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Abstract—Additive manufacturing (AM) offers a fully integrated fabrication solution within many engineer-
ing applications. Particularly, it provides attractive processing alternatives for nickel-titanium (Ni—Ti) alloys
to overcome traditional manufacturing challenges through layer by layer approach. Among powder-based
additive manufacturing processes, the laser beam melting (LBM) and the electron beam melting (EBM) are
two promising manufacturing methods for Ni—Ti shape memory alloys. In these methods, the physical char-
acteristics of the powder used as raw material in the process have a significant effect on the powder transfor-
mation, deposition, and powder-beam interaction. Thus, the final manufactured material properties are
highly affected by the properties of the powder particles. In this study, the Ni—Ti powder characteristics are
investigated in terms of particle size, density, distribution and chemical properties using EDS, OM, and SEM
analyses in order to determine their compatibility in the EBM process. The solidification microstructure, and
after built microstructure are also examined for the gas atomized Ni—Ti powders.
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1. INTRODUCTION

Manufacturing technologies are generally classi-
fied into three principal categories including subtrac-
tive manufacturing technology, formative manufac-
turing technology, and additive manufacturing tech-
nology. While the material is removed by machining
processes in order to acquire the desired geometry in
subtractive manufacturing technology, the geometry
of the part is changed under external forces such as
casting, molding, and shaping in formative manufac-
turing technology. Rather than removing material as
in these two methods, the third method involves using
additive manufacturing in which the desired geometry
of the part is built by adding the material through layer
technology [1]. In AM technologies, the material is
added layer by layer according to the original com-
puter-aided design (CAD) data in order to produce the
actual part. Depending on the applied AM technique,
the manufacturing sub-processes, such as preparation
of feedstock material, might be different. However, the
fabrication basically consists of eight similar stages as
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follows; (i) CAD modeling, (ii) STL (Stereolithogra-
phy) file creation, (iii) file transfer to the AM
machine, (iv) machine set up, (v) building, (vi) part
removal vii) post-processing and viii) application. In
this regard, process inputs are described as AM hard-
ware, software, part geometry, scan strategy, build
atmosphere and powder quality while process outputs
are mechanical and physical properties of the final
part as well as geometrical compatibility and elimina-
tion of defects [2].

There are different types of AM techniques for
layer by layer manufacturing. Among them, the elec-
tron beam melting (EBM) utilizes an advanced tech-
nology to obtain complex final parts. [1, 3]. The pro-
cess principle schematically shown in Fig. 1. The elec-
tron beam is utilized as the energy source in the
process and the entire system and powders are pro-
tected from oxidation via vacuum atmosphere. The
process starts with preheating the build table. After the
preheating stage, actual layer melting process begins
with raking of highly spherical metal powders of the
45—100 um particle fraction onto the build platform
[3—5]. After that, the electron beam is accelerated,
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Fig. 1. Schematic illustration of EBM process.

powder particles are melted by the scanning system
and following the layer formation, new powder is
spread onto the platform to form the second layer at
the determined thickness. This cycle repeats as raking,
preheating, powder melting and melt post-heating
until the desired part is built, according to the CAD
design. In the meantime, depending on the process
parameters, preheating is carried out by a defocused
beam and slightly sintering the powder in order to
reduce thermal stresses and obtain smoother melting
[6, 7]. Deposition rate of the material is associated
with the z-axis layer height or layer thickness. Layer
thickness is identified by the powder raking amount.
During the ‘raking’ stage, powder is distributed to the
built surface with a metal rake bar. Powder layers
should be quite thin in order to obtain bulk structures
with complete fusion. Thus during the scanning, the
required energy can be easily transferred to the surface
by an electron beam to melt the previous layer. Even-
tually, the value of the layer thickness should be as low
as possible in addition to powders with smaller particle
size and bimodal size distribution in order to improve
the surface quality of the built parts. Therefore, quality
of the feedstock powder is seen as one of the most
important process inputs which is identified by the
powder morphology, size, distribution, flowability,
spreadability, composition, and electrical and thermal
conductivity [8, 9]. On the other hand, according to
the powder atomization methods, powder shapes
(irregular, spherical or satellites etc.), size and porosity
amount in the built material indicate some variations.
Spherical particles and smaller particle sizes improve
the flowability and apparent density [10]. Fine and
mid fraction powders provide a large surface area
which leads to higher energy absorption and higher
sintering rate. Among the powder production meth-
ods, generally gas or plasma atomization is preferred
for EBM, due to the highly spherical shape of the pow-
der, Gaussian type particle size distribution, low oxy-
gen content, good flowability characteristics, high
packing density, and powder chemistry [11].
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In the gas atomization process, a high-pressure gas
is discharged into the chamber in order to disrupt the
molten metal stream into fragments and disintegrate
into the fine droplets by a further breakup of frag-
ments. The atomization process consists of the three
fundamental steps of primary atomization, secondary
atomization, and solidification. Regarding the control
of particle size and microstructure, the relative veloc-
ity between the gas and the liquid metal, melt flow
rate, solidification mechanisms and cooling rates are
considered as crucial factors. The morphology of gas
atomized powder particles tends to be spherical if the
spheroidization time of the liquid droplet is shorter
than the solidification time (related to the surface ten-
sion). Sometimes agglomeration and satellite powders
can form owing to the collision in the spray plume
between the liquid or semi-liquid droplets and solidi-
fied particles. Satellite formation is observed by the
circulation of gas within the chamber where the fine
particles impact with larger particles [12, 13].

The term shape memory alloys (SMA) refers to a
group of intermetallic materials that exhibit reversible
shape change upon heating above the austenite final
temperature after applying the required thermome-
chanical treatments [13, 14]. After the discovery of the
shape memory and superelastic effects in Ni—Ti alloy,
its applications have been expanded in both commer-
cial and industrial fields including biomedical, aero-
space, automotive, robotics, mini-actuators, and
micro-electromechanical systems [15—19]. Although
Ni—Ti SMAs are promising materials, the difficulties
on the processing, melting, and machining limit their
potential applications [20, 21]. Thus, the production
of Ni—Ti alloy with high chemical homogeneity and
desired shape-memory properties, especially with
complex shapes and geometries is still challenging.
Recently, the laser-based additive manufacturing,
particularly selective laser melting (SLM), has been
utilized in order to produce Ni—Ti shape memory
alloys by several researchers [22—24]. Another prom-
ising additive manufacturing method is EBM that
might offer significantly lower carbon and oxygen
concentrations during the processing of Ni—Ti SMAs
as well as other microstructural and mechanical
advantages. For instance, the penetration depth of an
electron beam into the irradiated material is greater
than a laser beam due to the available power. The vac-
uum system in the EBM machines ensures a clean
environment and helps to outgas impurities during
processing, which is highly important for reactive met-
als such as Ni and Ti [25]. In the EBM process final
part properties are significantly affected by the proper-
ties of the powder particles, and machine parameters.
Particularly physical and chemical properties of the
powder are considered as essential characteristics for
material development, and determination of machine
parameters. Another advantage of EBM technology
are the wide range of materials can be used after siev-
ing in a new process. After building the part, during
Vol. 59
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Table 1. The results of density and flow rate measurements for the Ni—Ti powder

Apparent density, g/cm> Tap density, g/cm>

Hausner ratio Flowability index, s/50 g

3.506 4.1485

1.18 20.712

the powder removing step, powders which surround-
ing the finished part are blasted away in order to recy-
cle into the further processes without causing any
material loss [4, 5]. The objective of the present study
was to investigate the material characteristics of Ni—Ti
alloy powders in order to develop process parameters
for their potential application in the EBM based AM
technology as well as evaluating powder surface struc-
ture for powder recyclability.

2. MATERIALS AND METHODS

The gas atomized, pre-alloyed Ti—55 wt % Ni pow-
der which was provided by the ATI Company (USA) in
the range of —100/+325 mesh (44—149 um) particle
size was used for the characterization of Ni—Ti pow-
ders. In the first stage, the tap density, apparent den-
sity, and flow rate values were determined. Tap density
and apparent density measurements were were per-
formed at 22.8°C in accordance with the ASTM B527-14
and ASTM B703-10 standards, respectively [26, 27].
The tap density measurements have been performed
with 100 ml of powder subjected to 3000 taps. And
then, the flow rate was performed with a Hall flowme-
ter funnel using the static flow method in accordance
with ASTM B213 standard [28]. In the second stage,
the particle size distribution was defined with a laser
diffraction analysis technique using a Microtrac S3500
particle size analyzer. This analysis was carried out in
Triton-X surfactant and the results were evaluated
based on volume distribution with mass median diam-
eter D50 value which is defined as the powder size that
corresponds to the 50% cumulative frequency. The
morphological features of the powder were analyzed
using Hirox KH7700 digital optical microscope and
Jeol 6010LA scanning electron microscope. Addition-
ally, the relationship between particle microstructures
and physical properties was analyzed. Some of the
powders were hot mounted in phenolic resin, ground,
polished, and etched with Kroll’s reagent (2% HF,
5% HNO;, 93% distilled water) for the cross section
examinations.

3. EXPERIMENTAL RESULTS

The experimental results of powder density, flow
rate, particle size distribution and microstructural
characterization of powders were elaborated in this
section. In terms of powder density and flowability,
the powder was observed to have good flowability
characteristics as shown in Table 1. The Hausner ratio
was determined to be within the acceptable range for
the AM process. The ratio of the tap density to the
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apparent density (Hausner ratio) indicates the powder
flowability characteristic. This ratio is expected to be
less than 1.25 for metallic powders for appropriate
flowability and packing density properties for metallic
powders. The obtained median size distribution of gas
atomized Ni—Ti powders was 92.48 um as shown in
Fig. 2.

The EDS analysis was applied for the Ni—Ti pow-
der, and revealed that it was pre-alloyed with 45 Ti to
55 Ni elemental weight ratio as shown in Fig. 3. Con-
sidering the Ni—Ti phase diagram, the obtained
Ti—55wt % Ni composition corresponds to equal
atomic percentage for Ni and Ti elements. The mor-
phological examinations in OM image observed that
the mid fraction and fine powder particles are of spher-
ical shape in low magnification as shown in Fig. 4a. In
addition, the SEM image showed that most of the par-
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Fig. 2. Particle size volume distribution of Ni—Ti powders.
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Fig. 3. EDS analysis result of Ni—Ti powders.
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Fig. 5. Higher magnification SEM image of Ni—Ti powders (a) Splat cap formation on the both large and attached satellite par-

ticle, (b) the dendritic fragments in the selected area.

ticles contain smaller attached ‘satellite’ particles on
their surfaces as seen in Fig. 4b. The particle size vol-
ume distribution result plotted in Fig. 2 was shown
that the particles were within the desired range.

As aresult of the detailed microstructural examina-
tions using SEM in higher magnifications, dendritic
fragments were found on a smooth powder surface as
revealed in the circle in addition to the evidence of sat-
ellite formation and the polycrystalline structure as
shown in Fig. 5b. A cross-sectional investigation was
applied to some of the samples to identify the nucle-
ation and solidification behaviors. In the case of a
small liquid droplet colliding with a large cold particle,
partial covering of splatted material (splat cap) is
revealed on the larger particle as clearly seen in Fig. 5a.

In our study, the presence of dendritic structures
was determined as the dominant morphology in the
cross-sectional microstructures from the etched pow-
der surfaces. Additionally, some of the powders partic-
ularly with splat cap and <10 um attached particles on
their surfaces, illustrated partially cellular structure
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formation as seen in Fig. 6a. The higher magnification
image of a spherical powder was examined in Fig. 6b.
The SEM micrographs of etched Ni—Ti powders
results were indicated that the growth of grains origi-
nated from nucleation sites on the melt droplet sur-
face. Since satellite particles had already been solidi-
fied before the collision, finer microstructures were
observed on the interface and inner side of the parti-
cle. In some regions, dendritic fragments were found
as divided and distributed in the matrix.

For this specific NiTi powder, optimized process-
ing parameters are not available from the machine
manufacturer (Arcam). In the light of the powder
characteristics, EBM process parameters (layer thick-
ness, scanning speed, beam current, energy density)
were developed and optimized for Ti55Ni alloy. EBM
process begins with raking powder and repeated as
raking, preheating, powder melting and post-heating
throughout the build for each layer. Layer thickness is
identified by the powder raking amount. During the
‘raking’ stage, the powder is distributed to the built
surface with a metal rake bar. In this study 50 um layer
Vol. 59
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Fig. 6. Cross-sectional SEM micrographs of etched Ni—Ti powders; (a) the microstructure, (b) dendritic solidification direction

in the spherical powder.

thickness were selected. In the preheating stage soft
sintering, and then smoother melting were obtained
on the whole powder area. After the 6 h building pro-
cess in Arcam Q10Plus machine, the microstructure
of slightly sintered, and unmelted NiTi powders were
examined (Fig. 7).

4. DISCUSSION

Powder morphology, internal friction, and powder
size distribution are the main effective factors on the
apparent density and flow rate properties. Highly
spherical particles with low interparticle friction are
preferred in order to achieve desired flowability and
layer deposition characteristics for additive manufac-
turing. The contact surface between the coarse parti-
cles is relatively lower than the fine particles which
generate less inter-particle friction. Thus, apparent
density reduces with increasing particle size in con-
trast to flow rate which is restricted with the increasing
friction between the particles. The flow of particles is
inherently carried out by forces between the particles.
Yablokova and coworkers [29] examined the flowabil-
ity characteristics of Ni—Ti powders. Similar to the
current work, they observed that Ni—Ti powders with
the 45—100 um particle fraction as well as spherical
morphologies showed high flowability. In EBM pro-
cess, the particle size affects the layer thickness values.
Additionally, the maximum particle size causes the
formation of rough surfaces on the part. In order to
enhance powder bed density as well as flowability, nar-
row particle size distributions by a majority of spheri-
cal particles are demanded.

The gas atomization process was made using high
cooling rates because of the initial high relative veloc-
ity of the droplets and the fast moving cold gas stream.
We note that the particle size and cooling rates dictate
the obtained form of the microstructures, such as
amorphous, supersaturated or well-developed forms.
Similar results were observed in a recent study of Zong
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et al. [30]. They observed a fine dendrite structure
with gas atomization powders due to the high cooling
rates. The effect of atomization on solidification was
also investigated by Behulova et al. [31]. A mixture of
dendritic and grain refined morphology was detected
in their study.

In the SEM results, it was detected that some of the
powders illustrated partially cellular structure forma-
tion. This might be due to the solidification under-
cooling and much faster heat extraction from the
interface of the bigger droplet through the already
solidified cooler satellite particle [32].

To investigate the microstructure of the recycled
powders, the high resolution SEM micrograph results
were examined during the experimental analysis. We
note that the recycled powder can be reused after a
sieving process which eliminates the deformed spheri-
cal powders. After the sieving process, the remaining
powders can be blended with a small amount of gas
atomized powder with lower oxygen content. After

Fig. 7. Microstructure of powders after EBM building
process.
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finishing these procedures, they can be used in a new
EBM building process.

5. CONCLUSIONS

In this study, the main NiTi powder requirements
for the EBM based additive manufacturing were inves-
tigated in terms of particle size, density, size distribu-
tion and chemical properties. For this purpose, OM,
SEM and EDS analyses were conducted systemati-
cally after powder flowability and particle size distri-
bution analysis. Spherical powder structures with
homogenous particle size distribution have been
observed in the microscopic examination. A high
packing density has been obtained from the gas atom-
ization process. Additionally, detailed microstructure
analysis revealed that the dendritic solidification frag-
ment was distributed in the matrix. Furthermore, a
homogenous slightly sintered microstructure has been
obtained after 6 h building process in EBM machine.
Although surface deformation was occurred on the
some of the powders due to the blasting of the powder
through EBM building process, this study observed
that after the elimination of the agglomerated pow-
ders, NiTi powders satisfy the appropriate conditions
for reusing in the EBM process. Geometrical confor-
mity of the manufactured part is directly related to
layer thickness. Selected powder layer thickness value,
provided a tighter bonding in between the powders.
Thus during the scanning, the required energy can
easily be transferred to the surface by an electron beam
to melt the layers. Therefore, it is concluded that in
order to improve the surface quality of the EBM NiTi
built parts, layer thickness values should be as low as
possible in addition to powders with smaller particle
size and Gaussian distribution. The thermomechani-
cal characteristics of the EBM processed Ni—Ti SMA
will be investigated in the future study.
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