—Ni—Cu alloy single-wall deposition
strategy on the TiNi substrate is illustrated in Figure 1a. The substrate was fixed by a vise
on the moving stage, and the single wall structure was deposited on the surface of 25 mm
x 5 mm of the substrate. An IPG Photonics CW fiber laser with a 1064 nm wavelength was
used in this work to create a melt pool on the substrate. The spot size was adjusted and
fixed at approximately 2.5 mm. A powder nozzle was used to feed powders into the melt
pool and the nozzle was 10 mm above the substrate surface. The moving stage followed a
single track and multilayer toolpath. The toolpath consists of uniform +Y direction and —Y
direction movements with no dwell time for multiple cycles. Between each change in the
Y direction, the stage dropped down vertically by one increment, which represents the layer
thickness. The travel speed for the stage in the +Y and —Y directions was 250 mm/min.
During the traveling guided by the toolpath, the Ti, Ni, and Cu powder mixture was
delivered into the melt pool through the powder nozzle by the powder feeder supplied by
Powder Motion Labs. Solid layers build up along the Z direction as seen in Figure 1a,b,
which is called the building direction (BD). The laser power was set at 600 W at the first
layer and 400 W for all the remaining layers. A total of 60 layers were deposited, and the
dimension of the DED Ti—Ni—Cu alloy along the Y direction (long direction) is 25 mm,
whereas the total deposition height of the Ti—Ni—Cu alloy is 10 mm. The entire process

was carried out within an argon atmosphere to minimize the oxidation effect.
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Figure 1. (a) The schematic of joining bi-metallic SMA using DED in this work. (b)
Image of the XZ-plane cross-section of the bi-metallic structure including the TiNi
substrate and the DED Ti—Ni—Cu alloy. The bottom line of the substrate has been marked

as Z = 0. The Z height of the interface and the top point are 10 mm and 20 mm,
respectively.

The cross-section of the 10 mm tall Ti—-Ni—Cu alloy single wall joined with the 10
mm tall TiNi substrate was cut off by wire-EDM and was prepared for material
characterization, including microstructural, functional, and mechanical testing and joining
evaluation. A sample from the cross-section along the XZ-plane of the bi-metallic structure
was prepared by following the metallographic specimen preparation steps using a Buehler
EcoMet 250 grinder-polisher in order to observe the microstructure through microscopes.
The sample was mounted by epoxy and ground using SiC sandpapers from 320 grit to 1200
grit. After grinding, the sample was then polished by 9 um, 6 um, 3 um, 1 pum diamond
suspension, and 0.05 um colloidal alumina. After polishing, the sample was etched using

Kroll’s reagent (2 mL HF, 6 mL HNO3, and 92 mL distilled water) by swabbing the surface
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for 30 s. Optical microscopic imaging was done on the sample by a Hirox KH-8700 optical
microscope (OM) (Hirox Co., Ltd., Tokyo, Japan). High-resolution electron microscopic
imaging and energy-dispersive spectroscopy (EDS) analysis were performed by a Thermo
Fisher Scientific Helios Hydra CX scanning electron microscope (SEM) (Thermo Fisher
Scientific, Waltham, MA, USA) and a Helios NanoLab 600 SEM (Thermo Fisher
Scientific, Waltham, MA, USA).

Figure 1b is an OM image of the well-polished cross-section of the bi-metallic SMA
structure. To determine the locations, the bottom point of the TiNi substrate is marked as
Z = 0. Correspondingly, the interfacial line and the top point of the DED Ti—Ni—Cu alloy
single wall are marked as Z = 10 mm and Z =20 mm, respectively. Vickers hardness values
of both the DED Ti—Ni—Cu alloy part and the TiNi substrate were measured by a Struers
Duramin-5 Vickers hardness tester. According to the Z coordinate shown in Figure 1b,
Vickers hardness testing was conducted at a height fromZ=1mmtoZ =19 mmwitha 1
mm interval. For each height, three indentations were taken, and the average hardness of
each height was calculated. Each indentation used a load of 1.96 N and a dwell time of 10
S.

The bonding strength between the Ti—Ni—Cu alloy part and the TiNi substrate was
measured by uniaxial tensile testing via an Instron 5969 universal testing machine (Instron,
Norwood, MA, USA) and analyzed by the digital image correlation (DIC) technique.
Figure 2a shows the sketch of the miniature tensile specimen that was developed to study
mechanical behaviors of small size materials. The gauge length of the specimen is 3 mm,
and the thickness is 1 mm. More information can be found in a previous study [30]. A 10

kN load cell was applied for the testing of the miniature tensile specimen. The crosshead
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speed was controlled to maintain the strain rate at 0.003 mm/mm/s during the tensile test.
Figure 2b displays the camera setup for DIC during the tensile testing. The following

fracture surface analysis was also conducted using the Helios Hydra CX SEM.
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Figure 2. (a) The sketch of the miniature tensile specimen design. (b) The camera setup
for DIC.

Differential scanning calorimetry (DSC) was used for studying the TTs of various
sections of the as-deposited Ti—Ni—Cu/TiNi bi-metallic structure using a TA Instruments
Q2000 differential scanning calorimeter (New Castle, DE, USA) with a ramping
heating/cooling rate of 10 °C/min. Apart from DSC, the shape-memory effect of the as-
deposited bi-metallic SMA was tested by recording the shape recovery on a hot plate with

changing temperatures.
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3. RESULTS AND DISCUSSIONS

3.1. MICROSTRUCTURAL CHARACTERIZATION

Figure 3 shows the micrographs of the as-deposited Ti—Ni—Cu alloy. Figure 3a is
an OM image of the interface between the DED Ti—Ni—Cu alloy and the TiNi substrate. A
clear interfacial line can be observed and no gas pores and cracks are found near the
interfacial line, which indicates a good interaction between the powder flow of the first
layer and the substrate materials within the melt pool. Figure 3b is obtained from the Ti—
Ni—Cu alloy section, where darker phases distribute within the matrix and form a columnar
microstructure. With the assistance of SEM/EDS, higher magnification images are
acquired and shown in Figure 3c,d. In Figure 3c, EDS points analysis was performed within
both the matrix (Point 1) and the dark minor phase (Point 2). The atomic compositions
from the EDS analysis of Point 1 and Point 2 are listed in Figure 3c. It can be seen that in
the dark phases, the atomic composition of Ti is twice the atomic composition of (Ni +
Cu). Therefore, the dark minor phases are Ti>Ni intermetallics, which are marked in Figure
3b. The composition of Point 1 indicates that the matrix is Ti-rich TiNi with a Ti atomic
composition of about 51.5 at.% and a small number of Cu atoms to replace the Ni atoms.
The high magnification image of Figure 3d clearly shows the martensite twinning structure
and dark TizNi particles. Large-area EDS analysis was also performed at heights of Z = 10
mm, 12 mm, 14 mm, 16 mm, and 18 mm of the Ti—-Ni—Cu alloy section. The average
atomic composition of the five heights measured by EDS is Ti (52.1 + 0.5) Ni (43.3 £ 0.9)
Cu (4.6 £ 0.4). The fluctuation of Ti, Ni, and Cu compositions among the five heights is

much lower than the former work that deposited Ti—45at.%Ni—5at.%Cu alloy on the
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titanium substrates [29]. The dilution from the TiNi substrate in this work has less influence
on the as-deposited section. The SEM image of the interfacial region is demonstrated in
Figure 4a. Figure 4b—d are the EDS mapping of the Ti, Ni, and Cu elements. It can be seen
that the Cu signal is much weaker below the interfacial line; however, there is not a
significant change in the signal of Ti and Ni between the area above and below the
interface, since the compositions of Ti and Ni within the Ti—Ni—Cu alloy and TiNi substrate
are similar. The Ni signal shows a gradual and slight decrease from the TiNi substrate area
to the Ti—-Ni—Cu alloy area since the atomic composition of Ni in the substrate is a little

higher than the Ti—Ni—Cu alloy.

at% Ti Ni Cu
Point1 515 428 57

Point2 644 332 24

Figure 3. Microstructural features of the as-deposited Ti—Ni—Cu SMA. (a) Interfacial
region between the DED Ti—Ni—Cu SMA and the TiNi substrate. (b) Microstructure of
TiNi matrix and Ti2Ni. (c) EDS point analysis of TiNi matrix and Ti2Ni. (d) Twinning

structure of martensitic TiNi phase.
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Figure 4. (a) Interface between the DED Ti—Ni—Cu alloy and the TiNi substrate. (b)
Element mapping of Ti. (c) Element mapping of Ni. (d) Element mapping of Cu. Notice
that the intensity of the Cu signal from the Ti—Ni—Cu alloy above the interfacial line is
much stronger than the area within the TiNi substrate below the interfacial line.

3.2. HARDNESS DISTRIBUTION

Vickers hardness distribution from Z =1 mm to Z = 19 mm with a 1 mm interval
is plotted in Figure 5. Figure 5 shows the average hardness of the three indentations at each
Z height. It can be seen that the Vickers hardness distribution from bottom to top shows
typical low hardness (200~300 HVO0.2) of the entire cross-sectional area along the Z
direction of the bi-metallic structure. It was reported in [31] that the hardness of the
intermetallic Ti2Ni phase could be as high as 700 HV. Thus, the low hardness reflects that
the major phase of this bi-metallic structure is the TiNi phase, and the Ti>Ni intermetallic

phase is the dispersive secondary phase in the as-deposited Ti—Ni—Cu alloy section due to
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the rich atomic composition of the Ti element. Almost all of the average hardness values

of the DED Ti-Ni—Cu alloy (above Z = 10 mm) are within the range of 200~250 HV0.2.

Within the substrate, from Z =1 mm to Z = 9 mm, an obvious difference in the average

hardness value can be observed between the lower half of the substrate and the upper half

of the substrate. The average hardness values of the lower half of the substrate (Z < 6 mm)

are closer to 300 HV0.2. The hardness also obtains a higher value at the location of Z = 10

mm, which could be due to the local mixing of the Ti, Ni, and Cu elements between the

TiNi substrate and the first layer of DED Ti—Ni—Cu alloy that might result in a local small

composition deviation in the TiNi matrix compared to the original TiNi substrate.
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Figure 5. Vickers hardness distribution from the bottom of the TiNi substrate to the top of
the DED Ti—Ni—Cu alloy. Notice that the lack of high hardness value from the hard
intermetallics indicates that the major phase is the TiNi phase. Relatively higher hardness
values can be observed at the lower section of the substrate fromZ=1mmto Z =5 mm

and at the point of Z = 10 mm near the interface.
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To obtain more information related to the Z-height-dependent hardness value, the
sample sectioning plan for the following DSC analysis is designed according to the dashed
boxes in Figure 1b. From bottom to top, they are the lower part of the substrate (SL, Z
height: 0~3 mm), the middle part of the substrate (SM, Z height: 3~5.5 mm), the upper part
of the substrate (SU, Z height: 5.5~8 mm), the interface including both the substrate and
the bottom region of the DED Ti-Ni—Cu alloy (IN, Z height: 8~12 mm), the lower part of
the DED Ti—-Ni—Cu alloy (DL, Z height: 12~16 mm), and the upper part of the DED Ti—
Ni—Cu alloy (DU, Z height: 16~20 mm). In this way, the phase-transition behaviors of
samples SL and SM represent the lower half region of the substrate with higher average
hardness, and sample SU reflects the upper half region of the substrate with lower average

hardness.

3.3. PHASE TRANSFORMATION

DSC results in all six different sections: DU, DL, IN, SU, SM, and SL, according
to Figure 1b, are demonstrated in Figure 6 from Figure 6a—f, respectively. Each DSC curve
consists of a heating and cooling cycle with peaks that indicate the austenite formation
during heating and the martensite formation during cooling. Typical characterization
temperatures, including martensite starting temperature (Ms), martensite finishing
temperature (Ms), austenite starting temperature (As), and austenite finishing temperature
(Ay), are determined by the tangent method [32] as shown in the DSC curve of sample DU
in Figure 6a. Austenite peak temperature (Ap) and martensite peak temperature (Mp) are

also included.
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Figure 6. DSC heating—cooling curves of the six regions (marked in Figure 1b) of the as-
deposited bi-metallic SMA. (a) The upper part of the DED Ti—Ni—Cu alloy (DU). The
characterization temperatures: austenite starting temperature (As), austenite peak
temperature (Ap), austenite finishing temperature (Asf), martensite starting temperature
(Ms), martensite peak temperature (Mp), and martensite finishing temperature (M) are
labeled. (b) The lower part of the DED Ti—Ni—Cu alloy (DL). (c) The interfacial region
(IN). Notice that there are two distinctive phase-transformation peaks during heating and
cooling from Ti—Ni—Cu alloy and TiNi substrate, which are marked by dashed boxes. (d)
The upper part of the substrate (SU). (e) The middle part of the substrate (SM). (f) The
lower part of the substrate (SL).
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Table 1 summarizes the As of all sections. Figure 6 shows that the Ti-rich upper Ti—

Ni—Cu alloy shows a higher austenite finishing temperature At. As for the sections DU and
DL, the TiNi matrix is highly Ti-rich and the As reaches higher than 80 °C. The DSC curve
of the IN sample with the interface has two distinctive peaks both during heating and during
cooling in Figure 6¢, which are marked by dashed boxes. The high-temperature peaks come
from the Ti-rich Ti—Ni—Cu alloy portion above the interface, whereas the low-temperature
peaks are due to the equiatomic TiNi substrate below the interface. So, after the joining by
DED, both phase-transformation behaviors of the two sections near the interface can still
be clearly illustrated in DSC. For the substrate, at the upper part of the substrate, which
includes the lower half of IN and the section of SU, the values of As are as low as 21.2 °C

and 22.8 °C, whereas the As values of the SM and SL are 46.5 °C and 47.7 °C.

Table 1. Summary of the Ar value of all sections within the bi-metallic SMA structure
and the corresponding Z heights.

Sample Section As (°C)
DU 88.3
DL 82.9
IN (above interface) 90.9
IN (below interface) 21.2
SU 22.8
SM 46.5
SL 47.7

It can also be seen that all of the samples from the Ti—Ni—Cu alloy section exhibit
one-step phase transformation in both the heating and cooling processes. For the substrate,

during cooling the upper half of the substrate, IN and SU, exhibit features close to one-step



92
martensite transformation, whereas the cooling curves of the lower part including SM and
SL are closer to double overlapped peaks during cooling, which could be related to the
intermediate R-phase [33,34] that initially exists in the substrate. For the near-equiatomic
TiNi substrate used in this work, the upper part went through repeated high-temperature
annealing from the laser, which tends to exhibit lower TTs and one-step austenite-
martensite transition after annealing [33,35]. The lower part of the substrate, SM and SL,
which are far from the deposited part, underwent a relatively lower heating temperature;
the TTs are not highly affected by the laser-annealing processes. It was also reported that
the formation of the R-phase can be favored by secondary precipitates such as NisTis and
dislocation substructures [36]. Therefore, the higher hardness values of the lower substrate
from Z =1 mm to Z = 5 mm are likely from the existence of precipitates and dislocation
substructures. In contrast, the high-temperature annealing effect at the upper substrate
reduces the hardness due to the reduction in those factors.

The thermal hysteresis AT is defined by the temperature difference between Ap and
Mp [37]. The AT value of the DED Ti—Ni—Cu alloy section was calculated for the whole
Ti—-Ni—Cu alloy section. The AT values of DU, DL, and the upper part of IN ranges from
14.4 °C to 17.2 °C, which is narrower than reported additively manufactured Ti-rich TiNi
binary SMAs such as in [38]. This then shows the effects of the addition of the Cu element

in using the AM process to fabricate TiNi-based SMAs.

3.4. TENSILE BEHAVIOR
The DIC technique was applied using GOM Correlate software to plot the stress—

strain curve of the bi-metal under a uniaxial load using the function of the virtual
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extensometer. A testing sample was extracted vertically across the interface with the half-
gauge section belonging to the DED Ti—Ni—Cu alloy single wall and the other half gauge
located within the TiNi substrate according to the design in Figure 2a, as seen in the dashed
rectangular box in the lower right corner of Figure 7. Thus, the axial direction of the sample
and the tensile loading direction are parallel to the Z axis shown in Figure 1. The tensile
stress—strain curve is shown in Figure 7, which demonstrates the typical stages of SMA. In
order to obtain a good alignment on the miniature tensile specimen, a preload was applied
at the beginning of the uniaxial tensile testing. The first near-linear section mainly
corresponds to the initial elastic response. After the initial elastic stage, the curve starts a
near-horizontal stress plateau, which mainly comes from the stress-induced martensite
formation of the austenite-dominated top part of the TiNi substrate (the lower half of the
IN section) [39]. After the plateau, the curve goes into the elastic stage of the detwinned
martensitic structure, followed by plastic deformation after the elastic region [39]. It can
be seen from the stress—strain curve of the sample in Figure 7 that the sample obtains an
ultimate tensile strength cUTS of 569.1 MPa. The total tensile strain at the fracture is about
8.2%. The local axial strain (€) within the gauge section when the total tensile strain reaches
0, 1%, 2%, 3%, 4%, 5%, 6%, 7%, and 8% are mapped and shown in Figure 8. From the
entire evolution of the strain map, it can be observed that as the tensile load increases, the
gauge shows two distinctive sections with higher local axial strain in the TiNi substrate
(approximately 10%) and lower local axial strain in the DED Ti-Ni—Cu alloy
(approximately 4~5%). Anomalous points start to appear in the strain map near the

interface when the total tensile strain reaches 8% due to crack formation. Therefore, the
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mechanical behavior at different sections of the bi-metallic SMA can be clearly tracked

using the DIC technique.
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Figure 7. The stress—strain curve of the DED as-deposited bi-metallic structure. The
miniature tensile sample was extracted with the interfacial line located at the center of the
gauge section.
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Figure 8. The strain map of the local axial strain within the gauge section at the moments
when the total tensile strain equals 0, 1%, 2%, 3%, 4%, 5%, 6%, 7%, and 8%.
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The SEM images of the details on the fracture surface of the sample are shown in

Figure 9. Figure 9a,b shows the ductile regions where the dimple-like structure dominates,
whereas the feature in Figure 9c,d shows low ductility. Figure 9c includes both local
dimples and cleavage regions, and in the higher magnification image of Figure 9d, it also
has perpendicular patterns marked by perpendicular short, dashed lines, which may
correspond to the martensite twinning structure within the Ti—Ni—Cu alloy single-wall
section shown in Figure 3d. Also, the dark particles can be found in Figure 9d. Figure 9e—
h represent the SEM/EDS mapping of the long, dashed rectangular area in Figure 9d. The
Ti, Ni, Cu element mapping of Figure 9e indicates that the dark particle could be TizNi,
which may act as a stress concentrator near the interface that initiates the cracking under

the tensile loading.

3.5. DEMONSTRATION OF MULTIPLE SHAPE-MEMORY EFFECT

The multiple shape-memory behavior is demonstrated by a cross-section slice from
the as-deposited bi-metallic SMA. Both the DED Ti—Ni—Cu alloy side and the TiNi
substrate side are bent compared to the original straight shape. After bending, the bi-
metallic SMA piece was then placed on a hot plate at 70 °C, which is higher than (Ar + 20
°C) of the TiNi substrate, as seen in Figure 10a. Figure 10b—d capture the shape change of
the bi-metallic SMA on the hot plate at 70 °C after 10 s, 155, and 30 s, respectively. It can
be noticed that at 70 °C, the curved TiNi substrate side gradually changes back to the
straight status. In comparison, the Ti—Ni—Cu alloy side keeps the curved shape since the
temperature of 70 °C is not able to complete the martensite-austenite transition of the Ti—

Ni—Cu alloy section. As the time reaches 60 s, the hot plate temperature starts to rise and
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finally reaches 120 °C. Figure 10e shows that at 120 °C, which is higher than the (Af + 20
°C) of the DED Ti—Ni—Cu alloy part, the Ti—-Ni—Cu alloy side also recovers to the original
straight state. Therefore, the multiple shape-memory behaviors at two sides of the bi-

metallic structure are identified.

Figure 9. (a,b) Dimple-like ductile area of the fracture surface. (c,d) Brittle area of the
fracture surface. (e) High magnification image of (d) in long, dashed rectangular box. (f)
Element mapping of Ti in (e). (g) Element mapping of Ni in (e). (h) Element mapping of

Cuin (e).



97

a 70°Catt=0s b 70°Catt=10s
TiNi substrate DED Ti—Ni—Cu alloy
C 70°catt=15s d 70°Catt=30s
e Heat to 120 °C

Figure 10. Demonstration of the SMA using a hot plate at 70 °C and 120 °C: (a) The bi-
metallic SMA sample was bent at both the TiNi substrate side and the DED Ti—Ni—Cu
alloy side and placed at 70 °C att=0s. (b) t=10s. (c) t =15s. (d) t = 30 s. Notice that
the TiNi substrate has almost recovered to the original status, whereas the Ti—Ni—Cu
alloy side keeps the curved shape. (e) The hot plate was then heated from 70 °C to 120
°C. Finally, the Ti-Ni—Cu alloy side recovers.

4. CONCLUSIONS

In this work, a Ti-rich Ti-Ni—Cu ternary SMA with an as-mixed atomic
composition of Ti—44at.%Ni-3at.%Cu was fabricated on a near-equiatomic commercial
TiNi binary SMA substrate, which shows the capability of the elemental powder DED

process to join two different types of SMA sections and build SMAs with multiple shape-
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memory behaviors. The findings from studying the microstructural, mechanical, and
functional behaviors of the as-fabricated bi-metallic SMA are summarized below.

Microscopic imaging revealed the dense metallurgical bonding between the as-
deposited Ti—Ni—Cu alloy part and the TiNi substrate with no gas pores or cracks being
seen at the interface. The TiNi matrix phase and Ti>Ni minor phase are identified by EDS,
and the martensite twinning structure is observed within the TiNi matrix phase of the as-
deposited Ti—Ni—Cu alloy section.

Vickers hardness distribution from bottom to top shows the typical low hardness
(200~300 HV 0.2) of SMAs across the entire cross-section. All major phases are TiNi
phases rather than Ti>Ni hard intermetallic phases, and TizNi is the main secondary phase
in the Ti—-Ni—Cu alloy section.

Tensile testing combined with the DIC technique on a miniature tensile sample
shows a bonding strength of 569.1 MPa and the fracture occurs at 8.2% total tensile strain.
DIC strain mapping indicates the difference in local axial strain distribution between two
sections of different SMA types, which are approximately 4~5% in the Ti—Ni—Cu alloy
side and approximately 10% in the TiNi substrate.

DSC analysis at different sections shows that the Ti-rich DED Ti—Ni—Cu alloy
shows higher As. For the near-equiatomic TiNi substrate, the lower half of the substrate
maintains a higher As and more obvious R-phase features than the upper half of the
substrate since the upper part went through higher temperature annealing from laser power,
which tends to exhibit lower TTs and a single austenite-martensite transition without an R-

phase.
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The shape-memory behavior is tested by an as-deposited bi-metallic slice at 70 °C

and 120 °C. At 70 °C, shape recovery occurs only at the TiNi substrate side, whereas when
the temperature reaches 120 °C, both sides perform the shape recovery. Future studies will
include the heat treatment effect on the microstructure and functional properties of DED

bi-metallic SMA:s.
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IV. HEAT TREATMENT EFFECTS ON TI-NI-CU/TINI BI-METALLIC SHAPE

MEMORY ALLOY BY ADDITIVE MANUFACTURING WITH ELEMENTAL
POWDER MIXTURE

ABSTRACT

In this work, a bi-metallic Ti-Ni—Cu/TiNi shape memory alloy was fabricated using
laser powder-based directed energy deposition with Ti/Ni/Cu elemental powder mixture as
feedstock. Part of the as-deposited bi-metallic shape memory alloy was then heat treated at
the temperature of 400 °C and 600 °C. The bi-metallic alloy parts in the as-deposited
condition, 400 °C heat treatment condition, and 600 °C heat treatment condition were all
characterized in microstructural, mechanical, and functional properties at multiple
locations to explore the variation of the multifunctional features and shape memory
properties. Microstructure analysis shows no obvious change in the Ti-rich Ti—-Ni—Cu alloy
section among different heat treatment effects. In contrast, within the TiNi substrate, the
laser heating effect during the directed energy deposition process created a location-
dependent microstructure and property distribution, and more combinations in mechanical
and thermal behaviors were generated after the following post heat treatment. The work
presents a good use of the directed energy deposition technique and the subsequent heat
treatment to develop bi-metallic shape memory alloys with higher flexibility, lower cost,

and a wider range of memory effect combinations.
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1. INTRODUCTION

Additive manufacturing (AM) is becoming increasingly popular in metal parts
manufacturing in all kinds of industrial environments [1-3]. Due to its high composition
and geometry flexibility, metal AM can create more complicated part design and
manufacturing in customizable compositions and shapes that are difficult to be realized by
conventional manufacturing [4-6]. Among all metal AM processes, directed energy
deposition (DED) is a major category that applies energy sources to deposit metal
feedstocks layer by layer to form a 3D object [7,8]. Laser is a kind of widely used energy
source, while the metal feedstocks are usually in the powder state or wire state [7,9,10].

Various metal alloys have been fabricated by DED from powders such as stainless
steels, Al alloys, Ni alloys, Ti alloys, etc. [11-14]. Apart from using a single type of powder
to fabricate parts with uniform chemical compositions, due to the easy-to-blend nature of
powders, people have made attempts to develop composite materials using powder mixture
as the raw material, such as Ti/TiC metal matrix composite [15]. Also, Since DED has the
advantage of local composition selection and high flexibility in metal powder mixture
choices, nowadays, researchers are also studying the capability of DED to develop novel
alloy structures with more combinations of compositions and functions, such as bi-metallic
structures and functionally graded metallic materials [16,17]. With the assistance of the
DED process, multiple types of metals can be combined layer by layer, and functionally
graded layers and interlayers can also be inserted to ensure a better joining effect [18].

TiNi-based alloy is a type of shape memory alloy (SMA), which has been widely

used so far [19,20]. Traditional processing using materials subtracting methods such as



106
conventional machining is difficult to process TiNi-based SMA, while AM process shows
a great advantage in fabricating TiNi to overcome the poor machinability [21]. It was
reported that TiNi SMA is possible to be synthesized by elemental powder mixture in the
AM process including DED, where the mixture of Ti and Ni elemental powder has a lower
material cost [22,23]. In addition, a third element can be added to the Ti—Ni alloy system
to study ternary SMAs, such as adding Cu can be used to narrow down the thermal
hysteresis [24]. Apart from single SMAs with only one type of functional property, for the
DED AM technique, depositing one type of TiNi-based SMA on another different TiNi-
based SMA substrate is also possible to realize a wide range of bi-metallic SMAs that can
possibly possess multiple shape memory effects from both the substrate and the DED
portion. In our previous work, a Ti-rich Ti—-Ni—Cu ternary SMA bulk part was built on a
near equiatomic TiNi substrate by elemental powder DED, and thus, Ti—Ni—Cu/TiNi bi-
metallic structure was successfully realized, which demonstrated obvious multiple shape
memory temperatures and high-quality metallurgical bonding at the interfacial zone [25].

Furthermore, both the laser heat and post heat treatment can cause changes in the
microstructure and material behaviors of TiNi alloys [26-28]. While bi-metallic TiNi-
based SMA structures consist of more than one type of TiNi structure, it will attract more
interest in studying the heat treatment effect on the bi-metallic TiNi-based SMA fabricated
by DED with respect to different locations and various heat treatment conditions. Heat
treatment can be an important way to further tailor the multiple shape memory effects of
bi-metallic SMAs. So far, there is very limited study on bi-metallic TiNi-based SMAs
fabricated by the DED AM process using the cost-effective elemental powder feedstock

and how different heat treatment conditions affect their properties at multiple different
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SMA sections. In this work, studies on the effect of post heat treatment will be included to
find more details on the location-dependent microstructural features, mechanical
properties, and shape memory behaviors of the TiNi-based bi-metallic SMA fabricated by

DED.

2. MATERIALS AND METHOD

2.1. MATERIALS AND PROCESSING

In this experiment, elemental Ti, Ni, and Cu powders were used as raw materials
for the DED processing to synthesize Ti—Ni—Cu ternary SMA on the TiNi binary SMA.
The details of the powders were provided in the former work [25]. The Ti, Ni, and Cu
powders were weighed and mixed in an atomic composition of 53 at.% for Ti, 44 at.% for
Ni, and 3 at.% for Cu. The powder mixture was then homogenized by a Turbula T2F
powder mixer for 30 min before the AM process. A commercial near equiatomic TiNi
binary alloy bar was used as the substrate. The substrate was in a cuboid shape with an
approximate dimension of 25 mm long, 5 mm wide, and 10 mm tall. The surface of 25 mm
x 5 mm was used as the top surface for the DED processing.

The DED processing system consists of an IPG Photonics YLR CW laser system,
an electrostatic powder feeder supplied by Powder Motion Labs, and a CNC-controlled
moving stage that can travel linearly in x-, y-, and z-direction. Figure la shows the
schematic of the deposition process. The TiNi substrate was clamped on the moving stage
by a vice. The 25 mm x 5 mm top surface was placed horizontally for the DED processing

[25]. The powder mixture was delivered by the powder feeder and fed to the melt pool. A
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single track, multi-layer deposition toolpath was used to build a Ti—-Ni—Cu ternary SMA
single wall structure on the TiNi binary SMA. The Ti—Ni—Cu single wall is approximately
11 mm in height, and the length is close to 25 mm, as shown in Figure 1b. The +Y direction
and —Y direction are the travel direction of the substrate, which is parallel to the long side
of the single wall, while the +Z direction is the build direction. The laser power and the
substrate travel speed were 600 W and 200 mm/min, respectively, for the first five layers
to create a higher energy density to achieve complete mixing of the powder stream and the
melt pool on the substrate. For all the remaining layers, the power switched to 400 W, and
the travel speed was increased to 250 mm/min to reduce the energy density due to the heat

accumulation at higher layers.

«  TiNi substrate
fixed on moving stage

a Powder nozzle b
Build
Ti, Ni, Cu elemental " . S ; el
owder mixture £ «+— Laser beam £5
’ T~ Ti-Ni-Cu
alloy Z
|« Ti-Ni-Cu alloy
built up by DED
TiNi |
substrate
X Y
120

|

%

Travel direction

Figure 1. (a) The schematic of the DED processing in this work. (b) The picture of the as-
deposited Ti—Ni—Cu/TiNi bimetallic SMA part with the defined xyz coordinate system.

2.2. CHARACTERIZATION
Cross-sectional pieces for sample preparation were cut off from the as-deposited
(AD) bi-metallic SMA single wall demonstrated in Figure 1b by wire electrical discharged

machining (EDM). Those pieces were divided into three groups. One group of pieces



109
remained in the AD status. While for the other two groups, one group went through heat
treatment at 400 °C for 3 hours, and the other group went through 600 °C heat treatment
also for 3 hours. For both heat treatment conditions, furnace heating was conducted in a
Marshall tubular furnace with an argon atmosphere. After furnace heating, pieces were
taken out from the furnace and air-cooled. In this work, heat treatment conditions at 400
°C and 600 °C are also denoted as HT400 and HT600, respectively. After the heat treatment
steps, all three groups of pieces in AD, HT400, and HT600 conditions were then prepared
into samples to be ready for materials characterization.

Studies on microstructure features, mechanical properties, and functional properties
of the bi-metallic SMA were conducted at three different height locations. One of them
was in the DED Ti—Ni—Cu SMA region, while the other two locations were in the substrate
section. In our previous work [25], it was also found that different height locations within
the substrate section of the bi-metallic SMA demonstrated different material behaviors,
which was due to the laser heating effect causing a non-constant temperature distribution
along the Z direction within the substrate. Therefore, within the substrate, both an upper
part location and a lower part location were selected to reveal the correlation among
structures and properties at two different height locations of the substrate.

The microstructural information at three locations from the bi-metallic structure,
which include the DED Ti—Ni—Cu alloy region located near the middle height of the Ti—
Ni—Cu section (Z ~ 15.5 mm), the TiNi substrate upper region which is at a substrate near-
top location approximately 9 mm above the bottom line of the substrate (Z ~ 9 mm) and
also below the interfacial line, and the TiNi substrate lower region which is a near-bottom

location approximately 1 mm above the bottom line of the substrate (Z ~ 1 mm), were
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selected for microscopic imaging using a Hirox KH-8700 optical microscope (OM) and a
TFS Helios Hydra CX scanning electron microscope (SEM). During the SEM observation,
the energy dispersive spectroscopy (EDS) analysis was also conducted. Samples for
microscopic observation were mounted by epoxy, polished, and etched by Kroll’s reagent.
Samples made from all three heat treatment conditions (AD, HT400, and HT600) were
included in the microscopic observation.

Tensile tests were conducted using an Instron 5969 universal testing machine for
evaluating the mechanical response. The miniature tensile specimen was designed for small
volume tensile testing, and the detail in dimension can be found in the literature [29].
Miniature tensile samples were extracted horizontally from three locations: the TiNi
substrate lower region, the TiNi substrate upper region, and the DED Ti—Ni-Cu alloy
region. The location information for sample extraction can be found in Figure 2. For all
tests, a loading-unloading test was performed. During the loading step, a strain rate of 0.003
mm/mm/s was maintained by controlling a constant crosshead speed. When the tensile
stress reached 300 MPa, unloading started with a constant unloading rate of —10 N/s. All
tests used a 10 kN load cell. Before loading started, a preload was added to ensure a good
alignment of the miniature tensile sample. Digital image correlation (DIC) was applied to
acquire the stress-strain curve of each tensile test to capture the actual mechanical
responses and compare the mechanical behaviors at various locations under different heat
treatment conditions. For functional properties, differential scanning calorimetry (DSC)
analysis was performed to identify the transformation temperatures. The DSC tests were
carried out by a TA Instruments Q2000 DSC calorimeter. Similar to the tensile sample

locations, samples from three locations of TiNi substrate lower region, TiNi substrate upper
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region, and the DED Ti—Ni—Cu alloy region in the AD state and the heat treatment states
were also evaluated by DSC. The heating and cooling rate for DSC was set at 10 °C/min

in the nitrogen atmosphere.

DED Ti-Ni—Cu alloy

- — Top line of substrate

U TiNi substrate

R upper region
U TiNi substrate

Z | ﬂ lower region
Y

~21 mm

10 mm

— Bottom line of substrate, Z=0

Figure 2. The Z height and coordinate information of the YZ-plane cross-section of the
bi-metallic SMA and the location of the extraction of miniature tensile samples.

3. RESULT AND DISCUSSION

3.1. MICROSTRUCTURE AND PHASE

The appearance of the bi-metallic SMA cross-section at the interfacial region is
shown in Figures 3a—b. It can be found that there are no defects near the interface. A clear
interfacial line between the DED section and the substrate section can be seen in Figure
3b, which shows a good interface interaction between the first few layers of the Ti—-Ni—Cu
and the upper surface of the TiNi substrate. The first five layers with higher energy density
resulted in a larger single wall width. Higher magnification SEM micrographs from the
DED Ti—Ni—Cu alloy region are demonstrated in Figures 3c—d. The Ti-rich Ti-Ni—Cu alloy

region mainly consists of the matrix and the secondary phase, which form in a columnar
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structure. The EDS point analysis was performed at Point 1 (matrix) and Point 2 (secondary
phase), which gives the results of 51.2 at.% Ti, 46.1 at.% Ni, 2.7 at.% Cu for Point 1 and
66.8 at.% Ti, 32 at.% Ni, 1.2 at.% Cu for Point 2. Therefore, in the DED Ti-rich Ti-Ni—Cu
alloy region, the matrix indicates the Ti-rich TiNi phase, while the secondary phase

represents Ti2Ni intermetallic.

Figure 3. (a) The low magnification OM image of the AD state interfacial area. (b) The

SEM image of the AD interfacial area. (c) The columnar structure of the AD Ti—Ni—Cu

alloy region. (d) Higher magnification image of the Ti—-Ni—Cu alloy region with Point 1
and Point 2, which are two points from different phases for EDS analysis.

The OM micrographs of three states: AD, HT400, and HT600 at three locations are
listed in Figures 4a—i. Figures 4a—c are the AD, HT400, and HT600 states at the DED Ti-
Ni—Cu alloy region, respectively. Similarly, Figures 4d—f show the three states at the
substrate near-top region, and Figures 4g—i represent the three states at the substrate near-

bottom region. Figures 4a—c show that at all three heat treatment states, the DED Ti—Ni-
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Cu alloy region has same features of the Ti-rich TiNi matrix and Ti>Ni secondary phase
with columnar structures. As the DED Ti—Ni—Cu alloy consists of highly Ti-rich TiNi
matrix (around 51 at.% in Ti composition) and Ti2Ni, there are no obvious changes in phase
constituent at various heat treatment conditions. On the other hand, equiaxed grain
structures can be clearly seen in Figures 4d—i from the substrate region. The grain structure
of the near equiatomic TiNi alloy is similar to the microstructure found in the literature
[30]. Differences in minor phase features within grains can be clearly seen within the

substrate region, especially in the status of AD and HT400 shown in Figures 4d,e,g,h.

:
d e
g h 1

Figure 4. The OM micrographs of the Ti—Ni—Cu/TiNi bi-metallic structure at three
locations under three heat treatment conditions. (a) AD Ti—Ni—Cu alloy. (b) HT400 Ti—
Ni—Cu alloy. (c) HT600 Ti—Ni—Cu alloy. (d) AD TiNi substrate near-top region. (e)
HT400 TiNi substrate near-top region. (f) HT600 TiNi substrate near-top region. (g) AD
TiNi substrate near-bottom region. (h) HT400 TiNi substrate near-bottom region. (i)
HT600 TiNi substrate near-bottom region. Notice that in images from (d) to (i), minor
phase structures within grains are different based on two substrate locations and three
heat treatment conditions.
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Figure 5 includes SEM images obtained from the TiNi substrate near-top region
and the near-bottom region under the AD and HT400 conditions. Figure 5a and Figure 5b
were taken from the near-top region in the AD state and the HT400 state, while Figure 5¢
and Figure 5d were acquired from the near-bottom region in the AD state and the HT400
state, respectively. Grains and grain boundaries are included in all four images in Figure 5.
Whereas within grains, minor phase structures can be found to differ from each other.
Minor microstructural features with dashed circles in Figure 5 show that Figure 5a has a
homogeneous appearance within the grains, while in Figure 5b, there are long martensite-
like structures, which did not show up in the AD state of the substrate at the near-top region.
Figure 5¢c and Figure 5d show nanoscale features that might be precipitate-related
structures within grains [31]. It was reported in near equiatomic TiNi alloys with a slightly
Ni-rich composition, precipitates such as NisTiz can form under low-temperature aging
treatment [31-33].

Notice that during the DED process, the laser power not only assisted in building
up the DED Ti-Ni—Cu alloy section layer by layer but also resulted in the heating of the
TiNi substrate. The substrate near-top region received more heating effects and got a higher
temperature from the laser than the near-bottom region. For the AD state, the substrate
near-bottom region (Figure 5c¢) includes a certain amount of precipitate-related structures,
which is not found in Figure 5a from the near-top region. It was stated that high-
temperature heat treatment might result in the dissolution of precipitates [32,34]. Compared
with the AD state near-bottom region, the homogenous structure at the AD state substrate

near-top region is likely due to the higher temperature induced by the laser.
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Figure 5b and Figure 5d demonstrate HT400 state images after the AD states in
Figure 5a and Figure 5c, respectively. After 400 °C heat treatment of a laser-heated area,
the substrate near-top region formed larger martensite-like structures, as seen in Figure 5b.
While there was not an obvious difference in the microstructural feature at the substrate
near-bottom region after the 400 °C heat treatment. In contrast, after 600 °C heat treatment,
both the HT600 substrate near-top and near-bottom regions show very similar
microstructure seen in Figure 4f and Figure 4i without nanoscale features in HT400
substrate samples. The high-temperature heat treatment at 600 °C resulted a more

homogeneous TiNi matrix with a much weaker location-dependency within the substrate.

Figure 5. SEM images of (a) AD TiNi substrate near-top region. (b) HT400 TiNi
substrate near-top region. (¢c) AD TiNi substrate near-bottom region. (d) HT400 TiNi
substrate near-bottom region. Notice the microstructure features in dashed circles show
differences among four images.

3.2. PHASE TRANSFORMATION
Figure 6 is the DSC curve of the as-received TiNi substrate material. It can be

observed that the peak related to the intermediate R—phase before the occurrence of
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martensite formation peak exists during cooling [35]. Transformation temperatures can be
measured from the DSC curve, and particularly, the austenite finishing temperature (As) of

this as-received near equiatomic TiNi substrate material is 41.3 °C.

As-received TiNi substrate

Cooling
—

-0.51 Heating
—

-60 -40 =20 0 20 40 60 80 100
Temperature (°C)

Figure 6. DSC curve of the as-received TiNi substrate.

The DSC curves of the additively manufactured bi-metallic structure under the AD,
HT400, and HT600 status are demonstrated in Figure 7, Figure 8, and Figure 9,
respectively, and all three locations are included.

For the phase transformation temperatures of the AD state in Figure 7, the DED
Ti—-Ni—Cu region with the highly Ti-rich matrix has the highest characteristic temperatures
where the Ar is measured as 92.8 °C, as seen in Figure 7a. The TiNi substrate upper region
(Figure 7b) shows a single martensite transformation during cooling and low
transformation temperatures. The Ar of the substrate upper region is 20.4 °C, which
indicates that at room temperature, the TiNi phase is mostly in an austenite state. In
contrast, the DSC curve of the substrate lower region shown in Figure 7c includes the R

phase peak that has some overlap with the martensite peak. Also, the A value of the AD
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substrate lower region is 42.6 °C, which is very close to the as-received substrate in Figure
6. It was reported that the R phase could nucleate around precipitate sites [36]. The AD
state substrate upper region experienced high temperature from laser heating during the
DED process, which resulted in the absence of the R phase and a one-step martensite
transformation. In comparison, the AD state substrate lower region after the DED process
did not received obvious laser heating effect, which resulted in similar phase
transformation temperatures as the as-received state.

Figure 8 exhibits the DSC curves of the bi-metallic structure of HT400 status.
Figure 8a has no obvious changes in transformation features compared with the
corresponding AD sample in Figure 7a. In contrast, both the locations within the substrate
received higher As in the heating step that the martensite-to-austenite peaks shifted to the
high-temperature direction. The As values of the substrate increased to around 57 °C. While
in the cooling step, the temperatures corresponding to the R phase transformation and the
martensite phase transformation from the TiNi substrate upper region and the TiNi
substrate lower region show differences. The differences in transformation temperatures of
the R phase and the martensite phase might be a result of the difference in the matrix of
AD state between the substrate upper region and lower region that led to different
precipitate features [31] after the 400 °C heat treatment.

Figure 9 summarizes the bi-metallic structure sample under HT600 for the same
three locations. After the heat treatment at 600 °C, both the TiNi substrate upper region
and lower region exhibit a one-step austenite-to-martensite phase transformation in the
cooling step and a low As of about 24 °C. The DSC curves of the HT600 substrate are

completely different from that in HT400 (Figures 8b—c), while they show similarity with
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the AD substrate upper region. The laser heating and 600 °C heat treatment similarly
affected the phase transformation of the TiNi substrate. The absence of the R phase after
600 °C heat treatment has also been reported in the literature [30,34]. The martensite
transformation temperatures are also similar in both substrate upper and lower regions,
which are not obviously affected by precipitates. The type of the DSC curve of the section
from the DED Ti-Ni—Cu alloy is still similar to the AD and HT400 cases with high
transformation temperatures. This indicates that the Ti-rich Ti—-Ni—Cu SMA fabricated by

the elemental powder DED process can possess a stable shape memory effect after 600 °C
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Figure 7. DSC curves at three locations under the AD state. (a) DED Ti—Ni—Cu alloy
region. (b) TiNi substrate upper region. (c) TiNi substrate lower region.
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Figure 8. DSC curves at three locations under the HT400 state. (a) DED Ti—Ni—Cu alloy
region. (b) TiNi substrate upper region. (c) TiNi substrate lower region.
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Figure 9. DSC curves at three locations under the HT600 state. (a) DED Ti—Ni—Cu alloy
region. (b) TiNi substrate upper region. (c) TiNi substrate lower region.
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All the Ar values from the three sections under three heat treatment states, together

with the as-received TiNi substrate, are listed in Figure 10. By using the high material and
spatial flexibility in the DED process to combine different SMAs together to form bi-
metallic structures with different responses to heat treatment, various transformation

temperature combinations can be realized in a cost-effective approach.

As-received TiNi substrate

AD DED Ti-Ni-Cu alloy

AD TiNi substrate upper region
AD TiNi substrate lower region
HT400 DED Ti-Ni-Cu alloy

HT400 TiNi substrate upper region

HT400 TiNi substrate lower region

HT600 DED Ti-Ni-Cu alloy
HT600 TiNi substrate upper region

HT600 TiNi substrate lower region

0 10 20 30 40 50 60 70 80 950 100

A; temperature value (°C)

Figure 10. Summary of As values in various locations at three heat treatment conditions.

3.3. MECHANICAL PROPERTIES
Stress-strain curves of miniature tensile samples at three locations are listed in

Figures 11a—f. The curve of the as-received substrate in Figure 11a indicates a martensite
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feature with a low-stress plateau caused by martensite reorientation, as mentioned in [37].
As the A of the as-received substrate is 41.3 °C, martensite-type behavior is expected at
room temperature. Figure 11b demonstrates the stress-strain curve of the AD Ti—Ni—Cu
alloy. The Ti—Ni—Cu alloy shows behavior more like martensite TiNi with a lower tensile
strain when the tensile stress reaches 300 MPa. This could be due to the existence of the
Ti2Ni intermetallic phases that limited its tensile elongation.

The substrate lower region in the AD status has a stress-strain curve (Figure 11e)
very close to the as-received TiNi (Figure 11a), which agrees well with the high similarity
in phase transformation information between the AD substrate lower region and the as-
received substrate. On the other hand, the AD substrate upper region underwent high-
temperature heat treatment and exhibited more austenite phase at room temperature
according to the DSC curve. The stress-strain curve of the AD substrate upper region in
Figure 11c has a higher stress plateau occurring between 200 MPa and 250 MPa, which is
more likely due to the stress-induced martensite formation [38].

When the austenite-dominated AD substrate upper region went through heat
treatment at 400 °C, the mechanical response became martensite type again in Figure 11d
as the microstructure shows more martensite features. On the other hand, after the heat
treatment at 600 °C, the TiNi of the AD substrate lower region turned into austenite
behavior with a higher stress plateau that represents the stress-induced martensite
formation shown in Figure 11f, which matches the low As close to the room temperature

shown in Figure 9c.
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Figure 11. Tensile stress-strain curves from various locations under various post
treatments. (a) As-received TiNi alloy substrate. (b) The AD DED Ti—Ni—Cu alloy. (c)
The AD TiNi substrate upper region. (d) The HT400 TiNi substrate upper region. (e) The
AD TiNi substrate lower region. (f) The HT600 TiNi substrate lower region.

4. CONCLUSIONS

This work studied the post heat treatment effect on the additively manufactured bi-

metallic Ti-Ni—Cu/TiNi SMA fabricated by elemental powder DED process in different
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locations. Particularly, three locations at the DED Ti—Ni—Cu region, the TiNi substrate
upper region, and the TiNi substrate lower region under three heat treatment conditions:
AD, HT400, and HT600 states were evaluated in terms of microstructure, mechanical, and
functional properties.

The DED Ti-rich Ti-Ni—Cu region consists of the Ti-rich TiNi matrix and Ti2Ni
secondary phases. The microstructure and phase transformation did not have obvious
changes under heat treatments. Under all heat treatment conditions, the Ti-rich Ti—-Ni—Cu
region has austenite finishing temperatures higher than 80 °C.

For the near equiatomic substrate, the laser heating resulted in a temperature
gradient that created the difference in microstructure and material behaviors between the
substrate upper region and the substrate lower region. At the AD state, the substrate upper
region received more laser heating effect and exhibited homogeneous austenite-dominated
grains and a low A¢ value of 20.4 °C. On the other side, the substrate lower region exhibits
precipitate-like minor structures and maintained an As of about 42.6 °C with some
martensite behavior at room temperature.

HT400 condition increased the Af values of both two substrate locations to
approximately 57 °C with martensite behaviors. Differences in cooling of DSC curves at
the two locations were observed that might be due to the different precipitate features.
HT600 condition resulted in the substrate Ar at about 24 °C with austenite-dominate
behaviors. All three locations show a good correlation among microstructure, phase, and
tensile properties. More heat treatment conditions can be further explored to create a wider
range of combinations of transformation temperatures for multifunctional applications of

novel SMAs after the DED AM process.
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SECTION

2. CONCLUSIONS

In this dissertation, the fabrication and development of various types of metal alloys
using the directed energy deposition (DED) processing technique with elemental powder
mixture as the novel type of feedstock was reviewed, which comprehensively summarized
the current status, scientific guidelines, and outlook to the future development of the
advanced alloys by the DED additive manufacturing (AM) process with a wide range of
material flexibility from elemental powder mixture.

The novel elemental powder method in the DED process was proven to be effective
in synthesizing Ti—-Ni—Cu ternary shape memory alloy (SMA) using Ti, Ni, and Cu
elemental powders as feedstock. By using the idea of the elemental powder mixture, a third
metal element can be flexibly selected and added to the TiNi-based system to create more
types of TiNi-based alloys and novel material properties in the SMA field. The as-
fabricated Ti—Ni—Cu alloy demonstrated the desired TiNi major phase. Phase
transformation temperatures were detected, and a narrower thermal hysteresis range of
11~16 °C was obtained, which indicated the effective addition of Cu in Ti—-Ni—Cu alloys
fabricated by the AM process. The results and findings provided important and useful data
points for the area of 4D printing of smart metallic materials.

Next, a Ti-Ni—Cu ternary SMA with a Ti-rich composition was deposited on a TiNi
binary SMA substrate with a near equiatomic composition using the elemental powder

DED process. The advantage of DED in selecting a wider range of substrate material and
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feedstock materials was fully utilized to realize Ti—Ni—Cu/TiNi bi-metallic SMA structures
by combining multiple types of TiNi-based SMAs in a single part to show multifunctional
shape memory behavior. Bi-metallic SMA structures with multiple element types,
compositions, and processing methods were built by DED with a high joining quality at
the interface where no pore or crack was detected, which indicated the good interaction
between the substrate and the first few layers of the DED section. The major phase from
all the height locations was identified as the TiNi phase without very high hardness values.
The tensile test with digital image correlation (DIC) showed a bonding strength of 569.1
MPa. An obvious difference in mechanical responses of two SMA sections on two sides of
the interface was also observed from DIC. The multiple shape memory effects from the
TiNi substrate side (Ar < 50 °C) and the DED Ti—Ni—Cu alloy side (As > 80 °C) were
successfully demonstrated, which shows the potential in manufacturing new smart
materials, such as structures with multiple shape memory effects that can work differently
in multiple temperature environments.

Also, follow-up studies were performed on heat treatment effects on the structure
and properties of additively manufactured bi-metallic SMA structures with respect to
various locations under different thermal histories from laser processing and multiple levels
of post heat treatment temperatures at 400 °C and 600 °C. It was found that more
combinations of transformation temperatures within a single bi-metallic SMA were
achieved as the result of different locations that experienced various microstructural feature
changes after heat treatment.

This work provides a systematic review of using elemental powder mixture as an

alternative way to design and manufacture advanced alloys using the DED process for



131
various industrial environments. The results and findings in the AM of TiNi-based ternary
SMA and bi-metallic SMA structures with tailorable multi-sectional shape memory effects
from elemental powder mixture not only improve the understanding and broaden the
applications of the laser metal AM process and 4D printing but also offer new ideas to the

development of innovative smart materials for multifunctionality.
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