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PREFACE
As organizing this event of ICMATSE in 2020, we are excited and proud to have a magnificent scientific
program, publish the main developments in the field in the form of 18 keynote/invited talks, a selection
of 12 session presentations with recent advances. This book presents the material science focused on
advanced materials and nanotechnology having in energy conversion and storage and LED lighting,
optoelectronics, biomedical, agricultural and food and mechanical and thermal applications as well as
commercialization issues. A committee that discussed the conference topics will be constituted of
renowned representatives of academia from Turkey, several European and Asian countries and the USA.
The organizers of the conference, Gazi University, Iskenderun Technical University, other Universities
from Turkey, in collaboration with experts from the University of Illinois at Urbana-Champaign, USA are
planning to publish a printed proceedings version after the conference, as well. This can be prepared
depends on delivered and selected papers for journals. Latest news will be announced by the conference
website.
Due to the COVID-19 outbreak, one-on-one contact events were carried out through online platforms.
Although we miss the face-to-face activities and there was a distance between them for public health,
virtual meetings were now considered to be used. And then The virtual meeting took place between 2–4
October 2020. Remote/virtual presentations sessions allowed for live interaction.
All this has been possible thanks to your participation, to our sponsors' support, and to our colleagues'
involvement. We would like to thank to keynote/invited speakers, participants and all sponsors.

Hakan ATES (Prof. Dr)

H. Munir NAYFEH (Prof. Dr)
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Paper id : 4

Mechanical Alloying of Nanocrystalline Materials and Nanocomposites
C. Suryanarayana
Department of Mechanical and Aerospace Engineering University of Central Florida, Orlando, FL. 328162450, USA
School of Materials Science and EngineeringNortheastern University, Shenyang 110819, P.R. China
Ahmed A. Al-Joubori
Department of Materials Science and EngineeringUniversity of Central Florida, Orlando,
FL. 32816-2450, USA
Zhi Wang
National Engineering Research Center of Near-net-shape Forming for Metallic Materials
South China University of Technology, Guangzhou 510641, China
Cite this paper as: C. Suryanarayana, Ahmed A. Al-Joubori, Zhi Wang Keynote Talk. Int. Conf. Advanced. Mater.
Sci.& Eng. HiTech.and Device Appl.Oct. 02-04 2020, Ankara, Turkey
Abstract. The technique of mechanical alloying, although developed to produce oxide-dispersion-strengthened
superalloys for aerospace and high-temperature applications, is now recognized as an important technique to
synthesize metastable and advanced materials with a high potential for widespread applications. Even though a
variety of materials have been produced by mechanical alloying of powder mixtures, the current contribution will
present an overview of the processing, characteristics, and properties of nanocrystalline materials and
nanocomposites produced by mechanical alloying, with special emphasis on our recent work.
Keywords: Nanocomposite, Nanocrystalline, Mechanical Alloying

© 2020 Published by ICMATSE
1.Introduction

produced, and other aspects can be found in
standard literature [2-4]. A significant attribute of
MA has been the ability to alloy metals even with
positive heats of mixing that are difficult or
impossible to alloy otherwise [5].

Mechanical alloying (MA) is a solid-state powder
processing technique that was originally developed
a little over 50 years ago to produce oxidedispersion-strengthened
Niand
Fe-based
superalloys for aerospace and high-temperature
applications [1]. Currently, MA is now recognized as
an important technique to synthesize metastable
and advanced materials with a high potential for
widespread applications [2–4].
The materials
produced by MA include supersaturated solid
solutions, intermetallics, quasicrystalline phases,
nanocrystalline materials and nanocomposites,
amorphous alloys, and high-entropy alloys [2–4].

2. Nanostructured Materials
Nanostructured materials are polycrystalline
materials with a grain size in the range of 1–100 nm
at least along one of the dimensions. It is known
that nanostructured materials exhibit high strength,
good ductility, excellent sintering characteristics,
and interesting electrical and magnetic properties
[6–8]. It has been frequently demonstrated that
mechanically alloyed materials show powder
particle refinement as well as grain refinement with
increasing milling time. These sizes decrease very
rapidly in the early stages of milling and more
gradually later. Eventually, in almost all the cases,
the grain size of the mechanically alloyed materials
is in the nanometer range, unless the powder
becomes amorphous. The minimum grain size
achieved has been reported to be a few
nanometers, ranging typically from about 5 to 50

MA involves loading of the individual elemental
powders or pre-alloyed powders along with the
grinding medium in a high-energy ball mill, typically
maintaining a ball-to-powder weight ratio of 10:1 or
higher. The process involves repeated cold welding,
fracturing, and rewelding of powder particles.
Details about the process, the mechanism of
alloying, the effect of process variables on the
nature and characteristics of the alloy phases
3
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nm, but depending on the material and processing
conditions [2]. For example, it was reported that the
grain size decreases with increasing milling energy,
higher ball-to-powder weight ratio, and lower
temperatures. The ease with which nanostructured
materials can be synthesized is one reason why MA
has been extensively employed to produce
nanocrystalline and nanocomposite materials [9].

strain is removed as a result of sintering. Figure. 1(b)
shows the corresponding SEM micrograph, featuring
an almost equiaxed microstructure. The presence of
extremely fine grain size in the alloy prevented it
from achieving the normal lamellar structure in this
eutectoid composition. On annealing the sintered
compact at 900 oC for 1 h, TEM studies confirmed
the presence of the expected lamellar structure
consisting of alternate ferrite and cementite phase
lamellae (Figure. 1(c)). This annealed sample had a
Vickers hardness number of 240, due to coarsening
of the microstructure, while the as-sintered sample
had a hardness of 640, essentially because of the
extremely fine grain size in these samples. This
sintered sample was also subjected to quenching
and other heat treatments, when martensitic
transformation was observed with a high hardness.
TEM investigations also confirmed the formation of
lath structures in the quenched samples.

The grain size of the milled materials decreases with
milling time and reaches a saturation level when a
balance is established between the fracturing and
cold-welding events. This minimum grain size, dmin
is different depending on the material and milling
conditions. The value of dmin achievable by milling is
determined by the competition between the plastic
deformation via dislocation motion that tends to
decrease the grain size, and the recovery and
recrystallization behavior of the material that tends
to increase the grain size. This balance gives a lower
bound for the grain size of pure metals and alloys.

When the iron and graphite powders were taken
corresponding to the composition of Fe-6.67 wt.% C,
milling for 30 h was sufficient to produce the pure
and homogeneous cementite (Fe3C) phase, as
determined from the XRD patterns (Figure. 2(a)).
TEM investigations also showed the microstructure
consisting of equiaxed grain structure (Figure. 2(b))
and the electron diffraction patterns indicated the
presence of only Fe3C. This sample had a Vickers
hardness of 900, much higher than the value (800)
reported in the literature [11].

3. Nano Steels
There have been a few investigations earlier to
synthesize nanostructured steels including plain
carbon steels and stainless steels starting from
blended elemental powders [10]. But, the resultant
product was reported to contain a wide distribution
of grain sizes and in some cases the alloys contained
more than one phase. However, achievement of a
single phase with a uniform grain size distribution is
most desirable from the viewpoint of uniform
properties.

Traditional austenitic stainless steels have a
composition of Fe-18Cr-8Ni (wt.%) and exhibit the
single-phase austenite microstructure. Since MA is
expected to alter the constitution of alloys, we
wished to investigate the effect of Ni content on the
stability of the austenite phase in Fe-Cr-Ni alloys.
MA of blended elemental powders corresponding to
the compositions of Fe-18Cr-xNi (wt.%), with x = 8,
12, 13, 15, and 20 were subjected to MA to produce
nanostructured austenitic stainless steels. XRD
patterns suggested that all the as-MA alloys
exhibited nanometer-sized grains and that the fully
homogeneous austenite phase was obtained only
when the Ni content was equal to or more than 15
wt.%. In all other compositions, the as-MA powder
consisted of both ferrite and austenite phases. The
relative proportions of the phases changed on
annealing the as-MA powders, with the proportion
of austenite increasing at the expense of the ferrite
phase. These results from XRD were confirmed by
high-resolution TEM investigations and FFT patterns
(Figure. 3) [12].].

Pure iron and graphite powders in different
proportions were taken and subjected to MA for up
to 30 h. The resultant powders were characterized
using XRD, SEM, and TEM techniques. When the
individual iron and graphite powders were blended
with the desired composition of Fe-0.8 wt.% C, XRD
patterns showed that a supersaturated solid solution
of carbon in iron was obtained in the early stages of
milling. On continued milling, the cementite phase
(Fe3C) started appearing and when steady state was
reached, the powder mixture exhibited a
combination of ferrite and cementite phases. The
grain size at this stage was in the nanometer range.
This powder was consolidated using the Spark
Plasma Sintering (SPS) technique at 70 MPa and 600
oC for 15 minutes, when complete densification was
achieved. Figure.1(a) shows the XRD pattern in the
sintered condition, when one can see the presence
of sharp peaks indicating that all the mechanical
4
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phases in different types of matrices, including
dispersion of a high volume fraction of Al2O3 in Al
[14] and SiC in Mg [15], achievement of
superplasticity in Ti5Si3 + TiAl composites [16, 17],
and other composites based on Al [18–20], Cu [21,
22], and Mg [23, 24], and synthesis of MoSi2+Si3N4
composites for high-temperature applications [25],
among others. Recently, we have undertaken
investigations on composites containing metallic
glass reinforcements in an aluminum matrix and
studied the microstructure and mechanical
properties of these composites [26, 27]. We will
describe here only the recent results on Al-metallic
glass nanocomposites fabricated by MA, as a typical
example.

4. Nanocomposites
Achievement of a uniform distribution of the
reinforcement in a matrix is essential to achieving
good and uniform mechanical properties in
composites. Further, the mechanical properties of
the composite tend to improve with increasing
volume fraction and/or decreasing particle size of
the reinforcement. Traditionally, a reasonably large
volume fraction of the reinforcement could be
added, if the size of the reinforcement is large (on a
micrometer scale or larger).
But, if the
reinforcement size is very fine (of nanometer
dimensions), then the volume fraction added is
typically limited to about 2 to 3%. However, if a large
volume fraction of nanometer-sized reinforcement
can be introduced, the mechanical properties of the
composite are likely to be vastly improved due to
the combined effects of small reinforcement size
and high- volume fraction. This can be more easily
achieved through MA and therefore, several
investigations have been undertaken to produce
improved nanocomposites through MA [13].

4.1.

Al-Metallic Glass Composite

A relatively new concept in developing useful
nanocomposites has been to introduce metallic glass
particles into an aluminum matrix. The advantage of
a metallic glass reinforcement is that it improves the
recyclability of the composites. It has been
suggested that even though the addition of metallic
glass particles as reinforcement to the Al-based
matrix improves the strength of the matrix, they
severely degrade its plasticity. However, refinement
of the metallic glass to nanoparticles is the key
factor for simultaneously obtaining both high
strength and plasticity in the composites. MA has
been shown to achieve uniform distribution of
metallic glass nanoparticles in the Al-alloy matrix.

Composites are traditionally produced by
solidification processing methods since the
processing is inexpensive and large tonnage
quantities can also be produced. But, it is not easy
to disperse fine reinforcement particles in a liquid
metal since agglomeration of the fine particles
occurs and clusters are produced. Further, wetting
of the particles is poor and consequently even the
most vigorous stirring is not able to break the
agglomerates. Additionally, the fine powders tend
to float to the top of the melt during processing of
the composites through solidification processing.
Thus, solid-state processing methods such as MA are
effective in dispersing fine particles (including
nanoparticles). An added advantage is that since no
melting is involved, even a large volume fraction of
the reinforcement can be introduced.

A Ti-based metallic glass powder with the
composition Ti55.5Cu18.5Ni17.5Al8.5 was produced by
MA of blended elemental powders. These powders,
in the proportions of 0, 2, 6 and 8 vol.%, were mixed
with gas atomized Al-7075 powder and the mixture
was again milled for different times. The milled
powder was subsequently cod pressed into ingots at
room temperature. These ingots were then hot
extruded at 673 K and 590 MPa pressure at an
extrusion ratio of 11.4:1. Samples from the hot
extruded bars were characterized for their
microstructure using XRD, SEM, and TEM methods
and mechanical properties were evaluated at
different temperatures in both tensile and
compressive modes [26, 27].

Some of the specific goals sought in processing of
nanocomposite materials through MA include
incorporation of a high volume percentage of
ultrafine reinforcements and achievement of high
ductility, and even superplasticity in some
composites. It is also possible that due to the
increased ductility, the fracture toughness of these
composites could be higher than in their coarsegrained counterparts. In line with these goals, we
have, in recent times, accomplished (a) achievement
of a very uniform distribution of the reinforcement

Figure 4 shows the TEM microstructure of the hot
extruded Al 7075+8 vol.% metallic glass sample
prepared from the composite powder milled for 30
h. Figure. 4(a) shows the bright-field TEM
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micrograph showing the presence of four different
phases. One is the -Al matrix, the second is MgZn2
(~40 nm) precipitates (indicated by blue arrows), the
third is micron-sized MGMC particles, and the fourth
phase is the irregular MGMC (~100 nm) particles
(indicated by yellow arrows). (Since it is possible for
the metallic glass particles to crystallize under heavy
deformation, the mixture of glassy+partially
crystallized glassy particles can be considered as a
composite (MGMC) and this composite acts now as a
reinforcement in the Al-matrix. Figure. 4(b) is the
HRTEM image of one of the nanoparticles showing
both amorphous and crystalline states, while Figure.
4(c) shows the HRTEM image of the nanoparticle
showing the amorphous state of the reinforcement
and Figure. 4(d) shows the interface between the Al
matrix and the MGMC particle [26].

temperature was faster in the composite than the
monolithic. The increased strength of the composite
at room temperature is mostly due to the direct
loading effect of hard metallic glass and dislocation
strengthening in the matrix.
There may be many reasons for this abnormal
deformation behavior of rapid reduction of the yield
strength of the composites at higher temperatures
in comparison to that of the matrix. These include
thermal softening at higher temperatures, low
viscosity of the metallic glass particles in the
supercooled liquid region, damage accumulation
(microcracks forming in the matrix, break-up of the
matrix-reinforcement interface, cracking of the
reinforcement, etc.), and overaging of the
composites because of accelerated aging kinetics of
the matrix in the composite.

Exceptional mechanical properties were obtained
owing to the presence of bimodal distribution of
metallic glass (micro- and nanoparticles) in the Almatrix. Figure. 5(a) shows that the strength of the
Al-8 vol.% metallic glass composite was as high as
1000 MPa, which is significantly high compared to
the unreinforced Al-7075 alloy (297 MPa). The yield
strength of these composites is much higher than
many other Al-composites with other metallic glass
reinforcements [Figure. 5(b)]. Further, the
experimental values were observed to be much
higher than the theoretically calculated strength
levels (by the upper-bound “rule-of-mixtures”
model).

It is possible that the matrix in the composite is
overaged at the temperature at which the test was
done because of accelerated aging effects in the
composite. It was reported that in age-hardenable
alloys, the aging kinetics are a sensitive function of
the aging temperature. For example, the time to
reach peak aging in the Al 2014/ SiCp composite
“decreased much more with increasing temperature
than it did in the unreinforced alloy” [28]. Similar
observations of accelerated aging were also
reported in an A-3.5 wt.% Cu alloy with 6%, 13%, and
20% SiC particle composites [29], and others [30].
It was suggested that when a composite consisting
of an age-hardenable matrix is quenched from the
solutionizing temperature, the soft matrix undergoes
plastic deformation due to the thermal stresses
induced as a result of the CTE mismatch between
the matrix and the reinforcement. This deformation
leads to the formation of heterogeneous nucleation
sites for the precipitates to form due to the
generation of dislocations and vacancies. Therefore,
these precipitates grow and the material reaches the
peak hardness value faster at higher temperatures.
Since no heterogeneous nucleation sites were
available in the unreinforced matrix, peak hardness
will be reached much later. Even though this appears
to be the most plausible explanation at the moment,
a thorough study is required to provide a better
understanding of the phenomenon of composite
softening.
5. Concluding Remarks

Abnormal Deformation Behavior
Figure. 6(a) shows the variation of the ultimate
tensile flow stress of the Al7075 matrix and the
composites as a function of the test temperature. It
may be noted that the flow stress increased with
increasing volume fraction of the reinforcement at
room temperature and 150 oC. However, at higher
temperatures of testing, the flow stress decreased
almost linearly with increasing volume fraction of
the metallic glass particles. Figure. 6(b) presents the
variation of the tensile yield strength of the
composites as a function of temperature. The room
temperature yield strength increased from ~345
MPa for the Al-7075 matrix to ~500 MPa for the
composite with 6 vol% of the reinforcement. A
similar trend was observed at 150 oC also, even
though the values are different. But, at
temperatures >250 oC, the composite was found to
be weaker than the monolithic alloy. In fact, the rate
at which the strength decreased with increasing

We have briefly reviewed our recent work on the
synthesis, structure and properties of nanomaterials
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and nanocomposites. More specifically, we showed
that a variety of steels in the nanostructured state
could be conveniently produced by MA. The
structures and properties of the eutectoid steels are
comparable to those produced by the traditional
methods. It was also noted that a fully
homogeneous austenitic stainless steel could be
produced in the Fe-18 wt.% Cr-Ni compositions only
when the Ni content was higher than 15 wt.%. For Ni
compositions from 8 to 15 wt.%, a mixture of ferrite
and austenite were present. A homogeneous
cementite phase was also synthesized starting with
blended elemental iron and graphite powders.
Many different nanocomposites based on Al, Mg,
and Ti were synthesized by MA. The most recent

type of nanocomposites investigated are those
based
on
Al
containing
metallic
glass
reinforcements. The strength of these composites
increased with increasing volume fraction of the
reinforcements and the stability of the metallic glass
reinforcement under the action of milling was also
studied. A very interesting abnormal deformation
behavior was observed at higher temperatures of
testing. It was noted that while the composite is
harder than the monolithic at low temperatures
(<200 oC), it was found to be softer than the Al
matrix at higher temperatures of testing. Possible
explanations for this unusual behavior were
presented.
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Abstract. We review chiral photonics, i.e., advanced materials engineering based on light induced chiral structures and
beyond. The optical vortex with an orbital angular momentum (OAM) associated from its helical wavefront enables us to
twist a variety of materials, including metal, silicon, polymer, and even liquid-phase resin to form various helically
structured materials on nano/micro-scale. Such optical vortex induced helical structures should offer new advanced
material sciences and technologies.
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Optical Vortex

© 2020 Published by ICMATSE
have been demonstrated, however, there have only
been a few studies, to date, concerning how an
azopolymer film interacts with an optical vortex
field with OAM. Ambrosio et al. discovered that
tightly focused higher-order optical vortices enables
the helical mass transport of azopolymers in the
azimuthal direction, thereby forming a twisted
relief.
We and our co-workers also demonstrated the
formation of micron-scale helical surface relief of
azopolymers by employing a lower-order optical
vortex fields with ℓ=1 with the aid of circular
polarization (Fig. 1).
These helical surface reliefs manifest not the spatial
intensity profile but the helical wavefront of the
irradiated optical vortex fields.

Optical vortex possesses a handedness and an
orbital angular momentum (OAM) assinged by a
topological charge ℓ, associated from its helical
wavefront, and it has been pioneering a myriad of
research fields, such as optical tweezers and
manipulations,
space
division
multiplexing
optical/quantum communications, and optical data
storages with the freedom of OAM.
In recent years, we and our co-workers discovered
that the optical vortex twists the irradiated
materials to form nano/micro-scale chiral
structures. Such optical vortex induced chiral
structures manifest a helical wavefront of the
irradaited optical vortex, and they will offer new
advanced material sciences and technologies.
For instance, the optical vortex induced chiral reliefs
of azo-polymers will act as a generator of subwavelength-scale nearfield OAM field for
manipulating the handedness and orientation of
aggregation of molecules. Furthermore, the optical
vortex induced chiral polymer fibers should play an
important role as a vortex waveguide for space
division multiplexing telecommunications.
In this presentation, we review chiral photonics, i.e.,
advanced materials engineering based on optical
vortex induced chiral structures and beyond.
Mass transport of azopolymers occurs subsequently
from a bright region toward a dark region along the
polarization direction of the illuminated light via
trans–cis photoisomerization, thereby yielding the
surface relief formation.
A number of theoretical and experimental works for
the light-induced mass transport of azopolymers

Figure 1 Helical surface releif of azo-polymers
fabricated by illumination of optical vortex light field
[4,8,9].
It is well known that a tightly focused circularly
polarized beam carries an OAM in an isotropic and
homogeneous medium, so-called spin– orbital
angular momentum coupling (SAM-OAM coupling).
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It is worth noting that such SAM- OAM coupling
further allows the formation of helical surface relief
of azopolymers, however, the helical surface relief
formation itself breaks the spatial symmetry of the
azopolymer film, leading to further transformation
of the helical surface relief into a non-helical
structure (Fig. 2).

Figure 3 Nano-scale helical surface releif of azopolymers [6].
Higher order optical vortex beams also created
branched fibers. For instance, the optical vortex
beam with ℓ = ±2 (or 4) produced the fiber split into
two (or four) branches, so as to form a double
(quad) helix coiled fiber around each other with the
clockwise (or counterclockwise) direction (Fig. 4).

Figure 2 SAM-OAM coupling. SAM-OAM coupling
further allows the formation of helical surface relief
of azopolymers, however, the helical surface relief
formation itself breaks the spatial symmetry of the
azopolymer film, leading to further transformation
of the helical surface relief into a non-helical
structure [5].

Figure 4 Brached fiber. Number of branches is fully
assigned by a topological charge of irradaited optical
vortex light field [7,8,9].
This phenomonon occurs owing to an azimuthal
modulation instability, in which the incident optical
vortex light field breaks up into single- charged
optical vortex modes, i.e., spatial solitons
manifesting helical wavefront trajectories, and
forms a bundle of helical microfiber.
Very
recently,
we
further
investigated
photopolymerization with high-order Bessel beams
possessing
OAM,
which exhibit propagationinvariant properties, often termed “non-diffraction”.
Self-trapping and self- focusing effcets of the Bessel
beams enable the formation of helical microfibers
with a length scale of a centimeter, manifesting the
optical vortex-solitions (Fig. 5).
Such centimeter-scale helical microfibers will lead
significantly to real applications in space domain
multiplexing optical communications with the
freedom of OAM states.

A helical surface relief structured at the interface
between air and a plasmonic metal film generally
produces the evanescent near- field with OAM
simply by illumination of a circularly polarized light
beam. Such near-field OAM light field will allow us
to lead to further nanoscale helical mass transport
of azopolymers. In fact, we and our co-workers
demonstrated the formation of a nanoscale helical
surface relief with a diameter of <400 nm by the
near-field OAM light (Fig. 3). Continuous-wave
ultraviolet or visible light can activate cross-linked
polymerization in liquid- phase resins. Interestingly,
self-focusing and self-trapping of the incident beam
then occur on initiating polymerization owing to a
permanent refractive index change of the resin,
leading to the fiber formation, so-called laserinduced self-written fiber. However, self- written
fiber studies have never yet been performed by
empolying optical vortex fields with OAM arising
from their helical wavefronts. In recent years, we
discovered that the incident optical vortex beams
with only an optical power of a few mW twist the
polymerized resin to form twisting or helical fibers
along the beam propagation direction. It is worth
mentinoning that the helicity of the fabricated fibers
was assigned by the handedness of the incident
optical vortex beams.

Figure 5 Helical microfiber fabricated by illumination
of optical vortex light (non- diffractive Bessel beam).
Maginified fiber is twisted towards clockwise
direction [10].
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Optical vortex light fields with unique properties,
such as a OAM and an annular intensity profile,
associated with their helical wavefronts can pave
the way toward many new research fields, in
particular, materials sciences and technologies. The
optical vortex light field twists a variety of materials
to
form
a
wide
range
of
helical
micro/nanostructures, e.g., helical microneedles,
helical surface reliefs, and helical fibers.
This helical structure fomation by illumination of
optical vortex beam should be a promising method

to fabricate helical structures at room temperature
and in atmosphere without any special apparatuses,
and it will offer new research opportunities and
potentially open the door to develop diverse
advanced nanomaterial sciences and technologies,
including metasurfaces for high enhancement of
chiral chemical reactions, optical waveguides for
fiber- and free space-telecommunications, and
industrial applications based on the hydrophobic or
hydrophilic properties of materials.

References
1. L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, J. P. Woerdman, Orbital angular momentum of light and the
transformation of Laguerre-Gaussian laser modes, Phys. Rev. A 45, (1992) pp 8185–8189,
doi.org/10.1103/PhysRevA.45.8185.
2. M. J. Padgett, Orbital angular momentum 25 years on, Opt. Express 25, (2017) pp 11265–11274,
doi.org/10.1364/OE.25.011265.
3. K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, T. Omatsu, Using optical vortex to control the chirality of twisted metal
nanostructures, Nano Lett. 12, (2012) pp 3645−3649, doi.org/10.1021/nl301347j.
4. M. Watabe, G. Juman, K. Miyamoto, T. Omatsu, Light induced conch-shaped relief in an azo-polymer film, Sci. Rep. 4,
(2014) 4281, DOI:10.1038/srep0428.
5. K. Masuda, S. Nakano, D. Barada, M. Kumakura, K. Miyamoto, T. Omatsu, Azo-polymer film twisted to form a helical
surface relief by illumination with a circularly polarized Gaussian beam, Opt. Express, 25, (2017) 12499-12507 (2017)
doi.org/10.1364/OE.25.012499.
6. K. Masuda, R. Shinozaki, Y. Kinezuka, J. Lee, S. Ohno, S. Hayashida, H. Okamoto, D. Sakai, K. Harada, K. Miyamoto,
T. Omatsu, Nanoscale chiral surface relief of azo-polymers with nearfield OAM light, Opt. Express, 26, (2018) 2219722207, doi.org/10.1364/OE.26.022197.
7. J. Lee, Y. Arita, S. Toyoshima, K. Miyamoto, P. Panagiotopoulos, E. M. Wright, K. Dholakia, T. Omatsu,
Photopolymerization with light fields possessing orbital angular momentum: generation of helical microfibers, ACS
Photonics 5, (2018) 4156-4163, doi.org/10.1021/acsphotonics.8b00959.
8. T. Omatsu, K. Miyamoto, K. Toyoda, R. Morita, Y. Arita, K. Dholakia, A new twist for materials science: the formation of
chiral structures using the angular momentum of light, Adv. Opt. Mater., 7, (2019) 1801672,
doi.org/10.1002/adom.201801672.
9. T. Omatsu, K. Masuda, K. Miyamoto, K. Toyoda, N. M. Litchinitser, Y. Arita, K. Dholakia, Twisted Mass Transport enabled
by the Angular Momentum of Light, J. Nanophotonics, 14, (2020) 010901, doi.org/10.1117/1.JNP.14.010901.
10.
Y. Arita, J. H. Lee, H. Kawaguchi, R. Matsuo, K. Miyamoto, K. Dholakia, T. Omatsu, Photopolymerization with
high- order Bessel light beams, Opt. Lett. 45, (2020) 4080-4083, doi.org/10.1364/OL.396012.

10

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

(Invited Speaker)

Paper id : 28

Preparation of Aqueous Fe+CuO, ZnO+Al2O3 and CuO+Al2O3 Hybrid Nanofluids and
Thermal System Applications
Adnan Sözen
Gazi University-Energy Systems Engineering Department, 06500, Ankara, Turkey, asozen@gazi.edu.tr
ORCID: 0000-0002-8373-2674

Erdem Çiftçi
Gazi University-Energy Systems Engineering Department, 06500, Ankara, Turkey, erdemciftci@gazi.edu.tr
ORCID: 0000-0003-2493-5962

İpek Aytaç
Turkish Aeronautical Association University-Mechanical Engineering Department, 06790, Ankara Turkey,
ipekaa@gmail.com
ORCID: 0000-0003-1213-8325
Cite this paper as: Sözen, A, Çiftçi, E, Aytaç, İ. Preparation of aqueous Fe+CuO, ZnO+Al2O3 and CuO+
Al2O3 hybrid nanofluids and thermal system applications. Int. Conf. Advanced. Mater. Sci.& Eng. HiTech.and
Device Appl.Oct. 02-04 2020,Ankara, Turkey
Abstract. Nanofluids are the suspensions comprised of the nanoparticles, a surfactant, and a base fluid. Although they
increase the thermal characteristics of the system where they are used, hybrid utilization of the nanoparticles on
nanofluid preparation has also positive influences on the enhancement of thermophysical properties, especially the
specific heat capacity. In this study, the effects of hybrid nanofluid usage on thermal characteristics of a wickless heat
pipe, heat recovery unit, and tubular heat exchanger were experimentally investigated. The deionized water-based hybrid
nanofluids of Fe+CuO, ZnO+Al2O3, and CuO+Al2O3 nanoparticles were prepared and tested in a wickless heat pipe, air-air
heat recovery unit, and tubular heat exchanger, respectively. The hybrid nanofluids were prepared at the mixing rate of
50:50. Triton X-100 was added into the suspensions prepared as a surfactant. The results illustrated that temperature
distributions along the heat pipe wall were narrowed with the utilization of Fe+CuO/deionized water hybrid nanofluid and
the efficiency of the heat pipe was improved up to 54.13%. Similarly, with the usage of ZnO+Al2O3/deionized water hybrid
nanofluid in the air-air heat recovery unit, the increments in efficiency on the cold air side up to 80% were obtained.
Moreover, the overall heat transfer coefficient of the tubular heat exchanger was improved by 12%.
Keywords: Hybrid nanofluid, Heat pipe, Heat recovery unit, Tubular heat exchanger, Thermal performance
improvement.
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Introduction
Nanofluid suspensions are the colloidal, engineered
nanoparticles containing working fluids. Although
they improve the heat transfer capability of a
system they used, their some thermophysical
properties sometimes can restrict the utilization of
them. The metal oxides, for instance, have high
thermal conductivity values, and thereby, are likely
to enhance the base fluid’s thermal conductivity,
however, they are not stable in a colloidal
suspension. In a similar way, metals provide
stability when they are used in nanofluid
preparation, but their thermal conductivity is lower
than their metal oxide counterparts. In this aspect,
the hybrid utilization of both nanoparticles have
emerged in recent years, and many researchers

reported that hybrid nanofluids can be utilized as a
working fluid for performance improvement in a
thermal system. Esfe and Rostamian experimentally
and statistically investigated the rheological
behavior characteristics of MWCNT-TiO2/EG (40%–
60%) hybrid nanofluid considering the effects of
temperature, shear rate, and concentration. Their
findings presented an idea in the prediction of the
rheological behavior of the hybrid nanofluids in
various volume fractions of solid particles, and
various operating temperatures [1]. Xu et al
experimentally investigated the heat transfer
performance of pulsating heat pipes working with
hybrid nanofluids. They obtained some decrements
in thermal resistance up to 25.16% with the
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utilization of graphene nanofluids as working fluids
[2]. Moghadasi et al. numerically investigated the
laminar forced convection improvement of hybrid
nanofluid within a U-bend pipe in porous media via
ANSYS Fluent. They used Al2O3-CuO-water hybrid
nanofluid inside a U-bend pipe within a porous
medium in analysis and reported that the averaged
Nusselt number and pressure drop exhibited an
increasing pattern upon an increment of volume
fraction [3]. It can be encountered similar studies in
literature [4-7]. In this study, deionized waterbased hybrid nanofluids of Fe+CuO, ZnO+Al2O3, and
CuO+Al2O3 nanoparticles were prepared and tested
in a wickless heat pipe, air-air heat recovery unit,
and tubular heat exchanger, respectively. The
changes in efficiency of the heat pipe and air-air
heat recovery unit and the overall heat transfer
coefficient of the heat exchanger were
investigated.

tubular heat exchanger with the heat transfer area
of 250 cm2 was used in the experiments (Figure 1).

Material & Method
Hybrid nanofluid suspensions were prepared by
mixing the nanoparticles with deionized water and
Triton X-100 surfactant. During this process, the
nanoparticle concentration was kept constant as
50:50. Some properties of the utilized nanoparticles
were provided in Table 1.
Table 1. Properties of the nanoparticles

After preparing the nanofluid suspension, each was
kept in an ultrasonic bath for nearly 3 hours to
obtain more homogenous and stable suspensions.
The experiments were performed three times both
for deionized water and prepared nanofluid
suspensions, and the mean values are used in
theoretical calculations.
Wickless heat pipe made of copper, and with the 13
mm inner diameter was employed in heat pipe
experiments. The experimental setup of the air-air
heat recovery unit contained two confined air
channels for cold and hot fluid passages (45
cm×260 cm) in the length of 1300 mm, a heat pipe
bundle, and 2 air fans. On the other hand, the

Figure 1. The schematics of the test rigs ((a) heat pipe,
(b) air-air heat recovery unit, (c) tubular heat exchanger)

Heat pipe experiments were conducted under 300
W heating power applied to the evaporator section
and 5 g/s, 7.5 g/s, and 10 g/s cooling water mass
flow rate conditions using Fe-CuO hybrid nanofluid.
The air-air heat recover unit was tested with
ZnO+Al2O3 hybrid nanofluid under varying cold and
hot air velocities. CuO+ Al2O3 hybrid nanofluid, in
addition, was tested in a tubular heat exchanger
12
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under different flow rates ranging from 3 lpm to 9
lpm.
Results &Discussion
For theoretical calculations, the following equations
were utilized.
For analyzing heat pipe performance,
𝑄̇𝑐 = 𝑚̇𝑤 𝑐𝑝,𝑤 (𝑇𝑒𝑥𝑖𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡 )

(1)

𝑄̇

𝜂 = 𝑄̇𝑐

(2)

𝑒

∆𝑇 = (

𝑇𝑒1+𝑇𝑒2 +𝑇𝑒3 +𝑇𝑒4
4

)−(

𝑇𝑘1 +𝑇𝑘2 +𝑇𝑘3 +𝑇𝑘4
4

)

(3)

where 𝑤, 𝑐, and 𝑒 denote the water, condenser, and
evaporator, respectively. 𝜂 is the efficiency of the
heat pipe.
The efficiency of the cold air side of the heat
recovery unit was calculated using the Eq. [4].
𝜀=

𝑚̇𝑒,𝑖𝑛𝑙𝑒𝑡 𝑐𝑝,𝑒 (𝑇𝑒,𝑒𝑥𝑖𝑡 −𝑇𝑒,𝑖𝑛𝑙𝑒𝑡 )
𝑚̇𝑐,𝑖𝑛𝑙𝑒𝑡 𝑐𝑝,𝑐 (𝑇𝑐,𝑒𝑥𝑖𝑡 −𝑇𝑐,𝑖𝑛𝑙𝑒𝑡 )

(4)

On the other hand, the overall heat transfer
coefficient of the tubular heat exchanger was
specified using the equation below:
(𝑇 −𝑇 )−(𝑇 −𝑇 )
𝑄̇ℎ𝑓 = A𝑡 U [ 3 7(𝑇3 −𝑇67) 10 ]
𝑙𝑛

(5)

Figure 2. Temperature distributions along the heat pipe
wall for deionized water and hybrid nanofluid

(𝑇6 −𝑇10 )

where A𝑡 represents the total heat transfer area, U
is the overall heat transfer coefficient. 𝑇3 and 𝑇6 are
the inlet and exit temperatures of the hot fluid,
while 𝑇7 and 𝑇10 are the inlet and exit temperatures
of the cold fluid passages, respectively.
Temperature distributions along the heat pipe wall
were provided in Figure 2. As can be seen, with the
utilization of Fe-CuO hybrid nanofluid, wall
temperatures could be declined. The boiling point of
the deionized water can also be decreased from
58℃ up to 51℃ via hybrid nanofluid utilization.
Based on Eq. [2], the efficiency of the heat pipe
values was provided in Figure 3. The hybrid
nanofluid utilization enhanced the efficiency of the
heat pipe under all conditions. The maximum
improvement in efficiency was observed under 10
g/s cooling water mass flow rate as 54.13%.

Figure 3. The efficiency of the heat pipe for deionized
water and hybrid nanofluid

Efficiency values for the cold air side of the heat
recovery unit were illustrated in Figure 4. It is clear
in this figure that with the utilization of ZnO+Al2O3
hybrid nanofluid, cold air side efficiency was able to
be enhanced up to 80%. It can be concluded that
hybrid nanofluids can be employed in heat
exchangers of the air-air heat recovery units.

13

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

With the utilization of CuO+Al2O3 hybrid nanofluid,
the overall heat transfer coefficient can be
enhanced up to 12%. To illustrate; the overall heat
transfer coefficient of the tubular heat exchanger
increased from 4490 W/m2K to 4700 W/m2K when
hybrid nanofluid was used in place of deionized
water as the working fluid. The increase both in
overall heat transfer coefficients and efficiency
values result from the upgrading thermophysical
properties of the hybrid nanofluid.

Figure 4. Cold air side efficiency values under varying
operating conditions of the air-air heat recovery unit

Conclusion
In this paper, the influences of hybrid nanofluid
utilization on the thermal performance of the
wickless heat pipe, heat recovery unit, and tubular
heat exchanger were investigated. The aqueous
hybrid nanofluids of Fe+CuO, ZnO+Al2O3, and
CuO+Al2O3 nanoparticles were prepared and
tested in those thermal systems, respectively.
Temperature distributions along the heat pipe wall
were narrowed with the utilization of hybrid
nanofluid and the efficiency of the heat pipe was
improved up to 54.13%. Besides, with the usage of
hybrid nanofluid in the air-air heat recovery unit,
the increments in efficiency on the cold air side up
to 80% were obtained. Furthermore, the overall
heat transfer coefficient of the tubular heat
exchanger was improved by 12% via hybrid
nanofluid utilization.

Similarly, the findings obtained for the overall heat
transfer coefficient of the tubular heat exchanger
could be seen in Figure 5.

Figure 5. Overall heat transfer coefficient of the tubular
heat exchanger for deionized water and hybrid nanofluid
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Abstract. Electrorheological (ER) fluids generate mechanical responses to applied electric field strength via changing their
rheological properties from liquid to solid and vice-versa reversibly. As a result of this, ER fluids can be used in the
industrial vibration damping systems. In order to increase their applicability, it is necessary to understand electric field
induced polarization and ER mechanism of different materials. Therefore, the aim of this study is to illuminate ER and
vibration damping properties of electronically conductive polyanthracene (PAT), which is a new material for ER studies.
Firstly, PAT is synthesized from anthracene and structurally characterized by ATR-FTIR spectroscopy. The conductive
properties of PAT is determined by using four-point probe technique. Then, PAT/silicone oil (SO) dispersions are prepared
and subjected to external electric field to evaluate their response times to the electric field, shear rate-shear stressviscosity behaviors, dielectric properties and also to identify viscoelastic and vibration damping properties by determining
storage modulus, loss modulus and tan values. Finally creep-recovery characteristics are revealed.
Keywords: vibrating damping, electrorheology, polyanthracene
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Introduction
ER fluids are colloidal dispersions of particles, which
can polarize under the external electric field, in a
non-conducting base liquid. After the electric field
is applied, the polarized particles attract to each
other to form a column-like structure along the
electric field direction within milliseconds. This
electric field induced process is reversible and rapid
change from liquid-like to a solid-like behavior take
place. Thus, there is a drastic change in flow
behaviors of ER fluids such as viscosity and yield
stress under applied electric field. Thanks to this
phase transformation, ER fluids are useful materials
to create mechanical responses to electrical stimuli
for active devices such as vibration dampers, shock
absorbers or valves [1]. Vibration damping system
is based on placing soft isolator between the host
structure and the equipment. This isolation system
reduce the effect of vibrational force on the
structure during the normal operation. Using ER
fluids as a soft isolator provides a controllable

vibration damping ability to the device because of
being activated by the external electric field [2].
It is important to prepare dry-based ER fluids for
industrial applications to prevent evaporation or
corrosion problems arising in wet-based ones [3].
The hydrophobic and electrically conductive
polymers can polarize under electric field stimulus
via electron movement and so they show dry-based
ER activity, requiring no polar dopants. Polyaniline,
polythiopehene, polypyrolle and derivatives of
these polymers are widely used in studies as dry ER
active materials [4,5].
Polyanthracene (PAT) is an attractive polymer for
semiconductive and optoelectronic devices due to
its highly conjugated polyaromatic structure [6].
This structure can offer advantage for ER activity
owing to formation of the strong electric dipoles
during application of electric field stimulus.
However, to the best of our knowledge, the ER
activity of PAT not hitherto been reported in the
literature. The aim of this study is to investigate the
flow behaviors, vibration damping properties and
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creep-recovery characteristics of PAT based ER
fluids. The previous studies on the quinone
derivative of PAT, which is polyacene quinone
radical (PAQR), has shown that PAQR has high
dielectric constant (=5) and ER activity (y=200
Pa with 𝛾̇̇=1 s-1 at E=3 kV/mm) [3,7]. The reported
results on PAQR support the hypothesis of this
research that PAT can be a good candidate for an
ER active smart material.

kV/mm increments) generated by a dc electric field
generator (Fug Electronics, HCL 14, Germany). The
gap between the parallel plates was 1.0 mm and
the diameters of the upper and lower plates were
35 mm. Pre-mixing (𝛾̇̇ = 30 s-1 for 30 s) was applied
to all the samples before each measurement.
Firstly, ER responses of dispersions at different
electric field strengths with time were examined
under constant shear rate (𝛾̇̇ = 1 s-1). Secondly, flow
measurements were performed with the rate
controlled (CR) mode in 𝛾̇̇ = 0.1-200 s-1 range under
varying electric field strengths.
Dielectric Measurements: Dielectric analysis of
optimized (20 m/V%) dispersion of PAT/SO was
carried out by Agilent E4980A Precission
Impedence analyzer/LCR meter (USA) equipped
with a liquid test fixture (16452A) at room
temperature. The analysis was performed at 1.0 V
constant ac voltage in the frequency range of 20
Hz–2 MHz.
ER Active Vibration Damping Properties of PAT/SO
Dispersion: This was investigated via oscillation
measurements by using optimized 20 m/V%
PAT/SO dispersion. For this purpose, the dynamic
viscoelastic and creep-recovery properties were
detected under varying electric field strengths.
Before measurements, linear viscoelastic region
(LVR) was determined at f = 1Hz. In LVR range,
frequency and time dependent dynamic
viscoelastic properties i.e., viscous (G’’) and elastic
(G’’) moduli, were illuminated by applying a
sinusoidal shear deformation to the sample.
Creep-Recovery Behavior of PAT/SO Dispersion: The
creep-recovery behavior was analyzed by applying
constant stress to the PAT/SO dispersion for 100 s
and the change in the strain was measured. Then,
the applied stress was removed and the percentage
recovery was determined.

Materials and Method
Synthesis of PAT: PAT was synthesized via a
modified procedure of oxidative polymerization
[8,9]. Anthracene and FeCl3 were provided from
Merck, Germany, and used as monomer and
catalyst, respectively. The mass ratio of
monomer:oxidative agent was arranged to be 1:2,
the reaction was performed in nitrobenzene under
N2(g) atmosphere at 150°C and run for 24 hours.
The polymerization was terminated by adding
methanol to the reactor and the crude product of
PAT was recovered. The unreacted monomer, Fe2+
and Fe3+ ions were removed from the product by
cleaning with ethanol/conc. HCl(aq) solution. The
complete removal of FeCl3 from the product was
monitored with KSCN test. The product was
purified PAT homopolymer. After PAT was dried in
a vacuum oven at 120°C for 24 hours, it was
cryogenically grinded by using a mill (Restch,
MM400, Germany) to obtain fine-grade particles
and then stored in a desiccator for further
characterizations.
Characterizations of PAT: The synthesis of PAT from
anthracene monomer was detected by ATR-FTIR to
reveal the chemical structure (Thermo Scientific
Nicolet IS5, USA). The hydrodynamic diameter and
potential of PAT was determined at pH 7 with
dispersions in 10-4 M NaCl(aq) solution via dynamic
light scattering (DLS) method (Malvern Zetasizer,
Nano ZS). The powdered PAT was compressed and
formed pellets with certain dimensions (height= 0.2
mm, diameter= 1.8 cm) were prepared. Then, the
conductivity of PAT was measured by four-probe
technique at room temperature (Entek Electronic,
FPP 470-A, Turkey).
ER Activity of PAT/SO Dispersions: PAT based ER
fluids were prepared with various mass/volume
precents (5, 10, 15, 20 and 25%) in silicone oil (SO;
1 Pa s). The dispersions were homogenized by
using an ultrasonicator (Sonics, Vibracell, USA). ER
activities of dispersions were investigated with
parallel plate torque electrorheometer (ThermoHaake RS600, Germany) at 25°C under different
electric field strengths (E= 0-4 kV/mm with 0.5

Results and Discussion
PAT is synthesized from anthracene via oxidative
polymerization (Fig. 1). The polymerization
mechanism proceeds from carbon atoms at 9th and
10th positions of the monomer. This is proven by
comparing ATR-FTIR spectra of anthracene and PAT
(Fig. 2). The peak at 885 cm-1 belongs to the
stretching vibration of CH groups and the intensity
of the peak decreases for PAT because of the
formation of new bonds [8]. It is also found that the
peaks indicating neighboring CH groups shifts
from 720 cm-1 to 692 cm-1 and from 957 cm-1 to 931
cm-1 due to the polymerization. For both PAT and
anthracene, aromatic CH and CC stretching
16

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

peaks are observed in 3050, 1620 cm-1 and 1535
cm-1 regions, respectively.

field is removed (E=0 kV/mm). The shear stress is
also increased with increasing amount of PAT and
reached to 292 Pa for 25% at E=4 kV/mm. However,
the increment is not significant between 20%
(=283 Pa at E=4 kV/mm) and 25% (= 292 Pa at
E=4 kV/mm) dispersions. In addition to this, the
colloidal stability is considered and the optimum
PAT percent is determined to be 20%. This
concentration is used for further measurements.

FeCl3 / Nitrobenzene
n

150oC / N2

PAT

150
100
50

sp2 C-H

sp2 C-C

957

0

E=0

0

E=0

E=0

100

720

3500

3000

2500

2000

1500

E=2.5 kV/mm

E=0

E=0

200

E=0

300

E=0

E=0

400

E=0

500

Time (s)

sp2 C-H bending at 9 and 10 positions

4000

E=2 kV/mm

Antahracene

200
E=1.5 kV/mm

692

E=0.5 kV/mm

Shear Stress (Pa)

Transmittance (%)

931

250

E=3.5 kV/mm

300

PAT

E=3 kV/mm

5%
10%
15%
20%
25%

350

E=4 kV/mm

400

E= 1 kV/mm

Anthracene

Figure 1. Polymerization of anthracene to PAT.
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Figure 3. ER responses of PAT/SO dispersions
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Figure 2. ATR-FTIR spectra of anthracene and PAT.

(a)

Shear Stress (Pa)

The average hydrodynamic diameter (d0.5) of the
PAT is determined as 0.6 ± 0.1 m by DLS.
Moreover, the -potential of PAT is also detected
as 19±0.9 mV by zeta-sizer. Small scale size and
positive surface charge increase the colloidal
stability of PAT particles dispersed in SO.
The conductivity () is an important parameter for
understanding whether ER fluids can respond to
electric field. The conductivity of dispersed particles
for ER dispersions are preferred to be in the range
of 10-8 to 10-4 S/cm [5,10]. The conductivity of PAT
is measured as (1.2 ± 0.2) x 10-4 S/cm indicating
that it is a suitable material for ER applications.
The responses of PAT based ER fluids to the
externally applied electric field is investigated by
applying increasing electric field strength (E= 0-4
kV/mm with E=0.5 kV/mm increments) for 30 s
time intervals at a constant shear rate of 1.0 s-1 at
25°C. After applying each electric field strength, the
electric field strength is set back to E=0 kV/mm for
30 s to bring back the system to its original state to
get rid of deposited charge inside the sample. The
results depicted in Fig. 3 shows that there are
sudden increases in shear stresses when the
external electric field is applied. It is also important
to say that the PAT/SO dispersion reversibly and
rapidly returns to its original state when electric
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Figure 4. The effect of shear rate on shear stress
(solid lines for CCJ fitting) (a) and viscosity (b) of
20% PAT/SO dispersion under various applied
electric field strengths.
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the slope of the fitting line is 1.5 indicating the
driving force of the conduction model (Fig. 5).

The flow behaviors of optimum 20% PAT/SO
dispersion under applied electric field (E= 0-4
kV/mm), is revealed by investigating the changes of
shear stress and viscosity with increasing shear
rates. Non-Newtonian shear thinning flow behavior
is observed for the dispersion (Fig. 4). Previously,
Bingham model is used to explain the flow behavior
and to determine the yield stress of ER dispersion
but Cho and coworkers developed a new model
(Cho-Choi-John, CCJ) (Equation 1) including six
parameters for better fitting and explanation of
flow behaviors of conducting polymer based ER
fluids [11].

Dynamic Yield Stress (Pa)

20% PAT/SO
102

slope = 1.5

t a E1.5
101

1

𝜏=

𝜏𝑦
(1+(𝑡1 γ̇)𝛼 )

+ 𝜂∞ (1 +

1
γ̇)
(𝑡2 γ̇)𝛽

(1)

3

4

Figure 5. The change in dynamic yield stress values
of 20% PAT/SO dispersion obtained from CCJ model
with increasing applied electric field strengths.

where, t1 and t2 are time constants, 𝛾̇̇ is shear rate,
𝜏𝑦 is yield stress, 𝜂∞ is viscosity at high shear rate,
𝛼 is related to decrease in the shear stress and 𝛽 is
a constant (0 < 𝛽 ≤ 1). The electric field induced
flow curves of PAT/SO dispersion are the best fitted
to CCJ model compared to Bingham model. CCJ
model can explain the phenomena of decrease in
shear stress at low shear rate region. The
dependence of dynamic yield stress obtained from
CCJ model to applied electric field strengths is
illustrated in Fig. 5. The highest yield stress is
measured to be 283 Pa for E = 4 kV/mm which may
be attributed to the increased polarization of
dispersed PAT particles with enhancing electric field
strengths which undergoes to stronger particleparticle interactions and results in formation of
strong and dynamic chain-like structures along the
electric field direction. The dynamic yield stress vs.
applied electric field strength graph provide
information about the ER activity mechanism of the
system. The dependence of the yield stress on the
electric field strength is correlated as follow:
𝜏𝑦 ∝ 𝐸 𝑚

2

Electric Field (kV/mm)

For previously reported PQAR, the ER efficiency,
defined as (E-0)/0 where Eand 0 are the shear
stress with and without electric field, respectively,
was 23.75 (at γ̇ = 1 s-1 and E = 3 kV/mm). For PAT in
this study, the ER efficiency under E = 3 kV/mm is
calculated to be 81 which is higher than PQAR. This
indicates better performance and lower energy
consumption of PAT compared to PQAR for the
industrial vibration damping applications.
The dielectric properties such as dielectric constant
and relaxation time are related to polarizability and
polarization time, respectively. Therefore, these are
important parameters to understand the ER
activity. The dielectric analysis was carried out for
20% PAT/SO dispersion (Fig. 6). The curves are
fitted to the Cole-Cole equation:
𝜀 −𝜀

0
∞
𝜀 ∗ = 𝜀 ′ − 𝑖𝜀 ′′ = 𝜀∞ + (1+(𝑖λ)
1−𝛼 )

(3)

Where 𝜀0 and 𝜀∞ are dielectric constants at low and
high frequencies, respectively. λ is relaxation time,
𝛼 is a parameter indicating broadness of the
relaxation time and  is angular frequency.
The dielectric constant (’) of 20%PAT/SO system
was determined to be 3.1 at 102 Hz and it is nearly
same as ’ of PAQR (’ =3.2 at 102 Hz). The
difference between ’ values at low and high
frequencies is equal to ’(’0 -’∞) and provide
information about magnitude of polarization. Thus
the polarizabilities of PAT and PAQR are also
compared by considering their ’ values. For
PAT/SO, ’ is calculated to be 3.7 and it is higher
than the PQAR (’=0.8) indicating better

(2)

where 𝜏𝑦 is dynamic yields stress, E is applied
electric field strength and m is an exponent varying
from 1.0 to 2.0. If m equals to 1.5, the ER
mechanism follow conduction model, and if it is
2.0, the mechanism is polarization model [1]. The
electric field induced structure forms due to the
conductivity and dielectric constant differences
between dispersed particles and dispersing
medium for conduction and polarization model,
respectively [12]. For PAT/SO dispersion system,
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polarizability of PAT particles. This also explains the
ER efficiency differences between PAQR and PAT.
The relaxation time (), which is calculated from
following equation:
𝜆 = 1/2𝜋𝑓𝑚𝑎𝑥

responsible for chain-like structure and so the
elastic character. For industrial applications, it is
important to obtain strong and sustainable elastic
character; therefore, the dependence of G’ and G’’
on stress, frequency and time under various
applied electric field strengths are examined for
PAT/SO ER fluid system. It was observed (Fig. 8)
that, viscous behavior is dominant for PAT/SO
dispersion without application of electric field.
However, when the external electric field is applied
the elastic modulus become a dominant factor. The
increment in G’ obvious between 0 and 1 kV/mm
but decreases for higher electric field strengths.
The increment almost disappear between 3 and 4
kV/mm. The time depended change in G’ at f = 1 Hz
(Fig. 9) demonstrates that electric field induced
elastic properties are continues and constant. This
is a desired behavior for industrial vibration
damping applications.

(4)

where 𝑓𝑚𝑎𝑥 determined to be 2.91 Hz from the
peak of ’’-f spectrum and is calculated to be 0.51
s. This value is relaxation time for polarized
particles and also the response time of PAT/SO
dispersion to the applied electric field. For
previously reported PAQR, the relaxation time is
lower (2.75x10-4 s). This shows that PAT/SO
dispersion system relaxes rather slowly than PAQR.
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To the best of our knowledge, the viscoelastic,
creep-recovery and vibration damping properties of
PAT not hitherto been reported in the literature.
The LVR region and the critical shear stress values
are determined for 20% PAT/SO dispersion (Fig.
7a,b). In LVR, materials can return back to its
original state without destruction in the structure
so the viscoelastic measurements and creeprecovery test are carried out in this region. The
critical stress is the limit of shear stress of material
to withstand. As seen in Fig. 7(b). the critical shear
stress values increases with increasing electric field
strength. Furthermore, the viscoelastic properties
such as elastic modulus (G’), viscous modulus (G’’)
and tan(= G’’/G’) were examined in LVR to
understand vibration damping capability of PAT/SO
dispersion system. The G’ and G’’ are related to the
energy storage capability and energy dissipating
abilities, respectively. Thus, G’ should be more
dominant than G’’ and so tan for better
vibration damping capacity. The electric field
induced interactions between polarized particles is

(b)
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Figure 7. Change of elastic modulus (G’) with shear
stress at various electric filed strengths (a) and
change of critical stress with electric field strength
(b) for 20% PAT/SO dispersion.
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energy storing capacity of strongly polarized
particles.
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Table 1. Percentage of recoveries of 20% PAT/SO
dispersion.
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Conclusion
The electric field induced flow tests have shown
that PAT/SO dispersion system have ER activity
following conduction model with 283 Pa yield stress
at E = 4 kV/mm. Additionally, its ER efficiency (81) is
better than previously reported PAQR dispersion
(23.75) system. The dielectric analysis indicates that
the polarizability of PAT/SO dispersion is higher
than PAQR dispersion but its relaxation time (ER
response time) is longer. To the best of our
knowledge, the vibration damping properties of
both PAQR and PAT have not been reported yet
and the experimental results in this study shows
that PAT/SO dispersion system can be more
promising material for industrial vibration damping
applications. The investigations on viscoelastic
properties depicted that PAT/SO dispersion system
has viscous behavior under E = 0 kV/mm; on the
other hand, the elastic behavior is dominant under
applied electric field. The G’, indicating energy
storing capability, increases with increasing
external electric field and the time depended G’
results show that the elastic behavior is continues.
Dominant elastic behavior is necessary for vibration
damping applications, in this way the material can
store applied force without structural destruction.

Time (s)

Figure 9. The change in the elastic (G’) modulus
with time for 20% PAT/SO dispersion.
Viscoelastic properties are also investigated by
creep-recovery tests under various electric field
strengths and the recoverable elastic portion of
deformation are determined (Fig. 10). A constant
stress of 2 Pa was applied to the 20%PAT/SO
dispersion for 100 s and then the strain values are
detected. The recovered strain and constant
deformation are related to elastic and viscous parts
of the material, respectively. The dispersions show
almost pure viscous flow under E = 0 kV/mm with
small recovery. To be more clear, the percent
recoveries are calculated as following:
% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

𝛾𝑖 − 𝛾𝑓
𝛾𝑖

𝑥100

(5)

where, 𝛾̇𝑖 is the strain at the end of the creep
phase, and 𝛾̇𝑓 is the average steady state strain at
the end of the recovery phase. According to Table
1, the percent of recovery increases with rising
applied electric field strength because of better
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The creep-recovery results indicate in LVR, PAT/SO
dispersion can recover 75% of strain at E=4 kV/mm
and showing long term industrial use.
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Abstract. The Electron Beam Welding (EBW) of Al606-T6 plate with 6 mm thickness was investigated numerically and
experimentally. For the numerical study, a 3D Computational Fluid Dynamic (CFD) model has been developed to study the
EBW. The model includes a user-defined function for the electron beam heat source and the material properties as a
function of temperature that have been written and compiled via ANSYS 20 R1. The model is validated by comparing the
melted zone size obtained numerically and experimentally. According to the CFD model, by using beam current more than
30 mA with 60 volt and 30 mm/s welding speed, the whole thickness can be melted. By carrying out the experimental
tests guided by the results obtained from the numerical model, it can be seen that using 60 volt, 30 mm/s and beam
current more than 40 mA can cause defects on the bottom surface of the specimen. Therefore, based on the surface
quality, the optimal parameters for EBW of Al 6061-T6 6 mm thickness are 60 volt, 30 mm/s and 40 mA. The SEM analysis
shows that there is a narrow heat affected zone and no obvious boundaries can be seen between the base material and
heat affected zone. For the full optimization of the EBW parameters, micro hardness and tension test will be investigated
in a future study.
Keywords: Al6061; EBW; CFD; heat affected zone
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welding, diffusion welding and electron beam
welding. Fusion welding is one of the most widely
used technique to weld aluminum alloys parts but,
there are many drawbacks that appears during the
welding operation of aluminum alloys using this
technique such as gas porosity, oxide inclusions,
solidification cracking, reduced strength in the weld
and heat affected zone (HAZ), lack of fusion, reduced
corrosion resistance, and reduced electrical
resistance[13].Other types of welding techniques
such as sold-state welding, e.g. friction, resistance
and diffusion welding can be used in joining
aluminum alloys parts Most of these techniques can
eliminate the fusion problems; therefore they are

1. Introduction
Nowadays, Aluminum alloys are used in many field
such as the aircrafts, vehicles and defense industry
due to its superior mechanical, physical and
chemical properties[1–5] and also due to its ease
manufacture and processing methods. Parts
manufactured from Aluminum alloys can be
produced by many manufacturing techniques.
Forming, casting, machining, and welding are
examples for these techniques[6–12]. Welding is
considered the simplest and cheapest manufacturing
method to produce metallic parts. There are many
types of welding such as fusion welding, sold-state
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better than fusion welding in this respect[14].
Electron beam welding (EBW) is a welding process
that uses electron beam with high energy density to
melt the entire materials and welded them together
[15]. EBW has some advantages over the other
welding processes such as: deeper penetration can
be achieved, high overall energy efficiency, large
depth-to-width ratio, very small heat affected zone ,
high energy density that can melt the gap between
the two material without distortion, and ability to
apply in a vacuum environment[15]. Previous
advantages of EBW have been made it to be used
extensively in the aerospace industry for welding of
aluminum alloys. EBW process has many parameters
that have to be investigated and optimized for the
welded material. These parameters are beam
current, beam accelerating voltage, spot size,
welding speed, and beam pattern. Wrong selection
of these parameters can make problem in form of
defects in the head affected zone (HAD), which could
seriously influence the mechanical properties of the
welded joint. Therefore, the selection of the proper
welding process parameters is very important for
obtaining optimal mechanical properties. Many
studies focused on EBW process of aluminum and its
alloys. Lesedi et al.[16] investigated the effects of
beam current, sweep size, welding speed, and focus
position on the ultimate tensile strength AA1350
aluminum alloy welded parts using EBW. Their
results showed that the tensile strength of AA1350
aluminum alloy parts can enhanced by controlling
the
EBW
process
parameters.
Thomas[17]investigated the effects of welding
speed, beam pattern , beam diameter and filler
shim on the EBW of Al6061 aluminum alloy. The
results showed that the increases in welding speed
requires an increase in the beam voltage to
compensate the decrease in the penetration. Luo et
al.[18] studied the optimization possibility of beam
oscillation for electron beam welding by combining
theoretical modeling and experiments. The
predicted results of EBW of Titanium alloys were
compared with experimental results, and good
agreements were obtained. The results showed that
the mathematical model could simulate the threedimensional weld pool dynamics for EBW effectively.
Nasr El-Deen et al.[19] optimized the electron beam
welding parameters to joint AISI 304 stainless steel
and AISI 1020. The results showed that beam current
has the major effect on the value of the energy input
and the resulting characteristic of the welded joint.
Jaypuria et al.[20] studied effects of welding
parameters on Mechanical properties in EBW of
CuCrZr Alloy Plate. They found that the strength of

welded CuCrZr reduces significantly, as compared to
that of base metal due to grain coarsening and
generation of intense heat during EBW. Xinxu et
al.[21] studied the effects of electron beam welding
parameters on microstructure and properties of
GH4738 Alloy. Sobih et al.[22] studied the
optimization of EBW Parameters for 2219 AL-alloy.
The results showed that the performance
characteristics of the EBW process, yield tensile
strength, hardness, penetration depth, bead width,
are improved through the optimal combination of
the
EBW
parameters.
Ali
and
Homam[23]investigated the effect of EBW current
variations on the microstructure and mechanical
properties of Nb-1Zr advanced alloy. Their results
showed that the hardness profile shows that the
hardness of the weld zone and the HAZ is
significantly less than that of the base metal due to
elimination of work hardening effect.
In this paper, the EBW of Al6061 T6 alloy was
studied numerically and experimentally. For the
numerical study, a CFD model has been developed
to be used as a guide through the experimental work
where it can give the initial EBW parameters to be
used. The EBW parameters are the beam current (ImA), voltage (V-Volt) and the welding speed (vmm/sec).
2. Model Development
The heat transfer from the Electron Beam Source to
the specimen is simulated in the developed CFD
model by using the heat transfer module in ANSYS
FLUENT. In addition, a user-defined function (udf) for
the Electron Beam heat source and the material
properties depending on the temperature according
to Juan et al.[24] is written and compiled by ANSYS
Fluent. Also, the solidification and melting are also
included to measure the achieved melted depth.
2.1 Heat Transfer Model
The heat transferred from the electron beam source
to the specimen can be described by the energy
equation as follow [25,26]:
𝜕𝑇

𝐶𝑝 𝜕𝑡 = ∇. (K ∇ T) + 𝑆ℎ

[1]

Where 𝑇, 𝜌 , 𝐶𝑝 and K is the temperature, density,
specific heat and thermal conductivity respectively.
The material properties for Aluminum 6061 T6 that
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were used in the model are a function of
temperature according to. [9] As described before.
The electron beam heat source that is described in
Eq. [1] by the term Sh, can be expressed as follows:

and this heat is equal to the internal energy of the
system plus the pressure and volume product. Also,
it can be expressed as the amount of sensitive heat
and latent heat content in the material, so:
H=U+PV

2

𝑆ℎ = 𝐴𝐼𝑜 𝛼 exp(− 2

(𝑥−𝑣𝑥 𝑡)2 +(𝑦−𝑣𝑦 𝑡)
𝜔2

− 𝛼𝑧)

[2]

H=h + ΔH

2𝑃

[3]

𝑃 =𝐼∗𝑉

[4]

𝜔=

𝐷𝑏
2 × 2.146

𝜕𝑇
-k( 𝜕𝑧 ) = 𝑆ℎ̇ − ℎ𝑐𝑜𝑣 (𝑇𝑎 − 𝑇𝑠 ) − 𝜎ℇ(𝑇𝑎4 −
𝑇𝑠4 )

[9]

h= href + Cp ΔT

[10]

ΔH=βL

[11]

Where href, L, 𝒄𝒑 and β are the reference enthalpy,
the latent heat, Specific heat and the liquid fraction
in the material respectively. The liquid fraction β can
be calculated as:

[5]

Where 𝐷𝑏 is the electron beam diameter, 𝑃 the
electron beam power, 𝐼 is the current and 𝑉 is
electron beam voltage. Both the initial condition and
the boundary conditions are taken into
consideration in this study as can be seen in Eqs.
[7,8] respectively.
𝑇(𝑥, 𝑦, 𝑧)𝑡=0 = 𝑇𝑂

[8]

Where U is the internal energy, P is the pressure, V is
the change in Volume, h is the sensible heat and ΔH
is the latent heat.

Where A is the material Absorptivity, α is the
effective absorption coefficient, 𝐼𝑜 is the laser
intensity and ω is the laser characteristic radius and
according to [10] :

𝐼𝑜 = 𝜋 𝜔2

or,

β=

T − Tsolidus
Tliquidus − Tsolidus

[12]

By calculating the temperature T through the
solution of the energy Eq. [1], β can be calculated.
Then β can be used to define the melting or
solidification in the material.

[6]

3. Model Geometry and the Computational Domain

[7]

The model used in the analysis is shown in Figure. 1
where it is a standard tension specimen according to
ASTM E8/E8M-16a [27]. As can be seen, the model is
sliced to two identical half to simulate the real
process experimentally. Where in the experimental
setup, the specimen is cut to two half and then
welded using the electron beam welding. The
dimensions of the model are according to ASTM
E8/E8M-16a. The computational domain for the
model is shown in Figure. 2.

Where 𝑇𝑂 is the room temperature and is set to 300
K, ℎ𝑐𝑜𝑣 is the heat convection coefficient, 𝑇𝑎 is the
initial temperature of the welded material, 𝑇𝑠 is the
surroundings temperature, ℇ is the radiation
cofficient and 𝜎 is Stefan-Boltzmann constant.
2.2 Melting and Solidification Module
The melting and solidification are taken into account
and the enthalpy technique is used to describe the
melting and solidification that occurs during welding
process. The enthalpy technique is based mainly on
the enthalpy of the material. The enthalpy can be
expressed as the total heat content in the material
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model can be used for the initial investigation of the
welding parameters effect.

Figure 1. Model Used in the Analysis

Figure 3. Comparison of the Experimental and
Numerical Results
5. Result and Discussion
5.1 Numerical Results
The numerical results from the CFD model can be
used as guide through the experimental work. The
value of the current, voltage and the welding speed
are investigated through the model to make sure
that they can melt the whole thickness of the
specimen. Figure. 4, 5,6,7 and 8 summarizes the
results from the CFD model where both the voltage
and the welding speed are fixed at 60 V and 30mm/s
respectively and the current is changed. Using 30 mA
current, electron beam cannot melt the whole
thickness as shown in Figure. 4. By increasing the
current to 35 mA, the electron beam just can
penetrate the specimen thickness. Using 40 mA, the
current can melt the whole thickness but the melt
width at the bottom of the specimen is narrow and
this can affect the welding quality. Increasing the
current to 42 and 44 mA led to increasing the melted
thickness at the bottom of the specimen as can be
seen but may affect the surface quality at the
bottom of the specimen. It can be concluded that
using current value 40 mA and above is
recommended for this specimen and by carrying out
the experimental test, it can be accurately
determine the best current value.

Figure 2. Computational Domain Used in the Analysis
4. Numerical Solution
The equations that are described in section 1 that
include the heat transfer, solidification and melting
equations are solved using ANSYS FLUENT 20 R1.
Also, a UDF code, that contains the electron beam
welding parameters such as beam diameter and
welding speed, is compiled and solved. Besides, the
material properties as a function of temperature are
also defined.
4.1 Model Validation and Mesh Density Analysis
To validate the model, the obtained results from the
model are compared with the experimental results.
A tension specimen is prepared for welding using
electron beam and after welding, the top surface of
the melted zone is analyzed using Ansys Software as
can be seen in Figure. 3-a below. By comparing the
dimensions of the melted zone in both the
experimental and the numerical results, it can be
found that the maximum obtained error is 11.7 %
that can be acceptable. Therefore, the numerical
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Figure 4. Effect of EBW Parameters on the
Penetration Depth 30 mA, 60 volt and 30 mm/s

Figure 8.
Effect of EBW Parameters on the
Penetration Depth 44 mA, 60 volt and 30 mm/s

5.2 Experimental Results
For the experimental study, a 6 mm thick Aluminum
6061 T6 aluminum alloy (MMPDS-08 / AMS 4026)
was used to prepare the welding specimen in the
form of tensile test according to ASTM E8/E8M-16a
[27] as shown in Figure. 9. The specimens then were
cut to be ready for EBW. The effect of the process
parameters such as beam current, beam voltage and
welding speed were investigated by the help of the
results obtained from the numerical model. Figure.
10 below shows the top and bottom surface of the
welded specimens at different current value 40, 42
and 44 mA. Using 40 mA, very small defects can be
seen on the bottom surface. Increasing the current
over 40 mA, the defects increased. Therefore, it can
be included that the optimal parameters for these
specimens are 40 mA, 60 volt and 30 mm/s based on
the visual inspection on the top and bottom surface.
More analysis is required to fully optimize the
parameters for AL6061-T6 based on the micro
hardness and tension test which is going to be
investigated in another study.

Figure 5. Effect of EBW Parameters on the
Penetration Depth 35 mA, 60 volt and 30 mm/s

Figure 6. Effect of EBW Parameters on the
Penetration Depth 40 mA, 60 volt and 30 mm/s

Figure 7. Effect of EBW Parameters on the
Penetration Depth 42 mA, 60 volt and 30 mm/s
Figureure 9. Specimen Drawing with respect to
ASTM E8/E8M-16a[27]
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Figure 10. Top and bottom view of AL6061-T6 specimen welded by EBW.
Figureure. 11 shows the SEM analysis for the
welding area where there is a narrow heat affected
zone after electron beam welding process and this is
mainly due to the rapid losing of heat during the
welding process. The combination of the base metal
with welded metal is very well where there were no
obvious boundaries can be seen between them.
Also, no significant change in the size of the base
metal grain was observed due to that very little heat
was transferred to the base metal zone around the
weld metal.

developed to simulate the EBW process through a
UDF that written, compiled, and solved using ANSYS
FLUENT 20 R1. The results from the CFD model is
validated experimentally by comparing the melted
zone numerically and experimentally. Then, the
results from the model was used as a guide through
the experimental work. The main results of this
study is summarized as follows:
1. According to the CFD model, using 60 volt,
30 mm/s and beam current more than 35
mA can melt the specimen thickness.
2. Form the experimental work, using 60 volt,
30 mm/s and beam current more than 40
mA can cause defects on the bottom of the
specimen.
Therefore,
the
optimal
parameters for EBW of Al 6061-T6 6 mm in
thickness are 60 volt, 30 mm/s and 40 mA to
obtain good surface quality.
3. For fully optimize the process parameters of
EBW for Al 6061-T6 6 mm, other criteria
need to be investigated such as micro
hardness and tension test which is going to
be studied in another study.
4. The SEM analysis for the welding area shows
that a narrow heat affected zone after
electron beam welding process is obtained.
No obvious boundaries can be seen between
the base material and heat affected zone.
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Figure 11. The microstructures of the interface layer
welded at a welding speed of 20 mm/min and beam
current of 30 mA.
6. Conclusion
In this study, the EBW of AL6061-T6 is investigated
numerically and experimentally. A CFD model is
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Abstract. This work is a numerical simulation of the reverse leakage current under high reverse voltage up to breakdown
voltage of a Ni/𝛽-𝐺𝑎2 𝑂3 Schottky barrier diode. The fabricated SBD is formed of a 650 𝜇𝑚 Sn doped 𝛽-𝐺𝑎2 𝑂3 substrate
followed by a 10 𝜇𝑚 Si-doped 𝛽-𝐺𝑎2 𝑂3 drift layer and Ni contact (300 𝑛𝑚) deposited on the top using confined magnetic
field-based sputtering. The leakage current modelling of our devices was considered by universal Schottky tunneling,
thermionic emission, and image-force lowering. In addition, when type conversion of the leakage current mechanism
under high reverse voltage has occurred at the top interface between Ni and 𝛽-𝐺𝑎2 𝑂3 and the Schottky barrier diode
behaved as P-i-N diode, and band to band tunnelling is proposed in association with the usually used Selberherr’s Impact
ionization to model avalanche breakdown. The obtained breakdown voltage and specific on-resistance value are 434 V
and 2.13 𝑚𝛺 ∙ 𝑐𝑚2 , respectively, fairly close to measurement values of 440 V and 2.79 𝑚𝛺 ∙ 𝑐𝑚2 . Optimization is
performed based on the insertion of an intrinsic layer with different thicknesses between Ni and the 𝛽-𝐺𝑎2 𝑂3 drift layer.
It was found that 0.4 µm gave better Baliga’s figure of merit of 9.48 × 107 W ∙ cm−2 with breakdown voltage and specific
on-resistance of 465 V and 2.28 𝑚𝛺. 𝑐𝑚2 , respectively. Finally, a surface edge termination design based on TiO 2 insulator
plate with different thicknesses is adopted and the best obtained breakdown voltage, Baliga’s figure of merit and specific
on-resistance were 1466 V, 1.98 × 109 W ∙ cm−2 and 1.98 mΩ ∙ cm2 respectively.
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In the last decade, interest in ultra-wide bandgap
gallium oxide ( 𝐺𝑎2 𝑂3 ), has increased
significantly[1–3] due to several good properties.
There are several types of 𝐺𝑎2 𝑂3 polymorphs
investigated in detail both experimentally and
theoretically[2]. Among these polymorphs,
monoclinic beta-gallium oxide ( 𝛽 - 𝐺𝑎2 𝑂3 ) is
considered to be the most stable structure[2]. In
addition to its ultra-wide bandgap, 𝛽-𝐺𝑎2 𝑂3 has
tolerable electron mobility and leftover high
breakdown field (≈8 MV ∙ cm-1)[3]. The most
important feature is its low cost and possibility of
a large growth of bulk single crystals directly from
melt growth[2,4,5]. These characteristics made 𝛽𝐺𝑎2 𝑂3 suitable in most unipolar devices for
example metal oxide field-effect transistor[3],
Thin film transistor[6], photodetectors[7], and
Schottky barrier diode (SBD)[8]. There are mainly
reported that 𝛽-𝐺𝑎2 𝑂3 SBDs are considered to
confirm high breakdown voltage and temperature
dependency.. Previous modeling studies on the
leakage transport mechanisms on 𝛽-𝐺𝑎2 𝑂3 SBD
have been proposed, including thermionic
emission (TE) and thermionic field emission (TFE)
considered for 𝛽-𝐺𝑎2 𝑂3 SBD under high reverse
voltage[9,10]. In addition, due to the presence of
trap states located near the metal/ 𝛽 - 𝐺𝑎2 𝑂3
interface, Zhou et al. used Poole–Frenkel emission
mechanism to analyse the leakage current for
̅̅̅̅̅) 𝛽-𝐺𝑎2 𝑂3 [11]. Fu et al. used trap-assisted
Pt/(201
tunneling (TAT) mechanism for leakage current
̅̅̅̅̅) and (010) 𝐺𝑎2 𝑂3 SBDs
analysis of vertical (201
on EFG single-crystal substrates[12]. Li et al.
included tunneling process , TE and TFE models
under high reverse voltage in addition to the
doping effect and image force lowering (IFL)
model[9]. Other work combined all the
mentioned models[13].
It is well known that under high reverse voltage
an inversion layer at the surface of 𝛽-𝐺𝑎2 𝑂3 near
the front contact is formed[14–16] which
inevitably has an effect on the leakage current of
the SBD. Here, we propose new consideration of
leakage models in 𝛽-𝐺𝑎2 𝑂3 with band to band
transport model (BBT), which is considered with
the inversion layer formation between Ni and
(001) 𝛽-𝐺𝑎2 𝑂3 under high reverse voltage. The
BBT model associated with the Selberherr’s
Impact ionization (SELB) model usually used for
avalanche breakdown, gives good agreement with

current-voltage measurement. Furthermore,
optimizations in the leakage current, breakdown
voltage and specific on- resistance are carried out
with the insertion of intrinsic 𝛽-𝐺𝑎2 𝑂3 layer at
the interface between Ni and Si-doped 𝛽-𝐺𝑎2 𝑂3 .
The simulated 𝛽-𝐺𝑎2 𝑂3 SBD was fabricated on
650 𝜇𝑚 Sn doped (001) 𝛽-𝐺𝑎2 𝑂3 (𝑁𝑑 − 𝑁𝑎 = 1 ×
1018 𝑐𝑚−3 ) and 10 𝜇𝑚 Si-doped (001) 𝛽-𝐺𝑎2 𝑂3
(𝑁𝑑 − 𝑁𝑎 = 3 × 1016 𝑐𝑚−3) as a drift layer, this
epitaxial layer was deposited by halide vapour
phase epitaxy (HVPE). Then, the Ni layer (300 𝑛𝑚)
was deposited on the top of the drift layer using
confined magnetic field-based spurting. This
technique based on the exposed the surface of 𝛽𝐺𝑎2 𝑂3 over the plasma and Ar bombardment.
Finally, the whole structure was annealed at 400
°C. A simple illustration of the 𝑁𝑖/𝛽-𝐺𝑎2 𝑂3 SBD is
shown in Figure 1. The electrical current densityvoltage (J-V) characteristic was measured by a
semiconductor analyzer and source meter
(4200A-SCS parameter analyzer and 2410 source
meter, Keithley). Further details are given in
reference[8]

Figure 1. A schematic view of the Ni/𝛽-𝐺𝑎2 𝑂3 SBD
simulated in this work. This structure is based on
an experimentally designed diode [8].
To model the leakage current under high reverse
bias, physical expressions of each model included
in the simulation which was performed by
SILVACO-Atlas commercial simulator, are
detailed. The tunnelling model was considered
using Universal Schottky Tunneling (UST) model in
addition to the thermionic emission model.
Selberherr’s Impact ionization (SELB) model used
for avalanche breakdown is defined through the
following coefficients for electrons and holes [17].
Under high voltage, the SBD behaves as p-i-n
diode after the inversion layer formation is
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occurred. In the uniform electric field limit, the
widely used Kane’s model to determine the BBT
generation rate.
Figure 2 summarizes transport mechanisms at
high reverse voltage in Ni/β-Ga2 O3 SBD, with all
included models; TE, UST and BBT with the
formation of p-i-n structure near the surface of βGa2 O3.

intrinsic region and then the normal initial nregion. Experimentally Chikoidze et al.[18]
demonstrated
that
the
intrinsic
hole
concentration reached 1017 cm-3.

Figure 3. Simulated reverse current-voltage
characteristics using BBT, SELB, and IFL models
compared to the fabricated device.

Figure 2. The energy band diagram of the Ni/βGa2 O3 SBD showing the different models (TE, UST
and BBT) used in the simulation of its reverse
characteristics.

For post-inversion voltage (≥50 V), the current
depends on the conduction mechanism
considered in the simulation. Since a p-type
inversion layer is formed and the barrier is higher
(because of the high reverse voltage), it is
expected that band to band tunnelling (BBT) to
play an important role in conduction mechanism.
Therefore, it is seen that the simulated current
fits measurement only when this mechanism is
considered. When it is absent the simulated
current is inferior to measurement indicating a
missing current component, which is no other
than band to band tunnelling current. This current
is also enhanced by the increased carriers’ density
either side of the newly formed PIN structure as
show in Figure 4 where the carrier’s
concentration increases when BBT is considered.
Now the breakdown voltage appearance in the
simulated current is clarified. As it can be seen in
Figure 3, when SELB is not considered avalanche
breakdown and does not occur. However,
combining the three models, a better fitting of
simulated breakdown voltage to measurement is
achieved as well as the whole variation of leakage
current versus reverse voltage. The breakdown
voltage and ON resistance values extracted from
the simulated curve using all models are 434 V
and 2.13 𝑚𝛺 ∙ 𝑐𝑚2, respectively, fairly close to
measurement values of 440 V and 2.79 𝑚𝛺 ∙ 𝑐𝑚2 .

When these different models are considered
when
calculating
the
SBD
electrical
characteristics, their corresponding currentvoltage behaviours compared to measurements
are shown in Figure 3.
First, the point below which the simulated current
is the same (whatever the model taken into
account) and above which the current depends
on the model taken into account is when
inversion of the 𝛽 - 𝐺𝑎2 𝑂3 surface occurs. This
voltage point is ≈-50 V (Figure 3). For this, the
carriers’ concentration is plotted in Figure 4 for a
reverse voltage of -20 V (a) and -300 V (b). It is
very clear that for 20V (before inversion occurs)
the carrier concentration (electrons and holes) is
well below the intrinsic density at the 𝛽-𝐺𝑎2 𝑂3
surface (0-0.3 µm) indicating a depletion region
formation. However, for voltages higher than the
inversion point, the carries’ concentration
(electrons and holes) is well above the intrinsic
density at the 𝛽 -𝐺𝑎2 𝑂3 surface indicating the
disappearance of the depletion region.
Furthermore, hole concentration is higher than
that of electrons indicating a p-type region
formation. Beyond this region the first decreases
while the second increases forming a short
31

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

1000 °C for 20 h[2]. To model this effect, an
intrinsic layer is inserted between Ni and Si doped
𝛽 -𝐺𝑎2 𝑂3 and its thickness is varied. Figure 5
shows the obtained reverse leakage current
variation with intrinsic layer thickness. With
increasing the thickness of the intrinsic layer,
leakage current decreases, and breakdown
voltage reached the value 550 V for
thickness 1.5 𝜇𝑚. These variations are due to the
increase of the depletion region width as shown
in insert of Figure 5.
Baliga’s figure of merit (BFOM) is used to
characterize the variation of ON resistance and
breakdown voltage by the following equation[19]:
𝐵𝐹𝑂𝑀 =

3
𝜀𝜇𝑛 𝐸𝑐𝑟
𝑉𝑏 ²
=
4
𝑅𝑂𝑁

where, 𝑉𝑏 is the avalanche breakdown due to the
impact ionization model, 𝑅𝑂𝑁 is the specific onresistance, 𝜀 is the material’s permittivity, 𝜇𝑛 is
the electron mobility and 𝐸𝑐𝑟 is the critical
electric field.

Figure 4. Free carries concentration distribution
under (a) 20 V and (b) 300 V reverse voltage with
and without BBT being considered.
After clarifying the main transport mechanisms in
Ni/𝛽-𝐺𝑎2 𝑂3 SBD and exhibiting the crucial role of
BBT transport mechanism associated with SELB
and IFL models, an optimization is performed in
the aim to reduce leakage current, enhance
breakdown voltage and decrease ON resistance.
The optimization is based firstly on the insertion
of an intrinsic layer between Ni metal and Si
doped 𝛽-𝐺𝑎2 𝑂3 .
Experimentally, Galazka et al.[2] demonstrated
the formation of an electron depleted surface
layer (surface insulating layer), while the bulk
remains doped and semiconducting. This has
been demonstrated by annealing 𝛽 - 𝐺𝑎2 𝑂3
sample in an oxidizing atmosphere at or above

Figure 5. The effect of the intrinsic layer thickness,
inserted between Ni and drift layer, on the
simulated reverse characteristics. The inset is the
effect on the depletion thickness and the electrical
field of the PIN structure.
BFOM reaches a maximum value of 9.48 ×
107 𝑊/𝑐𝑚²
for
intrinsic
layer
thickness 0.4 𝜇𝑚 as presented in Figure 6. The
corresponding 𝑅𝑂𝑁 and breakdown voltage are
2.28 𝑚𝛺 ∙ 𝑐𝑚2 and -465 V, respectively.
Thicknesses lower than 0.4 𝜇𝑚 provide low
breakdown voltage and reduce BFOM while
thicknesses larger than 0.4 𝜇𝑚 increase 𝑅𝑂𝑁
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which leads to a BFOM decrease. Consequently,
0.4 µm constitute the optimal intrinsic layer
thickness in this structure.
To further enhance the SBD breakdown voltage,
leakage current, and BFOM edge termination
techniques have been proposed and there are
many suitable designs [17,20–22]. It is known that
the Schottky diode contains a sharp edge at the
periphery of the front contact which induces
electric field intensity higher than along the
interface between the front contact and the bulk
depletion region. This causes a serious reduction
of the breakdown voltage[17,20]. To avoid the
corner field crowding an insulator plate as edge
termination is suggested.

breakdown voltage reaches 1466 V for a 2 µm
TiO2 thickness. This is explained by the further
shifting of the electric field peak away from the
edge of the front contact (located at x coordinate
=5 µm) as shown in the insert of Figure 9.

Figure 6. Baliga’s figure of merit variation versus
the thickness of the intrinsic layer.

Figure 7. 2D electric field distribution: (a) with (b)
without TiO2 as insulator edge termination
structure.

One of the candidate insulator is TiO2 with a high
dielectric constant between 83 and 100 [23]
compared to other insulators (SiO2 , HfO2 …)[17].
In this work, the proposed design based on TiO2
plate ( 0.2µ𝑚 thickness, 6µ𝑚 length) as edge
termination insulator is presented through the
electric field distribution in Figure 7 (a) and (b). It
is noted that the TiO2 plate moves the highest
electric field at corners to the bulk and this means
that the breakdown occurs away from the surface
of the Schottky diode. Consequently, as
presented in Figure 8, the breakdown voltage and
specific on-resistance reach 927 V and 1.85 𝑚𝛺 ∙
𝑐𝑚2 respectively (compared to 465 V and 2.28
𝑚𝛺. 𝑐𝑚2 without TiO2 insulator) and the
extracted BFOM is 4.4 × 108 𝑊/𝑐𝑚².
Further improvement can be made by increasing
TiO2 thickness. As shown in Figure 9, it can be
observed that the leakage current decreases
while breakdown voltage increases. The

Figure 8: Reverse J-V characteristics of SBD with
and without TiO2 edge termination.
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In addition to the leakage current and breakdown
voltage enhancement, BFOM is extracted for
different TiO2 thicknesses. BOFM reached 1.09 ×
109 𝑊/𝑐𝑚² at ≈1.8 µm with the corresponding
𝑅𝑂𝑁 =1.98 𝑚𝛺. 𝑐𝑚2 . So the optimal value for
TiO2 thickness is ≈1.8 µm.

In summary, the reverse current of an Ni/𝛽𝐺𝑎2 𝑂3 Schottky barrier diode was simulated by
SILVACO-Atlas and compared with measurement.
Different models were included mainly; image
force lowering effect, universal Schottky
tunneling, Selberherr’s Impact ionization (SELB)
for avalanche breakdown, and band-to-band
tunneling under high reverse voltage for further
agreement
with
measurement.
Better
performance was obtained by the insertion of a
𝛽-𝐺𝑎2 𝑂3 intrinsic layer between Ni and the drift
n- 𝛽 - 𝐺𝑎2 𝑂3 . The intrinsic layer thickness of
0.4 𝜇𝑚 improves BFOM to 9.48 × 107 𝑊/
𝑐𝑚2 with breakdown voltage and ON resistance of
465 V, 2.28 𝑚𝛺. 𝑐𝑚2 , respectively. . Finally, the
proposed edge termination design based a TiO2
insulator plate gives further significant
improvements of breakdown voltage, 𝐵𝐹𝑂𝑀 and
specific on-resistance that are 1466 V, 1.98 ×
109 𝑊/𝑐𝑚² and 1.98 𝑚𝛺. 𝑐𝑚2 , respectively.

Figure 9: Reverse J-V characteristics of SBD for
different TiO2 thicknesses. The corresponding
electric field is shown in the insert at x coordinate
=5 µm.

.
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Abstract. Nickel oxide/silicon (NiO/Si) heterojunction is a promising high-efficiency solar cell. Unfortunately, this type of
solar cell currently suffers from a low open circuit voltage (𝑉𝑂𝐶 ) which limits any significant progress in its efficiency. Thus,
this study focuses on 𝑉𝑂𝐶 improvement. It was found that the inclusion of an amorphous Si (a-Si) thin layer as a buffer
layer between NiO and Si layers increases significantly 𝑉𝑂𝐶 from 593 to 950 mV. Further improvement to 1050 mV is
achieved using an SiO2 passivation layer which also acts as a tunneling bridge between Si and the rear contact as well as
the anode workfunction studied. Under these considerations the studied NiO/Si solar cell exhibits a high promising
efficiency of 𝜂 = 26 %.
Keywords: Solar cell ,NiO/Si heterojunction, a-Si buffer layer, SiO2 rear passivation.
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Renewable energies are sustainable sources, low
emitters of greenhouse gases and reasonably priced,
they certainly reassure the future of the earth.
Among these renewable sources, photovoltaics have
received great attention since energy is produced
directly from the conversion of sunlight into
electricity. This conversion is ensured by
semiconducting materials such as Silicon (Si),
Gallium Arsenide (GaAs), Gallium Nitride (GaN).
Crystalline Si has dominated the photovoltaic
industry for decades mainly because it is stable and

cost effective [1]. However, this material suffers of
some drawbacks such as the low absorbance of
visible light imposed by its indirect band gap, short
diffusion length of free carriers due to a high
recombination rate and other problems with
photoexited carries collection [2]. Consequently,
high efficiency homo-junction crystalline silicon (c-Si)
solar cells depend crucially on the light absorption
aptitude of the material and the p-n junction built-in
electric field to separate photogenerated carriers.
However, a possible back-injection over the built-in
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Hassan Imran et al [5], have modelled NiOx /cSi/TiO2 heterojunctions, including drift–diffusion
approximation while they have adopted quantum
mechanical tunneling and thermionic emission at the
contacts using semiclassical approaches (forward not
reverse and they consider tunnelling and
thermoionic emission). According to their study, an
optimal design requires the minimization of several
degradation effects, such as the Schottky barrier
(<0.25 eV), the related NiOx bandgap offset energy
(≤0.5 eV) at the hole contact for the lossless carrier
extraction, the degradation due to surface traps
significantly increased when doping in NiOx was
reduced, which was attributed to an enhanced
surface recombination due to the lowering of the
surface electric field in silicon. According to their
numerical optimization study the NiOx/c-Si/TiO2 cell
efficiency can reach ∼28%.
Xueliang Yang et al [10] have investigated the
dependence of the photoelectrical properties and
stoichiometry of the NiOx:Cu thin films, as well as
photovoltaic performance of NiOx :Cu/c-Si
heterojunction solar cells on the cooling oxygen
pressures (Pco2). The reported Voc variation ranges
from 201.88 to 135.84 mV, Jsc from 35.02 to 31.61
mA/cm2, FF from 42.97 to 38.27 % and the cell
efficiency from 3.04 to 1.64%, when Pco2 changes
from 2 × 104 to 10−4 𝑃𝑎. In a second work, Xueliang
Yang et al [4] have realized a pure NiOx /n-Si
heterojunction solar cell with power conversion
efficiency of 4.3% and 9.1% was obtained by
appropriate Cu-incorporation. They have explain this
further improvement by the enhancement of the
work function and conductivity of NiOx films which
increased built-in potential and favoring hole
transport in the NiOx :Cu/n-Si heterojunction.
According these few studies on NiOx/Si solar cells,
the highest 𝑉𝑜𝑐 value reported was quite low
(~ 565 mV) which limits further improvement of the
conversion efficiency [1].
In this paper, the NiOx/Si heterojunction solar cell is
numerically studied by showing first, the effect of
NiOx and Si thicknesses on the electrical outputs
(the short-circuit current 𝐽𝑆𝐶 , the open-circuit
voltage 𝑉𝑂𝐶 , the fill factor 𝐹𝐹and the efficiency 𝜂)
and external quantum efficiency . The effect of the
insertion of a hydrogenated amorphous Si (a-Si:H)
buffer layer between NiOx and Si layers and an SiO2
passivation layer between Si layer and rear contact
on Voc is exhibited. Furthermore, the anode
workfunction effect is also presented.
A simple illustration of the studied NiOx (p) /Si(n)
solar cell is presented in Figure 1. It is expected that
the NiOx with its high band gap forms a suitable

barrier can seriously deprive free carrier collectively
[3]. Moreover, doping process needs high
temperature which can change bulk proprieties of
the material [3,4] and other issues related to the
heavy doping can occur such as parasitic absorption
and auger recombination[4]. To achieve crystalline
silicon solar cell efficiencies higher than 25% one
type carrier selective contacts are required [3] using
heterojunction.
One of the proposed structure was metal-insulator
semiconductor (MIS) in the aim to allow the flow of
one type of carriers through the junction while
stopping the other type[3]. Among the inserted
window material was amorphous silicon (a-Si) in
hetero-junction intrinsic thin layer (HIT) solar cell
which provided conversion efficiency of 25.6% [5].
However, selective contact should be transparent to
visible light, fulfils good surface passivation and
exhibits low series resistance[5], and these
conditions hardly fulfilled by a-Si with its band gap of
~1.7-1.9 eV and its well-known light-induced
degradation [6].
Transparent conducting oxide (TCO) have been
proposed to replace a-Si. For example Zinc Oxide
(ZnO) and Titanium Dioxide (TiO2) are used as
electrons transport layer (electron selective) with ptype silicon [7]. p-type TCOs (hole selective) include
Copper Oxide (CuO), Tin Oxide (SnO2 ), Nickel 0xide
(NiOx) and Indium Tin 0xide (ITO) [1,8,9].
The fabrication of hole selective contacts, has been
more difficult than electron selective contacts[3].
Among the proposed one was Nickel oxide (NiOx),
with good electrical and optical properties and has
exhibit promising features in electronic and
optoelectronic
devices
[3,5,10–12]
Further
advantages of NiOx are related to the fabrication
process which include low deposition temperature,
low cost, non- toxicity and high stability [13] For
example for solar cells it was more studied in
polymer and perovskite solar cells than c-Si solar
cells [11,12,14] which is due to rarely experimental
demonstration of NiO/c-Si heterojunction solar cells
[5]. A Li-doped NiOx (NiOx :Li)/c-Si heterojunction
solar cell has been fabricated with an optimized
efficiency of 6.3%, suggesting that doped NiOx is a
promising candidate for silicon heterojunction solar
cell applications [10,15].
Raisul Islam, et al [3], have fabricate proof-ofconcept NiOx/c-Si device with photovoltaic power
conversion when illuminated and demonstrate that
NiOx is a good hole selective contact. However their
Si/ NiOx interface was limited by defects related to
the non-stoichiometry of NiOx, needed to achieve its
p-type[3].
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energy barrier to electrons while on other hand
facilitates hole collection. The initial thicknesses/free
carriers concentrations of NiOx and Si layers are 0.5
𝜇𝑚 / 1 × 1016 𝑐𝑚−3 and 10 µm / 1 × 1017 𝑐𝑚−3 ,
respectively.
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Figure 2 : Density of states in n-type amorphous
silicon layer.

Figure 1: Device structure
heterojunction solar cell.
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Numerical simulation is carried out using Silvaco
TCAD (Technology Computer Aided Design) which is
powerful device design software, including both
semiconductor process and device simulation. The
device simulator Atlas is a core part of Silvaco TCAD
software. It can simulate many characteristics of the
semiconductor device, including electrical behavior,
optical behavior and thermal behavior [16]. In this
work drift-diffusion, thermionic emission, ShockleyRead-Hall (SRH) and Auger recombination models
are used for the electrical transport.
The amorphous silicon layer (a-Si) is characterized by
a disordered structure. This disorder is represented
by a continuous density of states (DOS) extended
from 𝐸𝑣 to 𝐸𝑐 and described according to the
standard model by Tail states and Gaussian deep
states. Figure 2 shows the Gaussian deep states and
tail states distribution in amorphous silicon layer.
Numerical simulation is carried out using Silvaco
TCAD (Technology Computer Aided Design) which is
a powerful device design software, including both
semiconductor process and device simulation. The
device simulator Atlas is a core part of Silvaco TCAD
software. It can simulate many characteristics of the
semiconductor device, including electrical behavior,
optical behavior and thermal behavior [16]. In this
work drift-diffusion, thermionic emission, ShockleyRead-Hall (SRH) and Auger recombination models
are used for the electrical transport.
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of an NiOx /n-Si heterojunction solar cell.
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The obtained light and dark current density-voltage
(J-V) characteristic are shown in Fig 3 (a). The
extracted dark parameters; ideality factor ƞ = 1.04 ,
series resistance 𝑅𝑠 = 2.62 𝑚Ω. cm² and the
schottkey barrier 𝜙𝑚 = 1.23 𝑒𝑉 . This shows the
good junction quality wich certainly will lead to an
acceptaable solar cell performance.
Under AM1.5 solar spectrum the calculated
electrical outputs of the cell are 𝐽𝑆𝐶 = 25.15 𝑚𝐴/
𝑐𝑚2 ; 𝑉𝑂𝐶 = 575 𝑚𝑉; 𝐹𝐹 = 65.07 % and 9.42 % as
shown in Fig 3 (b). As it can be seen, a low value of
𝑉𝑜𝑐 is obtained. The obtained 𝑉𝑜𝑐 is in agreement
with what was reported by other works [1,15].
To improve the performance of the solar cell, several
factors are considered. These are: the thickness of
each layer, passivation layers and anode metal
workfunction .
The percentage variation of the solar cell
performance, with respect to the value at 0.5 𝜇𝑚,
with NiOx thickness is plotted in Figure 4. All the
parameters improve with increasing NiOx thickness
up to 0.2 𝜇𝑚. The increase is related to the increase
free generated carriers and the result is an increase
of the short-curent density (𝐽𝑆𝐶 ) and the external
quantum efficiency explain more as presented in
Figure 5 .
A decrease of the saturation current density (𝐽𝑆 ) ,
and consequently the open-circuit voltage (𝑉𝑂𝐶 )
increases, 𝑉𝑂𝐶 proportional to 𝐽𝑆𝐶 and inversely to 𝐽𝑆
. So, 𝑉𝑂𝐶 increases with a 𝐽𝑆𝐶 increase and a 𝐽𝑆
decrease. This increase in 𝐽𝑆𝐶 and 𝑉𝑂𝐶 lead to an
efficiency (ƞ) Increase. Meanwhile the decrease;
starting from 0.2 𝜇𝑚; is due to the series resistance
increase [17].
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quantum
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Now, when the thickness of silicon layer changes,
Jsc , Voc and efficiency increase and then stabilize at
a certain thickness shown in Figure 6. The increase
results from the increased absorption, so the
increase in the generated carriers was obtained as
presented in the EQE spectral in Figure 7 and a
saturation in the EQE was obtained for thinckness
greater than 20 µm. It seems that the effect of Si
thickness is minor regards to that of NiOx.
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between silicon and NiOx as shown in Figure 8.
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a-Si inertion leads to an increase in 𝑉𝑜𝑐 to 950 mV
as shown in Figures 9 (a) and an increase in
efficiency to 18.65 %. This effect is explained as
follows: the a-Si layer decreases the effective
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shottky barrier height from 1.23 eV to 0.93 eV as
shown in Figure 9 (b) which may be due to a
thermionic emission current component. This leads
to a decrease in the recombaination rate.
The decrease of recombaination rate at the interface
and in the silicon layer is shown in Figure 10.
Probabely the increase of is due to the high density
of holes accumulated at the NiOx /a-Si interaface.
This increse in 𝑉𝑜𝑐 after adding this thin interfacial
layer agree with the observed variation in the effect
of a-Si interfacial layer on ZnO/ p-Si heterojunction
[18]. In addition, Julie Dréon et all demonstrated the
efect of a-Si passivation layers (two layers, doped
followed by intrinsic) as rear passivation layer and
buffer layers between Molybdenum (MoOx ) and cSi, the obtained efficiency is 23.5 %, because without
this a-Si layers the hole transport layer does not
provide sufficient surface passivation [19].
As shown in Figure 8 a potential barrier for holes is
build at interface between silicon and amorphous
silicon. This potential barrier probably pushes holes
wich are minority carriers at n-Silicon layer. In
addition, the electric field generated in the
amorphous silicon layer will drift holes towards the
NiOx layer. The concentration of holes, presented
in Figure 11, increase probably resulted from the
decrease in the recombination rate
and an
improvemed extraction of electrons.
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In addition, the effect of anode workfunction is
studied. As shown Figure 12, with increase anode
workfunction open circuit voltage increased from
950 to 970 mV where workfunction increased from 5
eV to 5.4 eV. In addition, the efficiency increases
significantly from 18.65 % to 23.54 %. So we conclud
that high workfunction metal is a better for Nickel
oxide as expected.
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Figure 11: Hole concentration distribution in NiOx
layer under optical bias (a) without amorphous layer
(b) with amorphous layer.

4x109

NiO

7.80x1019

Position (m)

5x109

5x1019

With amorphous layer

(b)

22

2.52x10

0.0

7x1019
6x1019

2.88x1022

0.00

(b)

Amorphous

6x109

Without amorphous layer

(a)

9.10x1019

Current density (mA/cm²)

8x1019

1.04x1020

0
0.0

0

0

0.0

0.2

0.4

Position (m)

0.6

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Voltage (V)
0.0

0.2

0.4

Figure 12: Effect using different anode material.
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Figure 10 Recombination rate variation (a) without
amorphous layer (b) with amorphous layer.

Finnaly, a thin layer 𝑆𝑖𝑂2 (1-nm) passivation layer is
added between rear contact and silicon layer. As
result, 𝑉𝑜𝑐 increases from 970 to 1050 mV (Figure 13)
and consequently the efficiency increases form
23.54 % to 25.93 %. This layer plays two roles. On
the one hand it improves the quality of the interface
between the Si layer and the rear cathode [20]. On
the other hand it incites the passage of electrons
collected in silicon layer by tunneling towards the
cathode. Consequently it reduces recombination
losses. This is clarified by the expression of the
tunnelling current which is related to the magnitude
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of the electric field in the 𝑆𝑖𝑂2 layer according the
Fowler-Nordheim tunneling model (𝐽𝐹𝑁 , (1)). This
result agrees with what was found experimentally in
[20,21].

solutions have been suggested that have significant
impact on Voc improvement: the use of ultrathin aSi as an interface layer (5nm) between Si and NiO
and SiO2 as a passivation layer (1nm) between Si
and rear contact. The first layer enhances the
interface region Si/NiO quality and leads to an
appreciable increase of VOC from 593 mV to 950 mV.
With the second layer, which is a tunneling transport
region, VOC reaches 1050 mV. The effect of two other
parameters (constituent layers thicknesses and
anode materials) are also presented. It was found
that NiO thickness has more effect on the electrical
outputs of the cell than that of Si. If NiO thickness
exceeds 0.2 µm Jsc, FF and efficiency start to drop
considerably while they stabilize nearly at optimum
values if the Si thickness exceeds 30 µm. However
the effect of thicknesses on Voc cannot be
considered significant. Finally among the proposed
materials as anode for NiO, Ni with the highest work
function seems to be the more suitable. According
all these considerations the studied NiO/Si
heterjonction cell exhibits a good efficiency of
~26% with a high 𝑉𝑂𝐶 ~1050 𝑚𝑉. This work shed
light on two possible methods in order to designing
low-cost heterojunction solar cell in the future with
high open circuit voltage and efficiency.

33
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Figure 13: Effect of SiO2 rear contact passivation
layer.
In summary an extensive simulation work is carried
out to find ways of improving the performance of an
NiO/Si heterojunction solar cell. The work
concentrated on improving its open-circuit
voltagesince and according to few works that dealt
with this type of a solar cell, its performance is
limited by a fairly low opencircuit voltage. Two
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Abstract. In this study, B4C (5 and 10wt.%) particle-reinforced Al-15Si-2.5Cu-0.5Mg (Ecka Alumix 231 ) aluminum matrix
composites were produced through cold press/ sintering technique. Sintering process was carried out at three different
temperatures (555 °C, 580 °C, 605 °C). The obtained samples were subjected to density measurement, also microstructure
analysis and hardness test were examined. Densities of the samples were measured by Archimedes technique according
to ASTM B962-08. Optical microscope and scanning electron microscope (SEM) were used in microstructure studies.
Macrohardness measurements were performed in terms of Brinell hardness by use of 31.5 kgf load and 2.5 mm ball
diameter. The green density of the samples decreased with increasing B 4C wt.%. It was determined that the density
decreases in all samples with increasing sintering temperature. It was observed that the porosity increases and the pores
become larger with increasing sintering temperature. Al-rich solid solution, primary Si and Cu and Mg-rich phases in the
microstructure were determined through SEM and EDS analysis. While the hardness increased in 5wt.% particle
reinforced composites, it was observed that the hardness decreased in 10wt.% reinforced composites. Samples produced
from Alumix 231 powder was give the highest hardness value at 555 °C.
Keywords: Powder metallurgy, Metal matrix composites, Density, Microstructures, Hardness

© 2020 Published by ICMATSE
Introduction
Engineering materials with various chemical
compositions and mechanical properties are
produced using different production techniques.
One of these techniques is powder metallurgy (P/M)
technique. P/M technique has attracted the
attention researchers since 1990s. Mechanical
properties of engineering materials have been tried

to be improved by P/M techniques. Cold pressing
and sintering, one of these P/M techniques, were
developed at the University of Sevilla [1].
In recent years, hypereutectic Al-Si P/M alloys have
attracted more and more attention as matrix
materials because of their properties such as highwear resistance, high strength and low density [2-6].
Similarly, boron carbide in B4C composition is an
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attractive reinforcer with its properties such as high
hardness, wear resistance, and low density [7,8].

Macrohardness measurements were performed
using the Brinell hardness test with 31,5 kgf load and
2,5 mm ball diameter.

In this study, premixed hypereutectic Al-Si P / M
alloy powder, with a trademark of Ecka Alumix 231®
(nominal composition of Al-15Si-2.5Cu-0.5Mg
(wt.%)), was chosen as matrix material for composite
sample production. Boron carbide in B4C
composition was used as reinforcement particle.
Al/B4C composites were produced by cold pressing
and conventional sintering techniques. The
properties of the produced composites were
evaluated through microstructure studies, density
and hardness tests examinations.

Results and Discussion
Table 2 illustrated the sample codes and % TD of the
produced samples. The CS sample code shown in
Table 2 represents conventional sintering. The
numbers 0-5-10 next to the CS code indicate the
wt% B4C particle ratio.
Table 2. The specimen codes and % density values
Sample
code

Green

T=555°C

T=580°C

T=605°C

0

92,127

90,483

88,187

84,827

CS-5

5

91,793

89,618

88,214

87,162

CS-10

10

91,197

88,719

88,361

87,811

CS-0

Experimental procedure
B4C reinforced Al matrix composites were produced
through cold pressing and conventional sintering
techniques. Hypereutectic Alumix 231® powder,
produced by ECKA Granulate Velden GmbH (a
German company), with a sintered density of
2.67 g/cm³, was used as matrix material. The
chemical composition and average powder size of
Alumix 231 powders used in this study are given in
Table 1. The reinforcement particle B4C has a density
of 2.52 g/cm³ and the average powder particle size
(D50) is 10 µm.

The green density of the samples decreased with the
addition of increasing particle ratios. Green density
decreases due to increasing porosity with increasing
particle ratio. This decrease is attributed to the
porosity that occurs at the particle/matrix interface.
Sintering process caused a decrease in density in all
samples. A decrease in density was determined with
increasing sintering temperature (Table 2). It has
been found that densification of Ecka Alumix 231®
largely depended on the amount of liquid phase
presented. Researchers using Alumix 231® as matrix
material have reported similar results [11-13]. In
studies conducted with Alumix 231® powders, liquid
phase formation was mentioned at sintering
temperatures above 500 °C [6,10-13]. Studies have
indicated that the amount of liquid phase increases
with increasing sintering temperature [6,11-13].

Table 1. The chemical composition (wt.%) and average
powder size of Alumix-231 alloy
Alumix 231®
Nominal
D50
~75

Composition (wt.%)
Al
Si
Cu
Bal.
14–16
2.4–2,8
Average powder size (µm)
D10
~22

Mg
0.5–0.8

Density (%TD)

Particle
Rate (%)

Lubr.
1.5

D90
~190

Prepared Alumix231 / (5-10wt.%) B4C powders were
mixed in a triaxial mixer. Pure Alumix 231 and
Alumix231/(5-10wt.%) B4C mixture powders were
compressed with cold pressing technique by
applying 620 MPa pressure. The obtained green
samples were conventionally sintered in N2
atmosphere at 555 °C, 580 °C and 605 °C. The
pressed samples were subjected to the eliminate the
lubricant at 400 °C for 20 minutes before sintering
temperature.

The decrease in density observed in sintering
operations above 555 °C was attributed to the
accumulation of the formed liquid phase in one
region and sudden dimensional change. As a result,
large pores have been reported to form [11,12]. It
was determined that the liquid phase formed due to
sintering temperature had an effect on density. This
result is attributed to the formation of Al-Si liquid
phases above 557 °C eutectic temperature [9,10].

The densities of the samples were measured
through the Archimedes' technique according to
ASTM B962-08. The densities were expressed as % of
the theoretical densities (% TD). The theoretical
density values were calculated via the rule of
mixtures using the material composition. Optical
microscope and scanning electron microscope (SEM)
were used in microstructure examinations.

Alumix 231® is a premixed alloy powder that is
composed of a mixture of elemental aluminum and
master alloy (Al-Si-Cu-Mg) powders. Fig.1 presents
the SEM micrograph of the CS-0 (555°C sintered).
Table 3 gives the EDS analysis results. Different
regions were identified in the microstructure of the
Alumix 231® alloy: elemental Al matrix, master alloy,
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primary Si particles, Cu and Mg-rich secondary
phases.
Table 3. EDS analysis (wt.%) corresponding to the point
locations as shown in Fig.1
Sample
CS-0

Point
Point 1
Point 2
Point 3

Al
95,237
12,224
93,375

Si
0,76
87,288
3,789

Cu
3,66
0,441
2,46

Mg
0,343
0,048
0,376

Figure 1. The SEM micrograph of the CS-0 (Sintering
temperature 555 °C)

According to EDS analysis, the region where the
point 1 is located is the elemental Al containing
small amounts of Si, Cu and Mg, and the region
where the points 2 and 3 are located is the original
master alloy consisting of Al-Si-Cu-Mg component.
Point 2 corresponds to the primary Si particles. The
primary Si particles have grown from the master
alloy powder. Most primary Si phases were still
clustered within the original master alloyed powder.
It has been stated in the literature that the phases
with a bright appearance seen throughout the
microstructure are Cu-rich phases (fine white phase)
[11,14,16,17].

Figure 2. The SEM micrographs of the CS-5 and CS-10
(Sintering temperature 555 °C)

Optical micrographs of Alumix 231® samples
sintered at different temperatures are given in Fig. 3.
When the micrographs are examined, it was found
that the micrograph results are parallel with the
density measurement results (Table 2). It was
observed that the porosity increases and the pores
become
larger
with
increasing
sintering
temperature. In samples containing 10wt.% B4C,
intergranular vacancies are clearly seen, with
increased porosity (Fig.3). The porosity that
increases with increasing sintering temperature has
been attributed to the increase in the amount of
liquid phase with temperature, the accumulation of
the liquid phase in a region and the sudden
dimensional change during cooling [6,11-13].

SEM micrographs of the CS-5 and CS-10 samples are
shown in Fig 2. The master alloy, pure aluminum
regions and B4C particles are summarized on
micrographs. Micrographs show that B4C clustered
the grain boundaries. In addition, there are regions
where there is no coalescence between the master
alloy and pure aluminum grains, and it has been
determined that B4C particles are pushed into these
vacancies where there is no coalescence during
sintering.

Fig.4 shows the hardness curves of the samples
produced. At the sintering temperature of 555 °C, no
significant effect of B4C particle addition was
observed. An increase in hardness of ≈5,4% was
observed in the CS-5 coded sample. In the CS-10
coded sample, a decrease of ≈5,7% was determined.
The reason for not achieving a significant change in
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hardness is the increased porosity with increasing
B4C addition.

sintering temperature. The reason for the decrease
in hardness is the increased amount and size of
porosity with increasing sintering temperature. In
addition, increases and decreases in hardness values
show different tendencies according to sintering
temperatures. These different trends are reflected in
the porosity/wt.% particle relationship.

No significant change in hardness was observed in
samples containing 5wt.% and 10wt.% B4C due to
increased porosity with increasing sintering
temperatures. In the CS-0 coded sample, a
decreasing in hardness was observed with increasing

Figure 3. Optical micrographs of CS-0 and CS-10 samples sintered at different temperatures
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Figure 4. Hardness change graph according to different
sintering temperatures and wt.% particle amount



Conclusion
The main conclusions for this study are summarized
below:
 B4C (5 and 10wt.%) particle-reinforced Ecka
Alumix 231® aluminum composites were
produced through the cold press/sintering
technique. Sintering process was carried out
at three different temperatures (555 °C, 580
°C, 605 °C).
 The green density of the samples decreased
with the addition of increasing particles.
 Sintering process caused a decrease in
density in all samples. A decrease in density
was determined with increasing sintering
temperature. It was observed that the
porosity increases and the pores become



larger with increasing sintering temperature.
In samples containing 10wt.% B4C by weight,
intergranular vacancies were formed with
increased porosity.
Different regions were identified in the
microstructure of the Alumix 231® alloy:
elemental Al matrix, master alloy, primary Si
particles, Cu and Mg-rich secondary phases.
B4C particles clustered at the grain
boundaries. It was observed that there is
partial sintering between the master alloy
and pure aluminum particles.
No significant change in hardness was
observed in samples containing 5wt.% and
10wt.% B4C.
In the Alumix 231 samples, a decrease in
hardness was observed with increasing
sintering temperature.
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Abstract.The structural, electronic and elastic attributes of Pd 2MnTl full Heusler compound were studied by applying a
first principle Density Functional Theory (DFT). The Vienna Ab-initio Package (VASP) program was carried out using the
metallic and elastic properties of the Pd2MnTl compound. The metallic and elastic properties of Pd 2MnTl compound was
carried out using Vienna Ab-Initio Simulation Package (VASP). In addition to the analyse, Bulk module (B), Shear module
(G), Young Module (B/G), Poisson ratio and elastic constants (Cij) were investigated for Pd2MnTl compound. The band
structure calculations were analyzed in detail and calculated total spin magnetic moment was discovered as 4.40 µB/f.u.
According to invastigated band structure, the valence and conduction bands are overlap substantially at the Fermi level so
it is demonstrated that there is no forbidden energy gap at Fermi level. By using the stres-strain technique, elastic
constants have been calculated. Accoding to Poisson’s ratio, Pd 2MnTl full Heusler compound metallic material. Finally,
this compound may be new candidate material for expricial works in spintronic and magneto electricity.
Keywords:Full Heusler, GGA-PBE, Elastic constants, First principles calculation, DFT
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1. Introduction
The Heusler compounds are especially remarkable
material on the thermoelectric and spin electronic
applications due to cohorent growth on top of
conventional semiconductors [1-4]. The structural,
elastic and magnetic properties of Pd2MnTl
compound were investigated by using the first–
principles calculations.

magnetic shape memory. Thus, it has the ability of
return to its basic shape and size by the heat
treatment. This compound is used in many areas of
technology due to the magnetic shape memory
effect. In Cruie
temperatures which has ranging from 200K0 to
1100K0, most of the Heusler compounds are
ferromagnetic and they are satisfactory even in the
weak magnetic field applied [6-10].

The Heusler compounds were discovered first by
Friedrich Heusler at 1903 [5]. The Heusler
compounds which are ternary intermetallics, are
especially
remarkable
material
on
the
thermoelectric and spin electronic applications due
to cohorent growth on top of conventional
semiconductors. One of the noticable important
features of this compound is, it has the propertiy of
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Anisotropy and Poisson ratio
compound were given at Table 2.

of

Pd2MnTl

The total energy values associated with the
volume values in the cut off energy are shown in
Figure 2 for Pd2MnTl compound in L21 structure.
According to Figure 2 the numerical values of the
volume are obtained by the corresponding
minimum energy values. The lattice constant
value, total magnetic moment value and bulk
module value of the Pd2MnTl compound are given
in Table 1.

Figure 1.The crystal structure of Pd2MnTl compound in
225 space group.

2. Material and Method

Table 1.Optimezed lattice parameter (a0), the total

The first principles calculations of Pd2MnTl
compound was performed by appliying Density
Functional Theory (DFT) technique. The calculation
was realized with MedeA VASP package [11] and
the inter-electron exchange corrections was
implemented by using generalized
gradient
approximation (GGA) with the Perdew, Burke and
Ernzerhof formulation. For the plane-wave basis
set, the kinetic energy cut-off value has been took
500 eV.

magnetic moment (µB/f.u.) and Bulk modulu (B)
compared with the available theoretical data for
Pd2MnTl compound.

Compound
a0 (Å)
Pd2MnTl
6.478
Theoretical data[13] 6.493

M (µB/f.u.) B (GPa)
4.40
119.684
4.25
-

Table 2. The elastic constants Cij , shear modules G ,the
ratio of B/G, Young Module , Anisotropy A and Poisson
ratio ν of Pd2MnTl compound.

C11(Gpa) C12(Gpa)C44(Gpa) G (GPa)B/G E A ν
150,18 107,83 94,19 52,62 2,03 137,94 4,37 0,31

3. Result and Discussion
3.1.Structural and Elastic Properties

The Born’s stability criteria’s of cubic crystals for
cubical structure, the elastic stability conditions
having the following equations [14,15]:

The full-Heusler compound is known as a L21 type
face crystalline structure and has a prototype of
Cu2MnAl. Atomic positions of full-Heusler
compounds are located at (0,0,0) for X1, (0.5,0.5,
0.5) for X2, (0.25, 0.25, 0.25) for Y and (0.75, 0.75,
0.75) for Z atom abbreviated A, B, C and D sites,
respectively [12].

C11> 0, C44> 0, C11> | C12 |, ( C11+ 2C12) > 0

(1)

In addition to the stability condition, elastic
constants are provide the information on the other
parameters. The bulk modulus expresses the
resistance to volume change and make a decisions
on the resistance of material seperation. The shear
modulus represents plastic deformation and they
can be calculated by using Cij elastic constants [1618]:
1
3
1
G = 5 (C11 − C12 +
1
C′ = 2 (C11 − C12 )

B = (C11 + 2C12 )

C′′ = (C11 − C44 )
9BG
E = 3B+G

Figure 2.The total energy-volume values for Pd2MnTl
compound.

(2)
3C44 )

(3)
(4)
(5)
(6)

In the equilibrium state of the crystalline unit cell,
small stresses were applied and the Bulk module
was obtained by utilizing the change in energy. The
ductile/brittle behaviour of solid can be
determined B/G ratio. If the calculated B/G ratio is

Figure 1 shows the schemetic representations of
Pd2MnTl compound. Then the elastic constants,
shear modules, B/G ratio, Young Module,
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greater than 1.75, the material is ductile behaviour,
otherwise the material shows brittle behaviour [1921]. According to the values the calculated B/G
ratio for the Pd2MnTl compound is greater than
1.75, which is the critical value, so this material is
ductile.

Fig. 4 also showed the total density of states (DOS)
of Pd2MnTl compound.

3.2. Electronic Properties
To knowing the structure of a crystalline band has
played a major role in determining the many
characteristics of the material such as mechanical
and magnetic properties, optical properties,
structural deformation caused by electronic
properties and electronic conductivity.

Figure 5.The s, p and d density of states of Pd2MnTl
compound.

In Figure 5, the total density states (DOS) of
Pd2MnTl full Hesuler compound and atom
projected DOS. It is clear that main contributions to
total DOS around the energy interval -10eV and -8
eV comes from s electrons of Tl atoms.According to
Figure 5, since there is no energy gap around the
Fermi level (Ef), Pd2MnTl compound has metallic
nature.
Figure 3.Spin band structure for the spin-up (blue) and
spin-down (red) states of the Pd2MnTlcompound

3.3. Magnetic Properties

The electronic band structure of Pd2MnTl along the
high symmetry directions of Pd2MnTl compound of
the L21 crystal structure using the lattice constants
in equilibrium is given in Figure 3. As demonstrated
from the Figure 3 there is no forbidden energy
range at Fermi level. Therefore, it be inferred that
Pd2MnTl compound shows a metallic character.

The total and atomic magnetic moments of
Pd2MnTl compound were given in the Figure 6. It is
clearly seen the results that the biggest
contribution to magnetic moment comes from
transition metal Mn. Additionally, while the
magnetic moment values of Pd and Tl decrease, the
magnetic values of total and Mn increase with
increasing lattice parameters.
Magnetization (µB/f.u.)

5
4





3
2

Total
Pd
Mn
Tl

1
0
6,2

6,3

6,4

6,5

6,6

6,7

Lattice (Å)

Figure 6.The total and partial magnetic moments of
Pd2MnTl compound as a function of lattice constants.

Figure 4.The spin-polarized total densities of (DOS) of
Pd2MnTlcompound.
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4. Conclusion

is clear that the total state density curves of
Pd2MnTl compound show metallic properties due
to the fact that Fermi energy has a finite energy.
The total spin magnetic moments of Pd2MnTl
compound was obtained 4.40 µB/f.u.

The Heusler compounds are remarkable materials
on the thermoelectric and spin electronic
applications due to cohorent growth on top of
conventional semiconductors.

This result is seen in harmony with the literature.
Finally, Pd2MnTl compound has been metallic
behaviour and material shows ductile behaviour.
Therefore, this compound can be new candidate
material for experimental works in spintronic and
other applications.

All these computational results point out that
Pd2MnTl compound is a metallic ferromagnet. The
values calculated for the lattice constant and the
total magnetic moment are in agreement with
literature. So far, experimental and theoretical
study has not been performed for Bulk module so
we could not compare our results with literature. It
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Abstract. It is a challenging artificial intelligence problem that automatically captioning the images using natural
sentences with success. In order to solve this problem, it is necessary to use the different approaches under the deep
learning techniques together correctly and a caption text describing the image should be created. Innovative solutions
for the solution of this problem are presented. But most of the studies put forward are studies on datasets in English
language. There are a few studies with datasets for languages other than English. However, from these studies the
number of studies to create captions in Turkish on the given image is quite limited. In this study, deep learning model
obtained with the use of convolutional neural network, long short term memory and a special approach to Turkish
together and the training and testing of that model completed with the Turkish image captioning dataset named
TasvirEt. It was observed that as a result of the experiments of this study BLEU-1 score of 0.40 was obtained. This
score carried out were the highest score among the other Turkish studies.
Keywords: Image captioning, deep learning, machine translation
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1.Introduction
In the past, various studies have been carried out
on the problem of object detection from images,
which are one of the problems of computer vision
field and it has been revealed that perceiving only
the names of the objects in the images does not
have a humanoid explanation effect [1]. In the
continuation of this process, the development of
various deep learning models such as
convolutional neural network and the application
of deep learning models developed with
exponentially increasing visual and textual
resources on visual and textual data were
provided. In these applications, success rates have
been increased from year to year by building on
previous studies. As the success rates increase,
studies have been carried out on the problems
that are at the intersection of increasingly difficult
and complex different areas.

natural language processing and it is one of the
areas on which deep learning models are studied
[2]. Image captioning is the problem of generating
a sentence or expression that explains the content
of the image automatically without human
assistance for an image at hand [3]. In the solution
of this problem, the target is the producing a
better explanation than the explanations that the
human can create. So when can machines produce
a more accurate explanation than humans?
According to one definition, when machines are
able to generate an explanation that can
summarize remarkable content from the images
at hand, it can produce a more accurate
explanation than the explanation that humans can
create [4]. The generated description can include
existing objects, attributes of objects, or
relationships of objects to each other. Identifying
remarkable content requires not only identifying
the objects in an image, the connections between
the objects, but also inferring the message the
image is trying to convey in general, or what
aspects of the image might be interesting. [5]

The problem of creating description from images ,
in other words, the problem of image captioning,
located at the intersection of computer vision and
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In almost all of the literature studies in the field of
image captioning, the proposed model is applied
on images and datasets that contain explanations
of one or more sentences of these images. In
these studies, the image captioning process is
created with deep learning models. However, with
the advances in deep learning, many different
image captioning approaches have been
developed. But basically, studies in the literature
can be compared to the neural machine
translation problem in a way. For this reason,
sequence-to-sequence models with an encoderdecoder structure are frequently used in the
solution of the image captioning problem, as in
the neural machine translation problem [6]. In
these studies, the image is encoded by passing
through the convolutional neural network and the
description of the image is produced using the
recurrent neural network [7]. Image captioning
problem requires understanding both the image
and the explanations in the structure of the
sentences in the training data set correctly and
establishing the connection between them.

The dataset named TasvirEt, which was created by
Ünal et al., was used in the study. It was created
by collecting Turkish explanations for the images
in the image set called Flick8k in the TasvirEt
dataset [8]. There are a total of 8091 images in the
dataset used, and there are a total of 12222
explanations for these images. The average
number of words in the descriptions is 8.
Since the dataset contains descriptions, it is
necessary to preprocess before giving the
descriptions to the model. In this context, every
description in the dataset has gone through a
series of preprocess steps. During the preporcess
phase, all words in the explanations were
converted to lowercase letters, special symbols
such as "&", "*", "{" were deleted and punctuation
marks were removed.
In this study, an encoder-decoder based image
captioning model proposed by Tanti et al. [9] was
studied. Encoder-decoder based models were
previously applied in the neural machine
translation problem [10]. After the successful
results obtained in the machine translation,
various models based on the encoder decoder
structure were applied to image captioning
problems and gave successful results. In this
model, convolutional neural network and
recurrent neural network are used as encoders.
The convolutional neural network converts the
images entering the system into image vector,
extracts their attributes and acts as an encoder.
The recurrent neural network also encodes every
word that enters training into a fixed-size vector.
At this point, the recurrent neural network is not
exposed to image, image vector or a vector
generated from the image vector at any stage of
the model. Instead, after each word entering the
system is encoded by the recurrent neural
network, the image vector containing the image's
attributes is merged to the language model. In
other words, every word and image entering the
model is encoded in separate channels and
transformed into vectorial view. Then these two
vectors are combined. In this way, the image
representation has not changed in each step, it is
evaluated in its most correct form. The relevant
model is shown in Figure 1.

At this point, when the existing literature studies
are examined, it is observed that most of the
studies are clustered in English. There are some
studies in languages other than English however,
the number of image captioning studies
performed using Turkish, our native language,
does not exceed the fingers of one hand. In this
context, the success score of the developed
models has not been adequately measured for
head-final language such as Turkish so far. This has
been the main motivation for this study . In other
words, it is aimed to measure the success rates in
Turkish language with a special approach to
Turkish on the deep learning models that have
already been developed. In this context, the first
and only data set named TasvirEt in Turkish
language was used for Turkish image captioning in
the study. In addition, in this study, a
convolutional neural network architecture named
Inception v3, an iterative neural network
architecture named long short term memory and
an image captioning model created from a
Turkish-specific approach is proposed. In the
experiments performed using the proposed
model, a score of 0.40 BLUE-1 was obtained. The
score obtained is in a higher position than other
Turkish studies in this field.

2. Model
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more effectively thanks to the Inception
architecture,
which
emerges
from
the
combination of modules consisting of convolution
and max-pooling layers of different sizes [11].
When using the network architecture named
Inception v3, the last layer has been removed.
Long short term memory LSTM architecture is
used as an recurrent neural network. The basis of
the LSTM architecture is based on the existing
structure of recurrent neural networks to capture
long-term dependencies, in addition to the more
effective operation of the memory cell, input,
forget
and
output
gates
[12].

Figure 1: High level architecture[9]

In the model, the network architecture named
Inception v3 is used as a convolutional neural
network. Convolutional networks have been used

Two dogs playing on the lawn

A dog is running with a tree
branch in its mouth

Two brown dogs are fighting on
the grass

A boy is walking on the grass

A dog is barking on the snow

A man climbs the rock

A brown dog is running on the
snow

A man sits on the snow

Children running on the beachs
Figure 2: Captioning results categorically. The first line is successful results, the second line is medium successful
results, the third line is unsuccessful results.

Here, unlike other studies, the words were
separated into their roots and entered the
model before the words were provided to the
model as input since Turkish is an head final
language. With this, it is aimed to limit the

number of words that can be entered into the
system. For example, if two different
expressions in English such as apple and my
apple are entered into the system, the word
apple will have been entered into the system
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twice. However, in the Turkish language, these
words are depicted as "elma ve elmam". In
other words, in an image captioning study done
in Turkish language, the word apple will have
entered the model in two different forms in this
two-sample data set. Thus, the accuracy of the
model will be very low. However, when the
rooted form of the words enters the model,
similar words will enter the system as the
English. Open source software has been used in
separating the words into their roots [13]. Here,
after entering the rooted form of the words
into the system, a situation that can be
considered as one of the most important stages
of the study comes into play. In the created
model, the entire description of the image does
not enter the LSTM layer. In other words, with
the method developed here, the next word in
the explanation is tried to be guessed
dynamically. That is, the first two words and
image vector are input to the model to predict
the third word of the explanation, while the
first 5 words and image vector for the 6th word
are input into the model. While the model
completes its learning with this method in the
training phase, explanations are created in the
same way during the test phase. In Figure 3, the
working principle of the system is shown with a
sample image and explanation from the
TasvirEt dataset.

3. Results
The TasvirEt data set was used during the
experiments. From the dataset, 6000 images
are reserved for training and 1000 images for
testing. Keras API was used for the
implementation of the model. It is a Python
based library that uses the tensorflow library
[14]. During the training and testing of the
model, nVidia GTX 1060 graphics card was used
and the power of the GPU was utilized. During
the study, hyperparameter optimization study
was conducted with a series of experiments in
order to obtain the most successful result. The
dropout rate used in the highest score obtained
as a result of these studies is 0.5. Adam
optimization algorithm is used as optimizer,
categorical cross entropy loss function is used
as loss function. Batch size is 64. As the learning
rate, it was started with 0.01. The model was
trained with 0.01 for 40 epochs, then learning
rate 0.0001 for 20 epochs and batch size 128.
The training was completed in a total of 19
minutes and 41 seconds. The bleu score metric
was used to calculate the score [15]. Open
source software was used to calculate the score
of the Bleu score metric [16]. The results
obtained as a result of these studies and the
results of existing studies are as in Table 1.
According to these results, the result obtained
has a higher score than the studies [3], [7] and
[8]. [3] in their study, due to the low number of
data in the TasvirEt dataset, they completed
their work by translating 30000 English
explanations in the datasets named MSCOCO
and Flickr30k using Google Translate API and
obtained a score of 0.34 BLEU-1. [7], as in [3],
due to the low number of data in the TasvirEt
dataset, completed their study using Google
Translate API and obtained a score of 0.30
BLEU-1. In addition to these results, when our
own outputs were examined, it was observed
that the model was weak in forming numerical
explanations. But at the object detection point,
for example, dog, man, etc. it has been
observed to be successful.

Description: sarı ve siyah tüylü iki köpek karda
koşuyor

Input : Image vector + "sarı ve" ;
expceted output: siyah

Input : Image vector + "sarı ve siyah
tüylü iki" ;expceted output: köpek
Figure 3: An example image from the TasvirEt
dataset and the working principle of the proposed
model.

57

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

Table 1: Results
Model
TasvirEt [8] T1
TasvirEt [8] T2
[3] Method 1
[3] Method 2
[7] Method 1
[7] Method 2
Inception v3 +
LSTM + rooting

Training
TasvirEt
TasvirEt
MSCOCO

Dataset
Test
TasvirEt
TasvirEt
MSCOCO

B-1
0.21
0.26
0.34

BLEU Score
B-2
B-3
0.07
0.02
0.10
0.03
0.18
0.08

B-4
0.03

Flick 30k
MSCOCO
Flick 30k
TasvirEt

TasvirEt
MSCOCO
TasvirEt
TasvirEt

0.33
0.29
0.30
0.40

0.17
0.16
0.16
0.21

0.03
0.05
0.05
0.07

4. Conclusion

0.08
0.08
0.07
0.10

them into their roots. The score obtained as a
result of the study was placed above all
existing studies. Higher success rates are
possible with larger data sets that can be
newly created in the future. Also, it is aimed
to achieve higher success rates by adding
attention, etc. mechanisms to the model in
the future.

In this study, a model for the problem of
image caption in Turkish language is
proposed. The proposed model consists of a
combination of convolutional neural network
and recurrent neural network, and words
specific to Turkish are trained by separating
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Abstract. Sheet Metal Part is one of the critical products in our present life. Machines, tools, and processes are used in
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of the sheet metal FR according to its applications and use context. There is no complete classification to find all the sheet
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to recognize the features from the neutral files, STEP 10303 is described in detail. The system constructed using Visual
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Introduction. Feature recognition in sheet metal
product development is one of the critical areas of
manufacturing research. It represents as the bridge
to join the sheet metal part data (digital model) and
all the machines, tools, sensors and processes
required for the sheet metal product development.
It is the way to provide Integration in Industry 4.0
to achieve smart manufacturing. Many research
works have been done in the area of Feature
recognition in sheet metal parts, but no complete
system is achieved until now. Most of the research
done in this field focus only on a distinct sector in
manufacturing such as converting machines,
identifying features for a specific purpose and
context of use. Good research work is one that first
discusses the classification of sheet metal
characteristics related to sheet metal operations.

Even in this way, all the discussed systems could
not cover all the features of sheet metal parts.
Classification and Recognition of sheet metal
features. The classification of sheet metal features
and their characteristics associated with sheet
metal operations and integrations are first
discussed for the proposed system integration so
that the usages of digital data can be easily
interpreted and utilized.
In our proposed system, the feature recognition
system is first discussed to recognize “49” punching
features based on Musumi Catalogue [1]. Many
researchworks had been done based on this idea
[2,3] as Musumi Catalogue provides standard
machine tools and terms used in sheet metal
operations. Subsequently, the relationship is
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established between the punched feature (first
column in Figure 1), pierced features (second
column in Figure 1) and shallow drawing feature
(third colum in Figure 1) [4]. Four different features
are used in each category describe the
classification,
recognition
and
established
relationship. The reconiation technique in this
paper, is made based on the number of entity and
its type (line, circle or part of circle (arc), spline or
free form curve), which can be an initial to
complete system of sheet metal feature
recogonize.

Finally, this matrix is filled with the identified
parameters’ values. The fingerprint of a feature is
the result matrix and also considered as governing
matrix. The matrix thus generated is used by the
feature recognition algorithm to recogniz and
classify features in sheet metal product file stored in
STEP format.

Figure 2. The feature matrix rows and coulmns

Implementation with case studies. The present
propsed system have been implemented based on
the classification discussed by Dawei, 2012 [5],
Sreenu, 2014 [6] and Gupta, 2017 [7]. The system
has been developed by interfacing Visual Basic
(Programming language) together with SolidWorks
(Computer Aided Design package). The Visual Dasic
code reads the data stored in the sheet metal STEP
file, extracts the stored data, orgainzes the data in a
matrix governing the relation between the features
each other based on stored rules. The Visual Basic
code recognizes the stored features and generates
excel file. Screen shows the recognized fearures for
an example part as generated by the developed
software is illustrate in Figure 3.

Figure 1. The relation table between the punched
features and both of piercing and shallow drawing
features.

The idea included in the table shown in Figure 1
depends on classifiying all sheet metal features
according to the main “49” punching features
described by Musumi. Those features included first
in the column no. 1. According to those features,
similar shallow draw features can be imagined which
are stored in column no. 2. In the same way, if we
remove the bottom of the shallow draw features,
the results will be a piercing features which are
stored in column no. 3. (not all features in column 1
have its similar features in columns 2 and 3).
The present approach is made to recognize the
features from STEP file based on a number of
connecting faces, the type of connections, and the
number of levels of connecting faces. These
parameters are arranged in the form of a matrix to
be the fingerprint of a specific feature.
The first step is to specify the feature’s outer
circumference and its type, diminution, and location
of each entity on it. The next step is to specify the
number of connecting faces. Once these parameters
are identified, then the number of matrix rows and
columns are assigned for a feature as presented in
Figure 2.

Figure 3. The feature recognition module
Figure 3, shows the module of sheet metal feature
recognition program build on the fingerprint matrix.
In the write side of the figure, a sheet metal part
drawn on solidworks program, then saved as STEP
file. The visual Basic program module reads the STEP
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file and recognitze its features and save the
recognition results as in the Excel file on the left. The
program study the relation betwen face to face or
feature to face (as in 2D features)

Case study 2: Part in Figure 4. Another case study is
based on slot shape (slot feature), as shown in figure
6 which is following the same steps as in first case
study to get the fingerprint matrix. First, F0 is the
base face, F0 with F1 is curve (C), F0 with F2 is Line
(L), F0 with F3 is curve (C), F0 with F4 is Line (L), and
there is no connection with F0 and the remaining
portion of the feature. Again F1 with F5 is Curve (C).
F2 with F6 is Line (L), F3 with F7 is Curve (C), F4 with
F8 is Line (L), and so on. By this way, the materix in
Figure 7 represents the fingerprint of the proposed
feature illustrated in Figure 6.

Case study 1: Part in Figure 4. A feature in figure 4 is
consist of 4 edge in outer circumference, 9
connecting faces (1 Base_Face, 4 First_Face directly
connecting to the base face, 4 Second_Face
connecting to previous faces (4 First_Faces), so the
resulting matrix (Fingerprint) containing 9 rows and
9 columns is presented in Figure 5. Since the feature
is driven from a square shape so the connecting with
the base face is 4 lines (F1 with F0 is Line (L), F2 with
F0 is Line (L), F3 with F0 is Line (L), F4 with F0 is Line
(L)). There is no connection or intersection entity
between the base face and F5, F6, F7, F8 so it is bank
in the matrix. The common entity between F1 and F2
results from intersecting two cylinders so it is
defined in STEP file as Spline (S), same as F1 and F4,
F2 and F3, F4 and F3, F5 and F6, F5 and F8, F6 and
F7, F8 and F7. The ruslt matrix must be symmetric
about its diagonal.

Figure 6. Sheet metal Feature – Case study 2

Figure 4. Sheet metal feature – Case study 1
Figure 7. Fingerprint matrix for example feature shown in
Figure 6.

Conclusion. In this paper, the sheet metal features
classified according to the punched shapes produced
by Musumi company. The features classified
according to the puched shape to Pierced and
shallow drawing features. This paper presenets, the
implementation to find the Fingerprint matrix
(governing metrix) to be used in the integration of
product development stages.
Figure 5. Fingerprint matrix for example feature shown in
Figure 4.

The fingerprint of features can be extracted and
represented in a shape of matrix, which specify all
the sheet metal features boundary represnetations.
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The feature shape can be generated back from the
Fingerprint matrix and geometric data. The matrix
generalize by this way, can be suitable to recognize
any sheet metal feature.
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Introduction. Direct Energy Deposition method,
one of the laser-based additive manufacturing
methods, has been used in the production and
repair of metal parts in various engineering
applications in recent years. Direct Metal / Laser /
Energy Deposition (DMD) is a method of additive
manufacturing performed by stacking the metal
melt pool created by feeding powder or wire
simultaneously with a heat source (laser/electron
light) (Figure 1).

This situation allows the formation of a good
density and metallurgical bond structure in the
component.
This method can be utilized in surface coating,
alteration,
re-manufacturing,
and
additive
manufacturing
processes
[2,3].
Additive
manufacturing techniques are developed based on
Laser Cladding (LC), Laser Direct Casting (LDC),
Direct Metal Deposition DLD, Directed Light
Fabrication (DLF), Shape Deposition Manufacturing
(SDM), Laser Engineered Net Shaping (LENS), Laser
Powder Fusion (LPF), Freeform Laser Consolidation
(LC), Laser-Aided Direct-Metal/Material Deposition
(DMD), Laser-Based Multi-Directional Metal
Deposition
(LBMDMD),
and
Laser-Aided
Manufacturing Process (LAMP).

Figure 1 Schematic representation of the DMD process
(a) Uniaxial and (b) Continuous Coaxial.[1]

Studies are carried out on materials used in the
DED method: titanium alloys, stainless steels,

During these processes, a small amount of heataffected zone (HAZ) is formed on the base material.
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nickel-based superalloys, cobalt-based alloys, and
copper alloys.

scanning speeds used by the samples in the study.
[8].

DED process includes many variable and nonvariable process parameters. These operational
parameter controls reveal the component quality
and successful stacking. Featured controllable
parameters are scanning speed, laser scanning
pattern, laser power, laser diameter, parallel tool
path jump, and powder feed rate[3–5]. Process
parameters change according to the desired
structural and functional quality of the material.
The most important disadvantage is the lowdensity dust efficiency and the need for secondary
processes
(heat
treatment,
sandblasting,
processing) generally.
This study aims to provide researchers with a
general view of the advantages and disadvantages
of the DED method in the field of additive
manufacturing, as well as the effect of the basic
process parameters affecting the production
technology of the DED method on the mechanical
behavior.

Micro Hardness
Studies on microhardness show that different
microstructure regions have quite different
hardness values. It is known that the microhardness values are less in the first agglomeration
layer but increase towards the upper layers. This
inhomogeneous situation is due to the cooling rate
of the melt pool depending on time and the slower
cooling of the heap in the middle regions. The
regions in the middle parts are subjected to
repeated heating (depending on the layer
accumulation to be clad on top) and become
susceptible to micro-hardness changes by being
affected by heat for a longer period. In the study of
Tan et al., It was attributed that the difference in
micro-hardness measurement values originated
from the grain sizes formed in the fusion line during
each lateral shift (overlap) during the stacking
process[5]. As a result, the higher microhardness of
the upper and lower regions of the DED parts,
which are exposed to higher cooling rates
compared to the middle region during the DED
process, is observed.

Effects of Process Parameters
Microstructure
The microstructural properties (eg morphology and
grain size) of DED parts are strongly sensitive to
high heating/cooling rates, significant temperature
gradients, intense temperature increases, and
thermal effects during deposition. As many process
variables/parameters affect the thermal history,
estimating the microstructural properties of DED
parts, and accepting their dependence on process
parameters is still an important problem. However,
effective control mechanisms must be established
for the specified complex effect to become
understandable and to manufacture DED parts with
superior mechanical properties. Many researchers
have investigated the effects of certain parameters
on good microstructural and material properties in
DMD parts.[5]–[11]. Within the framework of these
studies, it has been observed that the speed of
movement and laser power affect the
microstructure significantly[9]. Huang et al; found
that the combination of high scanning speed and a
low laser power results in a homogeneous
microstructure, but that the melt pool of the
combinations must be kept at optimum
temperatures for effective deposition. In addition
to these, they observed that the microstructural
structures in different parts of the SS 316L and
Inconel 625 clad profiles were in harmony at the

Residual Stress
Residual stress; In the absence of external or mass
forces, it is called stress within a material at
equilibrium and uniform temperature. High thermal
gradients and repetitive/rapid regional heat
transfer rates cause residual stresses in DED parts
due to dynamic temperature distribution and
heating cooling rates throughout the part during
DED. Thermal history during the DED process can
result in the formation and evolution of an
anisotropic microstructure and the presence of
residual stresses throughout the part. According to
the studies of He et al; Heat-triggered residual
stress formation plays a vital role in final part
production and quality, as well as melt pool
behavior[12]. Besides, as the height of the part
produced by DED increases, the residual stress
increases, and the residual stress at the starting
point of the stacking process is lower and reaches
its maximum values at the end of the laser scanning
path.
In AM processes where a laser is used as an energy
source, parts produced using an electron beam
based process are expected to have lower residual
stresses due to the much higher temperature
environment during manufacturing. In addition to
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heating on the manufacturing platform (substrate),
mechanical and thermal treatments such as postmanufacturing processing, sandblasting and stress
relieving heat treatment have been observed to
reduce residual stresses[2].
Other procedures to reduce residual stress can be
listed as follows;
 Optimization of process parameters (laser
power and beam rotation speed)
 Heating the substrate
 Preservation
of
optimal
melt
pool
morphology/size
 Choosing the appropriate laser scanning model.

before stacking to achieve a more consistent
structure between the lower and upper regions[5].
When examined in terms of powder feed rate, the
powder density entering the melt pool; It has an
instant effect on the clad height and
microstructure. According to Kovalev et al., The
increase in powder feed rate (max 40g / min)
provides a significant change in the cladding
geometry [16]. Temperature and internal stresses
decrease as the powder feed rate increases and the
clad height and penetration increase[15]. Also,
Alvarez et al; investigated the effects of clad height
and width on the powder feed rate in their study
on AISI 316L samples as can be seen in Figure 2 [4].

Effect of Process Parameters (Laser scanning
speed, laser power, powder feeding speed)
Many DED process parameters affect the thermal
history of the part (hence microstructure and
residual stress, etc.) such as powder feed rate, laser
power, and laser scanning speed. These parameters
affect the melt pool shape, the internal energy, and
consequently the cooling rate. As the laser scanning
speed increases, the dilution and the geometric
limit values of the clad geometry (width, height,
and depth) decrease[13].

Figure 2. Change in clad geometry depending on the
powder feed rate [4].

Depending on the thermo-physically related
complexity underlying the DED process, powder
feed rate, laser scanning speed, etc. There is no
quantitative study suggesting the most appropriate
control parameters of the variables. Therefore, any
control scheme or process optimization should be
designed in a way that changes with time
depending on the height of the clad profile.

Local heat transfer, particularly the HAZ, can cause
sheet re-melting and multiple reheating cycles;
these can alter the microstructure by tempering or
aging the part. Besides, changes in the thermal
history (different values of heat inputs, etc.)
experienced in different locations during the
production of DED parts cause complex behaviors
on other mechanical properties such as tensile
strength and fatigue resistance.

Scanning Pattern Strategy
When the literature is examined, there are many
scanning strategies required for the production of
parts with a certain height and width, and the most
common ones of these; it appears to be one-way,
two-way, offset, and geometric (Figure 3). The
difference in scanning strategies significantly
affects the geometric and mechanical properties of
the manufactured parts.[4], [7], [17], [18]

Considering the effects of laser power and scanning
speed in studies in the literature; Track geometry
prepared using medium laser power and low
scanning speed will have a useful continuity by
eliminating punching phenomena as it will show
good melting behavior. Also, laser power and
scanning speed have a significant effect on the
smoothness, distortion, and irregularities of the
baseplate [14]. It is seen that laser power is the
main process parameter affecting the glad
geometry. The increase in laser power increases
with clad height, population, temperature, and
stress, but the increase in laser spot size increases
the clad height, but the temperature and stress
decreases Tan et al; found that more optimization
can be used in the dynamic control of laser power
input or preheating can be applied to the substrate
65

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

show the mechanical behavior of parts under cyclic
loads.
Tensile Properties
Tensile and hardness values in DED parts show
higher strength behavior in many cases than those
produced from cast iron. However, DMD parts have
low elongation values, which is due to the oxidation
in the micro-cavities and the structure (Table 1)[3].
Table 1. Comparison table of tensile properties of parts
produced with DMD to their cast counterparts [3]

Figure 3- Scanning strategies. a) unidirectional, b) bidirectional, c) offset from inside to outside d) offset from
outside to inside, and e) geometric [3].

Choosing the appropriate scanning patterns
minimizes residual stresses and thermal distortions.
Unidirectional hatching pattern is the most widely
used deposition model in terms of ease of
application. Also, geometric and offset models have
advantages that provide geometric accuracy and
less energy consumption. Clad path patterns in the
Z direction have a greater effect on the geometry of
the specimens than hatch patterns in the XY plane.
The next layer stacking path must be in opposite
directions to avoid decreasing the actual layer
height at the end of the cladding line. The basic
solution to prevent corner deformation should be
avoided from complex part shapes that cause
increased linear lateral displacement [18].

The
part production direction (toolpath
orientation/scanning strategy) in the DED process
affects the tensile strength values in the part. In
this case, it was seen that the stress and hardness
values in the 00 clad direction were higher than
900.[7]. Kono et al in their studies; The change in
the direction of the clad has a negative impact on
the impact strength on the part by about 20%. The
decrease in impact toughness was due to crack
propagation at the boundary of the large crystal
grain oriented in the XZ-plane. Operations in the bidirectional or zig-zag path upset direction prevent
such crystal growth and are effective to reduce the
dependence of impact toughness on upset
directions. Compared to SLM, the impact strength
of 316L steel produced by the reciprocal R2
pathway is close to that of SLM.[18].

Mechanical Characteristics
Knowing the post-production characteristics
(tension, compression, fatigue, etc.) of the parts
that will be produced with DED is an inevitably
important procedure for many design and
production processes, as it allows the evaluation of
whether the part is suitable for the intended use.
Also, as I mentioned in the microstructure chapter:
other material properties such as tensile and
fatigue resistance are directly related to the
microstructural properties of the part.

The change in tensile properties between the
orientations of the clad is due to the difference in
cooling rates. The transition time between layers is
longer than the samples created in the X direction
compared to the samples in the Y and Z direction.
This difference leads to higher cooling rates and
consequently finer microstructures for samples
stacked in the X-direction.

Many errors in functional parts are produced by
DED method; due to fracture, fatigue, and
excessive deformation. For this reason, tensile and
fatigue tests of material are widely used to
determine these properties. Tensile tests provide
important information on breaking force and
elongation under static loading, while fatigue tests

The effects of the type of tensile samples are;
straight tensile test specimens exhibit high yield
and shear stress as well as low elongation behavior
compared to round ones.
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Fatigue Resistance
Understanding and measuring fatigue behavior is
critical to engineering analysis and design. Fatigue
is one of the main failure modes of materials in
many applications. During the fatigue process,
periodic damage causes local cracking and causes
fracture after sufficient fluctuations.

stages of development of three types of fatigue
damage have been made; Fatigue categorized as
crack
formation
(incubation),
microstructural/physical, small, and long cracks.[2].
Zhang et al; For 316 L stainless steel, shows that the
porosity (porosity) does not affect the high cycle
fatigue properties when kept within the ± 30%
tolerance band. Beyond the optimum 'processing
zone, it has been found that extreme melting and
low melt porosity can lead to cracking and low
fatigue resistance, and also, regardless of process
conditions, fatigue resistance follows a direct linear
relationship with ductility and tensile strength in
low and high-stress fatigue regimes. Fatigue
strength is directly related to ductility and tensile
strength in longer and shorter fatigue life regimes,
respectively, regardless of processing condition and
porosity level.[19].

Fatigue errors can be characterized by three stages;
Crack initiation, crack propagation, and ultimate
fracture. Cracks occur at grain boundaries,
inclusions, pores, and other microstructural
defects. Cracks typically propagate along the planes
of maximum shear stress and grow to a few
micrometers as shown in Figure 4. At this length
scale, crack growth behavior is significantly affected
by crack surface morphology and microstructural
texture.
Fatigue life is typically referred to as the load
cycle/number of fluctuation (Nf) when subjected to
failure. Generally, the fatigue life of fewer than 103
cycles is considered to be low cycle fatigue (short
life regime). Fatigue life in the range 103 <Nf <105 is
classified as medium cycle fatigue (or medium
regime) and if Nf> 105 is categorized as high highcycle fatigue (long-life regime).

Gordon et al; In their work on 304L material
produced with AM, they observed a fatigue life up
to 25% of the life of standard forging and DED
LENS® materials in transition fatigue regime (N≈
104-106). In the high cycle fatigue regime (N> 106),
parallel upset and forging were observed in the
same way, whereas vertical upset observed a 7%
lower fatigue (strength) limit. As a result, the
metastable 304L manufactured with DED showed
exceptional fatigue life compared to AISI 304L
manufactured in the state it was built in[20].
Conclusions and Discussion
The DED production method still reveals many
unknowns in terms of the phenomena that occur
during the process (process parameters, thermal
history,
solidification,
microstructure,
and
mechanical properties) not being well known and
their relations with each other. More analysis and
experimental studies should be done to reveal
these. Besides, with the widespread use of systems,
it will be ensured that the components produced by
this method in system-level parts will be tested and
their reliability will be increased. The subjects that
need to be studied to create a more detailed DED
mechanical behavior and process map are as
follows. To reduce the number of experimental
studies by performing more analysis through
numerical analysis, DED analysis software. Work
should be done to make real-time melt pool or clad
geometry analysis and to quickly take precautions
to that area in case of errors.

Figure 4. Schematically three-stage fatigue formation. [3]

Xue et al: Newly developed LENS (Laser Engineered
Net Shaping) specimens have determined that their
special microstructure causes a new variation in the
evolution of fatigue damage formation and
mechanism. He studied micro-porosity, fatigue
damage mechanism and analysis of its growth using
X-ray computed tomography and scanning electron
microscopy (SEM). Systematic observations of
variations in fracture surfaces according to the

Thermal history changes (different values of heat
inputs etc.) experienced in different locations
67

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

during the production of DMD parts cause complex
behaviors on other mechanical properties such as
tensile strength and fatigue resistance.
As many process variables/parameters affect the
thermal history, estimating the microstructural
properties of DED parts, and accepting their
dependence on process parameters is still an
[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

important problem. However, effective control
mechanisms must be established for the specified
complex effect to become understandable and to
manufacture DED parts with superior mechanical
properties.
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Abstract. In this study, B4C (5, and 10 wt.%) particle-reinforced Al-15Si-2,5Cu-0,5Mg (Ecka Alumix 231®) aluminum matrix
composites were produced through cold pressing technique. Samples were sintered by microwave sintering technique.
Sintering was carried out at 555 °C for 15, 30, 45, 60 minutes holding times and without holding time. Density
measurement, microstructure analysis and hardness tests of the produced samples were carried out. Densities of samples
before and after sintering were measured by Arshiment method according to ASTM B962-08. Optical microscope and
scanning electron microscope (SEM) were used in microstructure studies. Macrohardness measurements were performed
in terms of Brinell hardness by use of 31,5 kgf load and 2.5 mm ball diameter. The green density of the samples decreased
with increasing B4C wt.%. Compared to the green density values, density values of all samples had decreasing with the
sintering process. The highest density values in sintered samples were obtained in 60 minutes sintering time. Al-rich solid
solution, primary Si and Cu and Mg-rich phases in the microstructure were determined through SEM and EDS analysis.
Keywords: Powder metallurgy, Microwave sintering, Density, Microstructures, Hardness
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Introduction
Composite materials have become a requirement for
modern production technology. It is because
composite materials have improved physical and
mechanical properties. The main application areas of
composite materials are the aerospace, military and
automobile industries. Different techniques are used
for the production of metal matrix composites. The
most common of these techniques is powder

metallurgy (P/M) [1]. Cold pressing and sintering,
one of these P/M techniques, were developed at the
University of Sevilla [2]. Nowadays, different
sintering techniques are used. One of these
techniques is microwave sintering. Microwave
heating is due to the material's ability to absorb high
frequency electromagnetic energy (microwaves) and
convert it into heat [3]. The microwave heating
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occurs from the core and generates heat inside the
sample [4]. Microwaves; refers to electromagnetic
waves at a frequency of 300 MHz to 300 GHz,
wavelength between 1 m 1 mm [3,4].

The effects of sintering time on density,
microstructure and hardness were investigated.
After sintering, the density of the samples was
measured according to the Archimedes principle
(ASTM B962-08). The densities are reported as % of
the theoretical densities (%TD). The theoretical
density is calculated from the rule of mixtures using
material composition. Optical microscope and
scanning electron microscope (SEM) were used in
microstructure
examinations.
Macrohardness
measurements were performed using the
Brinell hardness test with 31,5 kgf load and 2,5 mm
ball diameter.

The use of microwave energy for processing
materials has the advantages in reduced processing
times and energy savings [5]. Microwave sintering
has been recognized as a time-saving and costeffective process as compared to the conventional
powder metallurgy processes for sintering
composite materials [6].
In this study; hypereutectic Al-Si (Al-15Si-2,5Cu0,5Mg (Alumix 231®)) alloy has been chosen as the
matrix material. B4C was used as a reinforced. Al/B4C
composites were produced by cold pressing and
microwave sintering techniques. The effect of
sintering time on density, microstructure and
hardness was investigated.

Results and discussion
Table 2 illustrated the sample codes and % TD of the
produced samples. The MW sample code shown in
Table 2 represents microwave sintering. The
numbers 0-5-10 next to the MW code indicate the
wt.% B4C particle ratio.

Experimental procedure
Table 2. The density results

B4C reinforced Al matrix composites were produced
through cold pressing and microwave sintering
techniques. Hypereutectic Alumix 231® powder,
produced by ECKA Granulate Velden GmbH, with a
sintered density of 2.67 g/cm³, was used as matrix
material. The chemical composition of Alumix 231®
powders are given in Table 1. The Alumix
231® powders with an average size of about
∼75 μm at D50, ∼22 μm at D10, and ∼190 μm at
D90 was produced by inert gas atomization. The
reinforcement particle B4C has a density of 2.52
g/cm³ and the average powder particle size (D50) is
10 µm.

Density (% TD)
B4C
Particle
Rate (%)

Green

Without
holding
time

15 min.

30 min.

45 min.

60 min.

MW-0

0

92,127

88,185

86,324

85,301

85,058

89,410

MW-5

5

91,793

87,804

87,247

87,035

87,233

88,982

MW-10

10

91,197

88,023

89,089

89,436

89,062

90,222

Sample
code

The green density of the samples decreased with
increasing wt.% B4C. Green density decreases due to
increasing porosity with increasing particle ratio
(Table 2). It is because, with increasing particle ratio,
increasing porosity at the particle/matrix interface
causes a decrease in density.

Table 1. The chemical composition (wt.%) of Alumix-231
alloy
®

Alumix 231
Nominal

Composition (wt%)
Al
Si
Cu
Bal. 14–16
2,4–2,8

Mg
0,5–0,8

Sintering Time

Compared to the green density values, density
values of all samples had decreasing with the
sintering process. The highest density values in
sintered samples were obtained in 60 minutes
sintering time. (Table 2). However, these changes
observed in sample densities were limited to small
values. These decreases in densities of sintered
samples are attributed to the liquid phase
formation. In studies carried out with Alumix 231®,
liquid phase formation is mentioned at sintering
temperatures above 500 °C. [7-10]. It was
determined that the liquid phase formed due to
sintering temperature had an effect on density. In
this study, it is thought that the small density
changes observed at different sintering times at 555
°C are caused by the accumulation of the liquid

Lubr.
1,5

Alumix 231 / (wt. 5-10%) B4C powders were mixed in
a triaxial mixer. The mixture powders were pressed
by applying 620 MPa pressure by cold pressing
technique. Samples were sintered by microwave
sintering technique. Sintering was carried out at 555
°C for 15, 30, 45, 60 minutes and without holding
time. The samples were subjected to the elimination
of the lubricant at 400 °C for 20 minutes. Heating
rates to lubricant elimination (400 °C) and sintering
temperature (555 °C) were set at 5 °C / min and 10
°C/min, respectively.
71

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

phase in a region and the sudden dimensional
change during cooling.
The SEM micrograph of MW-0 (without holding
time) in Fig. 1 and EDS analysis results in Table 3 are
given. Different regions were identified in the
microstructure of the Alumix 231® alloy: elemental
Al matrix (point 3), master alloy (point 2), primary Si
(point 1) particles, Cu (point 4) and Mg-rich
secondary phases. Alumix 231® is a premixed alloy
powder that is composed of a mixture of elemental
aluminum and master alloy (Al-Si-Cu-Mg) powders.

phases had a homogenous distribution in the master
alloy and elemental aluminum regions.
The SEM micrograph of the MW-5 (Without holding
time) sample is shown in Fig. 3. Master alloy, pure
aluminum regions and B4C particles are summarized
in micrographs. The primary Si particles (Fig.1, point
1) have grown from the master alloy powder.

Figure 3. The SEM micrograph of the MW-5 (Without
holding time)

Optical micrographs of Alumix 231 samples sintered
at 555 °C ( 60 min holding time and without holding
time) are given in Fig. 4. When the micrographs are
examined, in parallel with the density measurement
results; it was observed that the pores shrink and
decrease with 60 minutes sintering. This change in
pores size and amount with increasing sintering time
can be explained by the grain join and growth that
occurs with the effective transport mechanisms
(evaporation and condensation by atomic diffusion)
in sintering. However, there is still an intense
porosity and regional enlargements of pores in the
microstructure. In addition, the bonding problems
between the grains are seen in Fig.1, Fig.4 and Fig.5.
There was not a good diffusion event and sufficient
cohesion between the grains could not be achieved.
Therefore, a long sintering time of 60 minutes did
not show the expected improvements in
microstructure and density compared to without
holding time sample. As stated in the literature, the
biggest advantage offered by microwave sintering
technique is that it exhibits good density and
microstructure properties without holding and/or in
very short holding times [11-17].

Figure 1. The SEM micrograph of the MW-0 (Without
holding time)
Table 3. EDS analysis (wt.%) corresponding to the point
locations as shown in Fig.1
Sample
Point
Al
Si
Cu
Mg
Point
1
4,47
94
1,37
0,15
MW-0
76,28
21,27
2,2
0,28
(Without Point 2
holding
Point 3 96,13
0,017
3,4
0,45
time)
Point 4
95,1
0,35
4,18 0,36

Figure 2. Distribution of the alloying elements inside the
MW-0 (Without holding time) sample mapped by EDS
analysis

Fig. 2 presents the microstructure map of the MW-0
(Without holding time) sample. The map shows that
the primary Si particles emerged in the original
master alloy grains. The Cu- and Mg-rich second
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reinforcement ratio, a decrease in hardness was
observed in samples. There was no significant
increase in hardness in the samples MW-0 and MW10 at 60 minutes sintering time. Although there is no
significant change in density, the decrease in
hardness caused by the increasing B4C addition can
be explained by the pushing of B4C particles into the
pores and the grain coarsening during sintering (Fig.
6).

a

b

Figure 6. Hardness change graph according to different
sintering times and wt.% particle amount
Figure 4. Optical micrographs of MW-0 samples sintered
at different times, a) Without holding time; b) Holding

Conclusion
The main conclusions for this study are summarized
below:
 B4C (wt.% 5 and 10) particle-reinforced Ecka
Alumix 231® aluminum composites were
produced through the cold press/microwave
sintering technique. Sintering process was
carried out at without holding time and four
different times.
 The green density of the samples decreased
with increasing wt.% B4C.
 Compared to the green density values,
density values of all samples had decreasing
with the sintering process. The highest
density values in sintered samples were
obtained in 60 minutes sintering time.
However, these changes observed in sample
densities were limited to small values.
 Different regions were identified in the
microstructure of the Alumix 231® alloy:
elemental Al matrix, master alloy, primary Si
particles, Cu and Mg-rich secondary phases.
The primary Si particles emerged in the
original master alloy grains. The Cu- and Mgrich second phases had a homogenous
distribution in the master alloy and
elemental aluminum regions.

time: 60 min

Figure 5. Optic micrographs of MW-10 (Without holding
time)

The effect of the sintering time on the hardness of
the samples is given in Fig.6. The highest hardness
value was determined in the sample coded MW-0,
which was without holding time at the sintering
temperature at 555 °C. In general, a decrease in
hardness was observed with increasing sintering
time in samples. Grain coarsening with increasing
sintering time and inadequate bonding between
grains may be the reason for this decrease in
hardness (Fig.1, Fig.4 and Fig.5). With increasing B4C
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The highest hardness value was determined
on the sample that did not contain B4C and
without holding time at the sintering
temperature.
Sample
hardness
was
observed to decrease with increasing B4C
particle ratio.
It was determined that B4C particles
clustered in the pores.

The samples were produced without holding
time at 555 °C gave optimum values in terms
of density and hardness.
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Abstract.
Additive manufacturing is one of the most-utilized production methods in the world-wide industry. The most important
reason is complex structures which cannot be produced by using traditional methods can be produced easily.
In this study, firstly finite element method was used for the mesh structure of the existing part. And the static analysis was
applied to the existing design and then the topology optimization of the bearing brackcet of aircraft was made by using
optimization codes. The new model has been designed and the static analysis has been done again by using both Ansys
and Hypermesh.
Numerous studies have been conducted to develop simulation models to predict distortions and tensions that occur
during additive manufacturing process. These simulations are provided to engineers to optimize before the production of
parts, thereby reducing the number of wasted of materials. In this study, production analysis results are given by using
software named as Autodesk Netfabb Simulation to find the most suitable production type of a complex part. Selective
Laser Melting method was chosen for production.
According to the results, reliable design structures can be created with topology optimization and it has been observed
that it has a significant effect on the overall performance of the part.
Keywords: Additive manufacturing, computer aided design, topology optimization, finite element method,
Autodesk Netfabb Simulation

© 2020 Published by ICMATSE
Due to the increase in production, innovative
approaches such as new methods and new designs
are increasing. The importance of lightening the
designs is increasing day by day in the aviation
sector. Although important steps were taken in the
past, innovative designs could not be made
adequately due to manufacturability restrictions.
Thanks to additive manufacturing methods, many
restrictions on product design and development
have been removed and design freedom has begun.
In this study, it has been studied the effect on the
model by using topology optimization method,
which is one of the structural optimization
methods. Topology optimization is used to find the
best material distribution on the model and to
reach the optimum weight by removing materials
from unnecessary areas.

by adding layer by layer. The most important
privilege provided by the additive manufacturing
method is that the designer can freely develop a
model without questioning its manufacturability.
Design variables in size optimization are the
parameters that determine the size of the building.
Generally, optimum thickness and dimensions of
structural parts are calculated. In shape
optimization, the shape and contours of the area
are tried to be optimized. This method is also used
in cases such as reduction of local stress values.
Unlike shape and size optimization, topology
optimization uses a different method that creates
new topologies without restricting the design in
terms of size and shape (Figure 1).

Additive Manufacturing is the process of taking the
data of the design from the digital and producing it
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Size
Optimization

Shape
Optimization
Structural
Optimization

Topology
Optimization

Figure 3. Design and non-design split model

Figure 1. Optimization methods

The bearing bracket is a common component in the
control surfaces of various aircraft providing an
excellent platform for practicing additive fabrication.
As a dynamic component that interfaces with moving
parts, the bearing bracket must conform to a certain
geometric shape as well as be able to sustain large
loading forces in certain directions. Redesigning the
bracket for additive manufacturing can significantly
save weight and help reduce aircraft fuel
consumption.

Figure 4. Loads and restrictions applied to the model.

First of all, static analysis of the design was made
using Hypermesh for topology optimization.
The model that is likely to be created after
removing the mass according to the density
distribution obtained as a result of the static
analysis is shown in Figure 5. The new model is
shown in Figure 6. Static analysis was applied to
the new model.

Figure 2. Current Bearing Bracket Design

In this study, the mesh structure of the bearing
bracket model, the CAD model was prepared, was
created using the finite element method (Figure 2).
While the regions with dark blue were indicated as
design area, with light blue were indicated as nonavailable area (Figure 3). After the meshing process
is finished, the parameters that should be used
during optimization are determined. These
parameters include design variables, objective
function, constraints and boundary conditions.

Figure 5. Model
optimization.

formed

after

topology

In the maximum stress results, it was observed that
the stress value on the model increased after
topology optimization. But these result is below
yield stress and can be neglected. Autodesk Netfabb
provides
a
complete
industrial
additive
manufacturing workflow from start to finish and
provides a fast and easy method to 3D fabricate
your models. Using Autodesk Netfabb simulation,
support material was defined and production
analysis was made.

The rotational and translational movements (6
degrees of freedom) of the joints of the specified
regions were restricted and fixed by onedimensional rigid elements. Then, the desired
regions were fixed with one-dimensional rigid
elements and three loads were applied in X, Y, Z
directions (Figure 4).

The supports of the parts we use in the study (blue
structures in Figure 7 and Figure 8) were created in
the Netfabb Ultimate software package using the
SLM support script. For Cauchy and Von Mises
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stress results in PTS, the models used for the
displacement data were run. According to the
results, the model was found to be producible.

considering the volume. Comparing the BTF rate,
the BTF rate was found to be 24% lower as a result
of the new design. Finally, when we look at the
production time, it was seen that there is a
decrease of approximately 25%.

Figure 6. Redesigned model after topology optimization.
Table 1 Results obtained according to static analysis and
optimization results.

Starting
Model

Topology Opt.
Post Model

Weight (kg)

8.635

6.025

% Change

---

-29.9

Max.
Displacement
(mm)

0.271

0.420

Max. Stress
(Mpa)

544

942

Model

Figure 7. Netfabb support material has been added to the
first model.

In this study, the aim was to show the effects of
topology optimization method on weight,
displacement and stress. With the analysis carried
out and the data obtained, it was observed that
there was a 30% reduction in weight with the stress
value below the yield stress value of the new
design. Later, according to the production analysis
results for both models, there was a 69% reduction
according to the cost analysis result made

Figure 8. Netfabb support material has been added to the
final model.
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Introduction
Nondestructive evaluation (NDE) methods are
successfully used for detection of surface and
internal flaws; for material characterization by
determining microstructure (grain size, phases,
etc.), mechanical properties (hardness, strength,
toughness, etc.), and residual stress; and also, for
long-term monitoring by detecting alterations in
structures to prevent failures.

maraging steels. Inconel 718 is an age hardenable
Ni-based superalloy with Cr and Fe as major
alloying elements. Due to low machinability of this
alloy, selective laser melting (SLM) is a preferred
technique to produce complex-shaped products.
However, the abrupt temperature gradient and
high solidification rate during SLM, a
supersaturated solution matrix is formed with
brittle Laves phase precipitating at the subgrain
boundaries, and the precipitation of ′ and ″
phases is restrained. A solution treatment is
necessary to eliminate micro-segregation and to
dissolve the Laves phase in the
matrix.
Furthermore, an age hardening treatment is
essential to improve the mechanical properties [4].
Chen-Ming et.al. [5] adopted a double-step aging
procedure for wrought Inconel 718 to precipitate ′
and ″ at 720℃, and ′ at 620℃, and investigated
the creep behaviour. The microstructure of the
SLMed Inconel 718 is considerably different from
that of the cast or wrought one. The SLMed
Inconel 718 requires higher homogenization
temperatures [6]. Any difference in the initial
microstructure will lead to different phase
transformation kinetics during heat treatment.
Therefore, heat treatment procedure of the SLMed
parts should be optimized to obtain the desired
microstructure and mechanical properties. In the
study of Huang et al. [7], the as-built specimens
were solution treated at the temperatures
between 980 and 1280°C for different times, and

Additive manufacturing (AM), which was started as
a rapid prototyping tool, provides almost
unrestricted freedom to design and to produce
complex-shaped and high-value engineering
components. It is a revolutionary technique for
fabrication of critical and novel components that
could not be produced via conventional
manufacturing routes. It can also improve the
service life of the components by providing
innovative repair methods.
AM of metallic components is rather complicated
due to existence of many process variables
affecting the performance and quality of the final
product. Qualification, verification, and industry
adoption of AM parts is directly dependent upon
the capability of NDE [1-3].
The on-going research studies about NDE of
additively manufactured metallic parts at METU
mainly focus on Ni-based super alloys and
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cooled with various rates. They concluded that the
dissolution of Laves phase improves the ductility
and the precipitation of strengthening phases in
the aging treatment.

the building direction was kept constant to
minimize its effect on mechanical properties of the
specimens. N2(g) was used to prohibit the
oxidation of alloying elements. Effects of various
heat treatments on microstructure and mechanical
properties were investigated. In addition to
metallographic investigations, hardness and tensile
tests, the longitudinal wave velocities were
measured using 2.25 MHz straight-beam probe, as
the ND characterization via ultrasonics. The Time
of Flight (ToF) principle was used to measure the
distance between the transducer and the back-wall
of the specimen. The sound velocities were
calculated by dividing the distance travelled to the
average ToF value. The average value was
calculated by considering four echoes.

Maraging steels are carbon-free iron-nickel alloys
that contain high amount of alloying elements.
They are usually preferred for specific applications
where high specific strength is required, such as
rocket motor cases and landing gears. They consist
of martensitic structure, and their superior
mechanical properties are achieved via aging
treatment. First, a soft lath-type bcc martensitic
structure with supersaturated Mo and Co is
obtained by air cooling. Then, aging treatment at a
suitable temperature hardens the martensite due
to precipitation of Ni–Mo, Fe–Mo, and Fe–Ni
intermetallic phases. Thus, optimization of aging
temperature and time is critical to achieve design
requirements. Mutua et. al. [8] has investigated
the anisotropic tensile behavior of the SLMed
maraging steel in both as-built and heat-treated
conditions, and reported that anisotropic
behaviour of the as-built specimens disappears
after heat treatment. As-built MS300 cannot reach
its maximum strength and toughness. Bai et al. [9]
achieved the highest mechanical properties by
optimizing the age hardening parameters. For
MS250 and MS300 steels, it has been reported
that as aging temperature increases, sound
velocity decreases severely due to the formation of
reverted austenite [10, 11].

The Inconel 718 specimens were heat treated via
three different procedures: DA (direct aging at
720oC for 1.5 h), STA (solutionizing at 955oC for 1 h
+ DA), homogenization at 1095oC for 1 h + STA. The
MS300 specimens were aged at 450°C for 1 to 8 h.
Results and Discussion
a) Inconel 718
Micrographs of the as-built cubic specimen given in
Figure 1 show that the surface-2 has irregular and
elongated grain morphology along the building
direction while the surface-1 has arc-shaped-lines
which represent the melt pool boundary and the
scanning path of the laser beam.

In general, parameter optimization of AM
processes (selective laser melting, direct laser
sintering, electron beam melting) and subsequent
processes (HIP, heat treatment) needs feedback
from NDE in terms of detecting flaws such as
porosities, cracks, etc., and determining
microstructure and mechanical properties. Thus,
extensive research efforts on NDE of AM
components are necessary.

3

This paper presents the initial results of the nondestructive material characterization studies on
additively manufactured and heat treated metallic
parts, performed at METU.

Figure 1. Representative micrographs of the surfaces of
the SLMed Inconel 718 cubic specimen

Experimental

After DA treatment, the Laves phase remains, and
elongated grains in the building direction and arcshaped lines are still observed. The microstructure
after the STA treatment does not contain columnar
grains and arc-shaped lines. Partial recrystallization

Inconel 718 and MS300 maraging steel specimens
having various geometries (cubic specimen, tensile
test specimen) were produced via selective laser
melting (SLM) by the EOS-Germany. During SLM,
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occurs and needle shaped δ phase forms in the
grains and near the grain boundaries. ′ and ″
phases precipitate, and some Laves phase exists.
When homogenization + STA treatment is applied,
complete recrystallization occurs, the grains
coarsen and become equiaxed, and the Laves
phase dissolves in the matrix, i.e., a microstructure
similar to the wrought one is obtained.

Hardness (HRC)

45

Figure 2 shows the hardness values measured on
the perpendicular surfaces of the cubic specimen.
DA treatment has a slight effect on hardness due
to precipitation of only ′. However, in the STA
treatment, precipitation of ′, ″ and δ phases
improves hardness remarkably. Homogenization +
STA treatment causes complete dissolution of the
Laves phase, full precipitation of the ′ and ″
phases, and thus, hardness reduces in comparison
to the STA treatment.
As-processed
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35
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Figure 3. Correlation between hardness and longitudinal
wave velocity (Inconel 718, SLMed and heat treated)
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b) MS300 maraging steel
For MS300 specimens, the variations of hardness
and longitudinal wave velocity values with the
aging time at 490°C are given in Figure 4.
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Figure 2. Effect of heat treatments on hardness of
the SLMed Inconel 718 specimens

Ultrasonic waves are elastic-mechanic waves
propagating by atomic vibrations. The sound
velocity is mainly dependent on elastic modulus,
Poisson’s ratio and density of the material. It is
sensitive to the changes in the grain structure,
phases, and residual stresses [12].
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Figure 4. Variation of longitudinal wave velocity (VL) and
hardness with aging time at 490°C (MS300, SLMed and
aged)

Figure 3 shows that there is an almost perfect
positive linear relationship between hardness and
the longitudinal wave velocity of the SLMed and
heat treated Inconel 718 specimens.

Initially, the magnitudes of both parameters
increase with aging time, however they tend to
decrease after reaching their maxima at 6h. The
initial increase in hardness and sound velocity
values is caused by precipitation of Ni3Ti. Further
increase in these values with aging time can be
attributed to the precipitation of fine Fe2Mo.
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The reversal of the rising trend in hardness upon
aging for longer times is due to the formation of
reverted austenite. As the softest phase of steels,
austenite has the lowest elastic modulus, and
dependingly, the minimum sound velocity.
Although the precipitation of Fe2Mo continues
with its hardening effect, the softening due to the
reversion to austenite is more dominant.

characterization of microstructure and mechanical
properties has critical importance for verification
and qualification of the SLMed components having
predictable and controlled properties.
The initial results of the research studies at METU
show that measurement of ultrasonic wave
velocity is a promising method to determine the
microstructure and mechanical properties of the
SLMed and heat treated Inconel 718 and MS300
steel specimens, nondestructively.

Conclusions
Additive manufacturing of metallic components via
the selective laser melting (SLM) technique and
subsequent heat treatments have many
parameters affecting performance and quality of
the final product.
In addition to non-destructive (ND) inspection for
flaw detection, development of ND methods for
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Abstract.P-type binary CuxOysemiconductor thin films for various Oxygen flow rates (PO 2) and 0.5 Pa total pressure (Pt)
were prepared using the reactive magnetron sputtering method. Theincreased PO 2revealed the three phases of copper
oxide (CuO, Cu2O and Cu4O3). Their morphologies and structures were revealed by X-ray diffraction and SEM. XRD
characterisations indicate the presence of all copper oxide phases (CuO, Cu 2O and Cu4O3). Moreover, atomic force
microscopy is used to inspect the films morphology androughness by root mean square (RMS). Morphology gives an
image of the shape and size of the grains to complete AFM results. Optical characterisation by uv-transmittance indicates
reduced transmittance and band gaps with increased Oxygen pressure. Electrical characterizations revealed and
decreased the resistivity of the Cu2O, Cu4O3, and CuO thin films.
Keywords: binary copper oxide; phase structure; band gap; dc magnetron sputtering

© 2020 PublishedbyICMATSE
I. INTRODUCTION
Copper abundance and its non-toxicity have drawn
great attention to the synthesis of p-type copper
oxide semiconductors, Cu2O, Cu4O3 and CuO, which
have high potential energy conversion and storage
applications [1]. Cu2O (cuprite) has a stable phase
with an optical band gap of 2.38–2.51 eV[2]andhas
been investigated for possible application in lowcost solar cells and photocatalysts[3-4]. CuO
(tenorite) is of interest for Li-ion battery electrodes
because of its low cost, its high stability and its high
theoretical capacity [5]. The metastable phase Cu4O3
(paramelaconite)has received less attention and its
properties are still unclear [6]. Most of the usual
deposition methods have been used to produce thin
films of CuxOyincluding magnetron sputtering [7],
electron beam evaporation [8], plasma-enhanced
pulsed laser deposition [9], electrochemical
deposition [10]. Reactive magnetron sputtering is a
good choice as it allows the selective deposition of
CuxOy[6]. Controlling the stoichiometry of CuxOyis
easier with oxide targets, which avoids the need for
high temperature annealing [11].

(99.995%) were used respectively as spray gas and
as reactive gas. A pulsed DC power supply was used
to spray the copper target (50 mm in diameter and 3
mm thick with a purity of 99.99%). The distance
between the substrate and the target was set at 60
mm. The deposition parameters studied are
indicated in Table 1.
Table 1.The deposition conditions of the prepared copper
oxide films
Sputtering intensity
1A
Substrate temperature
Room Temperature
Deposition pressure
0.5 Pa
-5
Secondary vacuum
1.10 mbar
Target
Copper
Deposition time
20 minutes
Oxygen flow rate
From 10 to 30 sccm
Argon flow rate
35 sccm

The y x-ray diffraction (XRD) characterisation were
carried out using an X-ray diffractometer (XRD,
Brucker D8 advanced) whose anode is of copper
filtered with nickel (Ni) of radiation wavelength (Cu
Kα, X = 0.154056 nm) equipped with a PixCel 1D
parameter detector (40 kV, 40 mA). The surface
morphology of the films was analysed by scanning
electron microscopy (SEM) using a field emission
scanning electron microscope (FE-SEM Hitachi SU
8030).An autonomous atomic force microscopy
(AFM) ) (Park Systems XE-150, non-contact probe tip
mode) was used to inspect the morphology of films
with 2µmx2µmarea. The film thicknesses were
measured by a Talysurf touch profilometer. In order
to measure the electrical resistivity of Cu-O films, a
four-point measuring device, composed of a
KEITHLEY 2400 generator / meter and a QUAD PRO
four-point head resistivity system was used.

In this work, we have investigated the selective
growth of the three copper oxide thin films by DC
magnetron sputtering (Plassys-MP450) using a metal
target of Cu under different oxygen partial pressures
on glass and silicon substrates at room temperature.
The influence of the oxygen flow rate on the
structural, morphological, optical properties and
electrical resistivitymeasurements of thin films have
been studied.
II. EXPERIMENTAL DETAILS
Thin layers of copper oxide were deposited on glass
substrates (microscope slides) and silicon substrates
(100) by reactive DC sputtering in plasma of argon
and oxygen gas mixture (Ar-O2). High purity (Ar-O2)
85

International Conference on Advanced MaterialsScience&Engineeringand
HighTechDevices Applications; Exhibition (ICMATSE2020),
October2-4, 2020, Gazi University, Ankara, TURKEY

Cu4O3 phase and the RMS roughness is increased to
~ 4.7 nm. The surface is made up of clumps of grains
distributed randomly, which suggests that they are
loosely packed into different layers. The average
grain size is increased to ~ 42 nm, with some grains
as large as ~ 100 nm.

III. RESULTS AND DISCUSSION
A. Structural Properties
Fig. 1shows the X-ray diffractograms of thin copper
oxide films deposited on a glass substrate at a total
pressure of 0.5 Pa with different oxygen flow rates
(10, 16, 18, 20, 25 and 30 sccm). The diffraction peak
is higherfor higher oxygen flow rate, indicating the
deposition of particle size oxides on a nanometric
scale. In addition, the use of a low deposition
pressure (0.5 Pa) induces highly stressed materials
and the position of the diffraction peaks can be
affected by this constraint. For the three phases of
copper oxide having diffraction peaks close to 36◦,
the assignment of the diffraction peak as a function
of the oxygen flow rate is a difficult task. The
diffraction peak (1 1 1) of Cu2O is located at 36.428◦
[JCPDS 04-007-9767], while the diffraction peaks (2 0
2) and (0 0 4) of Cu4O3 are respectively at 35.787◦
and 36.342◦ [JCPDS 04-007-2184]. In addition, the
diffraction peaks (0 0 2) and (2 0 0) of CuO are
located respectively at 35.468◦ and 42.235◦ [JCPDS
04-007-1375].This indicates that Cu2O is formed at
10 and 16, Cu4O3 at 18 and 20 and CuO at 25 and 30
sccm.

Figure 2.SEM (left) and AFM (right) microstructures
obtained from 10 sccm O2, 20 sccm O2, and 30 sccm O2,
respectively. (a) Cu2O; (b) Cu4O3; and (c) CuO films

C. Optical properties
The optical transmittance spectra of deposited films
(10–30 sccm) in the wavelength range 300 nm to
1100 nm are shown in Fig. 3. The well-defined
interference fringes are observed in the spectra of
all films. These fringes are due to the interference
between the film and the surface of the substrate.
The spectra obtained show complete absorption in
the UV region, a low transmittance of less than 25%.
In the visible region (for 25 sccm and 30 sccm films)
the transmittance increases up to 80% in the IR
region (for 10 sccm). The decrease in transmittance
with the increase in Oxygen pressure is due to the
increase in film thickness. The offset obtained can be
explained by taking into account the thickness / size
of the grains and the phase changes in the films [12].

Figure 1.X-ray pattern of sputtered CuxO thin films
deposited at 0.5 Pa with the flow rates of 10, 16, 18, 20,
25 and 30 sccm, respectively.

B. SEM and AFM Measurements
Fig. 2 shows AFM and SEM images of CuxOy
deposited on Si substrates under oxygen flows of 10,
20 and 30 sccm revealing their thicknesses and their
smooth surface topography. It is clearly evident that
the morphology of the deposited films changes with
the flow of oxygen. The surface of the Cu2O film
deposited with 10 sccm Oxygen pressure is very
smooth with a mean square roughness (RMS) of ~
1.8 nm. The surface of this film consists of grains
uniformly distributed and tightened with an average
size of 31 nm. In addition, some larger grains with a
maximum size of ~ 93 nm have also been observed.
These fractures are clearly visible in the SEM
microstructures. When the partial pressure of O2 is
increased to 20 sccm, the films crystallize with the

Figure 3.The transmittance spectra of Cu2O, Cu4O3, and
CuO thin films deposited under various oxygen flow rates.
Examples of the plot of (αhν)𝑛 as a function of photon
energy (h𝜈) of sputtered layer Cu2O at 10 sccm is shown in
the inset

The optical energy gaps of Cu2O, Cu4O3, and CuO
were also analysed. Using the Tauc relation, we can
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estimate the energy gap from transmittance and
reflectance [13,14]:

The electrical resistivity of the prepared films was
measured by the four-point method. The resistivity
was determined by measuring the ratio of the
(1)
voltage drop (V) of the two internal probes
to the
applied current (I) measured from the two external
probes. Fig. 5 shows the electrical thin film resistivity
evolution with increasing oxygen flow rates. The two
basic requirements for materials to be used as solar
cell windows are high optical transmittance in visible
and low electrical resistivity. This initial decrease in
resistivity is associated with initial Cu4O3 sites acting
as electrically neutral defects by replacing the
vacancies of electrically active copper ions present in
Cu2O films. Finally, CuO films with a rather low
resistivity which corresponds to a partial pressure of
30 sccm, are similar to those associated with non
stoichiometry [17].
(2)

(αhν)𝑛 = 𝐴(hυ– Eg)
Where ℎ𝜐 is the incident photon energy and 𝐴 is a
material related constant. The quantities of n are
considered to be 2, 1/2, 3 and 3/2 corresponding
respectively to the direct authorized, indirect
authorized, direct prohibited and indirect prohibited
transitions respectively. Here, for CuO, the indirect
band gap is considered, therefore n = 1/2. In
addition, Cu2O and Cu4O3 are supposed to make a
direct transition, so n = 2 is considered [15,16]. The
absorption coefficient a can be obtained on the basis
of the following relation:
1

α = 𝑑 ln [

(1−R)2
T

]

Where d is the film thickness, and R and T are the
reflectance and transmittance, respectively.
The obtained optical energy gaps are 2.00 ± 0.1 eV,
1.81 ± 0.02 eV and 1.5 ± 0.01 eV for Cu2O, Cu4O3 and
CuO, respectively. These are consistent with the
previously reported results [12]. In addition, the
measured band gap results indicate that, although
the morphologies of films under different partial
Oxygen pressures are different. This indicates that
the band gap of binary copper oxide films can be
adjusted by controlling the Cu2O/Cu4O3/CuO ratio in
the mixed phase. The forbidden complete band gaps
and thicknesses of CuxOy films are shown in Fig. 4.
Studies indicate that the band gap of the spray
deposited film is affected by the thickness of the
film.

Figure 5.The deposited thin film resistivity evolution with
increasing Oxygen flow rate

IV. CONCLUSIONS
In this work, the three binary copper oxides have
been synthesized on glass and silicon substrates by
reactive magnetron sputtering at room temperature.
Our study clarifies how the oxygen flow, during the
magnetron sputtering process, affects the electrical
resistivity, optical transmission and optical band gap
of the films. The electrical resistivity of the Cu2O
films varies with the variation of oxygen flow rate
and thickness. Moreover, the findings indicate that
the Cu2O film with the largest resistivity has the
largest band gap, while the CuO film with the least
resistivity has the smallest band gap. From optical
study it is observed that Cu2O films are highly
absorbing in the visible range. The band gap energy
decreases with the increasing thickness and oxygen
flow rate for Cu2O films. Because of these
properties, Cu2O thin films are promising for
optoelectronic applications and can be used as
absorber material in photovoltaic applications.

Figure 4.Variation of band gap and thickness of the
deposited thin film with Oxygen pressure

D. Electrical properties
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Abstract. In this research, bacteriophage analytical results for Salmonella Enteritidis processing was examined in the
lateral flow immunoassay (LFIA) technique. Bacteriophage 's analytical efficiency characteristics were contrasted with
antibodies that are used routinely in lateral flow immunoassay test strips with analyte-specific agents. When surface
enhanced Raman spectroscopy signals were used, the quantitative performance of the test strips produced was
satisfactory. In lateral immunoassay testing of bacteria, bacteriophages can be a alternative analyte-specific agent than
antibodies because they give higher susceptibility, specificity and precision with a total processing time of less than 30
min.
Keywords: Salmonella Enteritidis, bacteriophage, lateral flow immunoassay, Surface enhanced raman scattering.
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Introduction:

cell's metabolic machinery
replicated phages [2].

Bacteriophage (phages) application as detection
probes has many opportunities in fast diagnosis.
Phages are fairly simple to generate, are hostspecific, can theoretically differentiate between
viable and non-viable cells and can be used to
allow rapid amplification of the signal [1].
Measuring repeated phages to assess the
existence of host bacteria is usually referred to
as an amplification of the phage. In concept, one
phage adsorbs a single bacterial cell and infects
it. During infection, the phage DNA is injected
into the host and results in a high jacking of the

to

generate

Within the scope of the research, bacteriophage
studies were carried out for fast and sensitive
bacteria detection method as an alternative
strategy for antibody [3]. In bacteriophage
studies, Salmonella enteritidis was used for
target bacteria detection. In order to determine
the target bacteria, Salmonella phage was
applied on a paper-based LFIA system using
bacteriophage instead of antibody. In this new
method, nano magnetic extraction was achieved
by giving the analyte directly to the system
without pre-enrichment. The SERS label was
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connected to DTNB covered AuNPs and the
signals obtained depending on the changing
bacteria
concentration
were
followed.
Experimental studies conducted with this
method have used different SERS substrates to
determine the efficiency of the analyte,
selectivity, calibration and real sample
experiments. The first method of the developed
method was to capture bacteria using modified
magnetic particles, and after forming a sandwich
molecule structure with AuNPs containing raman
label, phage based bacteria detection methods
were started. It was determined that the best
method for Salmonella enteritidis was paperbased lateral flow immunoassay platform [4].

covered AuNP to enable SERS signals on the test
strip. Test line is spotted with Salmonella
bacteriophage and antibody in order to catch
labelled bacteria.
Results:
A bacteriophage based LFIA assay for S.
enteritidis has been developed for this study.
SERS signals for sensitive detection of S.
enteritidis were followed on the test line. The
phage and antibody efficiency on LFIA test strips
as an analyte-specific agent was compared, and
the phage exhibited better sensitivity, linearity
and specificity. The LFIA Assay developed has the
properties of an ideal microbial assay. The assay
was applied to egg and chicken samples spiked
by S. enteritidis, and satisfactory results were
obtained.

Materials Methods:
The studies were applied for the optimum values
(AuNP amount, antibody concentration, etc.)
with
using
paper-based
lateral
flow
immunoassay. Bacteriophage modified iron
nanoparticle
provides
immunomagnetic
separation and specific detection of the target
bacteria. Magnetic particle catched specifically
target bacteria in the medium. Salmonella
enteritidis can be detected efficiently on the test
strips. Salmonella is also labeled with DTNB

Conclusions:
This new bacteriophage based paper LFIA device
can be used in many applications, including food
safety, water pollution, clinical treatment and
environmental monitoring, due to its desirable
advantages such as fast, low-cost, compact and
disposable functionality.
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Abstract. In this study, a novel anode electrode was developed for the treatment of wastewater in a two chamber
microbial fuel cell. For this purpose untreated wastewater samples taken from Ankara Tatlar Wastewater Plant were
used under different working conditions to produce electrical power while treating wastewater. The cathode chamber
is placed inside the anode chamber and the membrane is positioned parallel to the reactor bottom. In the four steps
of the study the effects of various parameters such as the performance of copper electrodes sewn on the carbon
cloth, the effect of magnetic stirring, and the effect of using methylene blue as a mediator were investigated. COD
removal by using sewn electrode and copper electrodes was achieved 83% and 24.3% respectively at the end of the
2
tenth day. While power density achieved with the sewn electrodes was 29.33 mW/m , the highest power density of
2
the study was obtained with magnetic stirring as 37 mW/m . For the mediator usage cases, the highest power density
2
obtained was 24.6 mW/m .
Keywords: Microbial Fuel Cell, Treatment of Urban Wastewater, Electrode Design

© 2020 Published by ICMATSE
Introduction. Increasing population growth brings with it many problems that matter of life or death. While
spreading the use of sustainable clean energy is one of the most important problems, other problems are the
development of wastewater treatment systems and reducing costs. The uses of microbial fuel cells (MFCs) in
wastewater treatment are promising systems to solve these two problems simultaneously but still have cost
and performance barrier. For this reason, many studies are carried out to improve the electrical and treatment
efficiency in MFCs. These enhancements target was tried to achieve by improvements in design, costeffectiveness and performance efficiency.
Materials and Method. In this study, it is aimed to
improve the electrical and treatment efficiency in
the microbial fuel cell by using an innovative
reactor and anode design. As seen in Figure 1, in
the reactor was made of plexiglass, and the
cathode compartment was placed inside the anode
compartment. Thus, it is aimed to reduce the
diffusion resistance. The total volume of the anode
chamber is 25 liters (0.0234 m3 anode active
volume), and the total volume of the cathode
chamber is 2 liters. The perforated plate placed on

Figure 12. Before membrane and electrode
installation two-chamber microbial fuel cell used in
the study.

the bottom of the cathode compartment serves to
partially prevent thepossible damage of solid
particles that may exist in the anolyte and reaching
the membrane during magnetic stirring.
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Nafyon 115 membrane (Ion Power Nafion Store #
N115-US) was used to separate the anode and
cathode compartments at each stage of the study.
The membrane was subjected to a series of
processes in order to activate it and its ionic
conductivity was tested. These procedures are (1)
keeping the membrane in distilled water at 80oC
for one hour, (2) preparing a 1M sulfuric acid
solution (Carlo Erba 96%) and soaking the
membrane in it for one hour, (3) keeping the
membrane again in 80oC distilled water. Following
the activation processes, the membrane was
subjected to the impedance test by using 4-probe
technique verify adequacy of its ionic conductivity.
Following the tests, the membrane was placed at
the base of the cathode compartment (0.01 m2
surface area), after determining its appropriateness
to use.

Wastewater Plant were used as fuel in the
microbial fuel cell. There are no culture inoculation
and feed supplements. Wastewater that containing
only bacterial culture and nutrient were used
[1,2,3].

Figure 3. MFC before wastewater is loaded.

At each stage, the cathode compartment was filled
with deionized water and air was supplied. The
distance between the electrodes is 18 cm and the
temperature is 26 ± 3oC. A multimeter (CLASS MY62) was used to measure current and voltage, and
a photometer (Lovibond MD 600, Matriks Kimya)
and thermareactor (Matrix Kimya) for COD
analysis.

Figure 13. Electrodes used in the study. [A] copper
electrodes sewn on the carbon cloth,[B] copper
electrodes, [C] close-up view of sewn anode electrode.

Four pieces of 20 x 5 cm carbon fabric (Fuel Cell
Store) were cut for the experiment. Three of them
were separated to be used as anode (0.06 m2 total
surface area) and 32 rows of copper wire (Kema
Keur H05VV2) were sewn on them. On the
remaining part, 4 rows of copper wire were sewn
and prepared as a cathode. These 4 sewn
electrodes (SE) were used in the first three stages
of the study. The copper anode and cathode whose
surface area equal to copper sewn on the carbon
fabric, obtained by twisting the copper wires
together, were used in the final stage of the study.
The difference between the performances of these
two types of electrodes was evaluated in both
electrical and COD removal aspects. Figures 2 and 3
show the electrodes prepared and the system
before loading the wastewater for three stages.

Figure 4. [A] the first and [B] tenth day of the first stage
where sewn electrodes are used.

In the first stage of the study, the initial COD value
was measured (302 mg/L COD) by loading the
wastewater into the tank. Current and voltage
values were recorded as a function of time at
certain intervals. In addition, COD values were
systematically measured with wastewater samples
taken from the central part of the reactor every 24
hours. The experiment was terminated at the end
of the tenth day due to the decrease in current

Throughout the study, chemically untreated
wastewater samples taken from Ankara Tatlar
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values. In Figure 4, photographs taken on the first
and tenth day are shown.

area and bacterial adhesion provided by the carbon
fabric. In addition to the time-dependent current
and voltage values, COD values were also

In the second stage, the system is placed on a
magnetic stirrer (Selecta Multimatic 5N). Five
magnetic stirring rods were placed at the base of
the anode cell in order to obtain a homogeneous
concentration profile. Without making any other
changes in the system, wastewater was loaded and
made ready for experiment. Mixing was carried out
in periods of ten minutes per hour at a mixing
speed of 425 ± 25 rpm. The important point in
mixing is not to damage the biofilm formed on the
anode. Current and voltage values as a function of
time were measured and the values recorded
before and after stirring were compared. The
experiment was terminated at the end of the
seventh day due to the decrease in current values.
In Figure 5, the system setup of the second stage
and the positions of the magnetic mixers on the
reactor base are shown.

Figure 5. System setup with magnetic stirrer at the
second stage

measured at 24-hour intervals (346 mg/L initial
COD value), to determine the performance also in
terms of treatment efficiency.
Performance of SE and copper electrodes were
compared. The experiment was carried out for
twelve days so that the electrical power drop could
be observed precisely. In Figure 7, the MFC
photograph on the first day (A) and the layer seen
on the surface of MFC on the twelfth day (B) are

In the third stage, the system has been set up
similar to the first stage. As a result of literature
studies, it was seen that 300 μM methylene blue
(MB) was the concentration that had the most
positive effect on performance, and it was decided
to use this amount in the experiment [4]. After
measuring the initial data, 300 μM MB was added
to the system as mediator without using a buffer
solution. The current and voltage values in the
system were recorded as a function of time, the
performance of the system was examined in the
electrical power criterion. The experiment was
terminated at the end of the seventh day due to
the decreasing current values. Figure 6 shows the
system after the addition of methylene blue and
the clumping observed on the SE electrode at the
end of the seventh day.

Figure 6. (A) the system after MB was added, (B) the
clumping observed on the sewn electrode at the end of
the seventh day.

shown.

Results and Discussion. SE showed both higher
electrical power and wastewater treatment
performance than the copper electrodes. SE
showed a 20% higher power density compared to
copper electrodes as expected because of the
higher electrode surface area and bacterial
adhesion provided by the carbon fabric.

In the fourth stage, the system was set up same as
the first stage except unsewn copper electrodes
were used instead of the sewn electrodes. The aim
is to determine the performance of the copper
electrodes without the advantages of high surface
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lower coulombic efficiency of SE with higher COD
removal indicates the necessity of the elimination
of the problems related to electron conduction in
the anode compartment. There may be many
reasons for the low coulombic productivity. It is
affected by various parameters such as fuel type,
concentration and rate of feed, microorganism

Figure 7. (A) the first day of the fourth phase (B) layer
observed on the MFC surface at the end of the tenth day.

Figure 8. Power and current densities obtained in the study, normalized to the anode surface area.

Further thatas it can be seen from Figure 8, the
results obtained with copper electrodes are
relatively more stable. This may be explained by
the more complex ion transport processes brought
about by the high biofilm surface formed in SE.

culture, membrane type and thickness, oxygen
concentration in the anolyte [5,6,7]. One of the
most important factors is that, depending on the
type of wastewater, existence of the methanogens
in the culture of microorganisms those compete
with exoelectrogens for organic matter and try to
produce methane instead of electric current. This
causes a decrease in the colombic activity in MFC
[8]. It is reported in the literature that the low
colombic efficiency is a general problem when
working with real wastewater in MFCs [9]. There
are various studies in which 1% or less colombic
efficiency in wastewater treatment was reported
[10,11,12]. The low coulombic efficiency was
explained by the existence of methanogenic
bacteries within the feed wastewater and their
competence with exoelectrgence as explained
above. In addition, although the membrane is used
a physical barrier for the passage of the air from
cathode to the anode between these two

In addition, looking at the COD removal
percentages at the end of the tenth day, given in
Figure 9, it is seen SE provide 58.7% higher removal
compared to copper electrodes. This result is
supported by the differences in turbidity removal
with SE and copper electrodes. Turbidity removal in
the anode with SE at a high rate during the
experiment that can not be achieved with copper
electrodes (see figure 4 and figure 7). It has thus
been proven that the surface area that allows
biofilm formation in SE increases COD removal.
Comparison of the two electrodes in terms of
colombic efficiency, shows that the efficiency
obtained with SE (1.62%) lower than that of

Figure 9. COD values and % COD removal obtained SE and copper electrodes.

obtained with copper electrodes (1.85%). The

compartments, a certain amount of oxygen
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diffusion may occur depending on the membrane
type. This oxygen causes a decrease in coulombic
efficiency by depleting electrons in the anode
chamber, increasing substrate loss by promoting
the growth of aerobic respiration microorganisms,
and preventing the growth of obligate anaerobes
[13]. Working on overcoming these disadvantages
and achieving relatively high colombic efficiency,
studies using real wastewater should not be
ignored [14,15,16].

Due to the size of the anode volume, the amount
of buffer solution to be used with the mediator will
reduce the anode concentration too much and
make ion diffusion difficult. For this reason, no
buffer solution was used in this study. No positive
effect on performance was noted at the stage
where SE electrons were used with 300 μM MB
without the addition of buffer solution. With the
addition of MB, there was a sudden decrease in
electrical data, while clumping was observed on
the surface of the anode electrodes due to the
sudden pH change damaging the biofilm (see figure
6) . Although the values increased regularly after
this decrease, the values before the mediator
addition could not be reached.

The maximum power, voltage and current were
obtained as 2.22 mW, 841 mV and 2.65 mA with
magnetic stirring, respectively. Also the highest
power and current densities were obtained by
using SE at this stage (37 mW/m2, 44.2 mA/m2). An
increase of 26% was obtained in these values
compared to the conditions without magnetic
stirring. The reason for this increase is that
magnetic
mixing
provides
homogeneous
concentration distribution in the anode [17] and
decreases diffusion polarization [18], enables the
transmission of H+ and electrons in the dead
volume regions of the reactor to the membrane
and current collector, and also decreases the
internal diffusion resistance in the anolyte [19]. In
addition, the use of SE electrodes with magnetic
stirring gives more stable, non-oscillating results. In
the absence of magnetic stirring, it is thought that
the reason for the oscillation of electrical values is
the H+ ions, which cannot be transported up to a
certain concentration in the biofilm. In the case of
magnetic stirring, both the homogeneous
concentration profile provided and the reduction of
the ion diffusion resistance on the biofilm with the
effect of mixing led to more stable power and
current values.

Conclusion. Increasing the anode surface area by
using carbon fabric has a positive effect on biofilm
formation by helping bacterial adhesion, and as
expected, it has increased both the treatment and
electrical efficiency. In a continuous supply system
or in longer operating conditions, a material more
durable than copper should be selected. Also In
actual wastewater use, as in this study, a pretreatment process that eliminates methanogens
can be developed. In addition, it has been proved
that the electrical efficiency can be increased by
adjusting the magnetic stirring at the anode in a
way that does not cause biofilm degradation.
Higher values can be reached with the optimization
work to be done in the magnetic stirring speed and
time. Finally, the use of methylene blue as a
mediator without the use of a buffer solution, on
the other hand, created a pH change causing
degradation on the biofilm, negatively affecting the
electrical efficiency. Treatment in large-scale MFC
systems can be improved by culture of
microorganisms resistant to pH change.
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Introduction

and

The most important direction in the development

AM-300 in DMSO-d6 solution. The control of the

of modern organic chemistry is synthesis and study

reactions progress and the determination of the

of

substituted

synthesized compounds purity were done by TLC

compounds, including those which are structurally

on Sulifol UV-254 plates in benzene-ethyl acetate

close to natural. In this case polycarbonyl-

system, 5:1.

complex

substituted

polyfunctionally

cyclohexanolols-β-cycloketols

С NMR spectra were performed on Bruker

(4-

hydroxy-6-oxocyclohexane-1,3-dicarboxylates, 2,4-

Reactions of 4-aryl-4,5,6,7-tetrahydro-2H-indazoles

diacetyl-5-hydroxy-cyclohexanones) have particular

with phenacyl bromide.

importance.
1- (6-Hydroxy-3,6-dimethyl) -2,4-diphenyl-4,5,6,7Due to their accessibility and polyfunctionality,

tetrahydro-2H-indazol-5-yl) ethan-1-one (IV) and 1-

they provide rich synthetic possibilities for

(2-hydroxy-2-methyl-6-phenyl-4-

constructing on their basis heteroorganic and

hydrazono) -5- (1- (2-phenylhydrazono) ethyl)

heterocyclic compounds of various types, including

cyclohexyl) ethan-1-one (V)

(2-phenyl-

those which possess antimicrobial, antioxidant and
cryoprotective action [1-4]. Todays, the chemistry

One drop of concentrated hydrochloric acid is

of these compounds has been fairly well studied;

added to a mixture of 0.576 g (0.002 mol) of the

reviews were written [5, 6].

compound (II b) and 0.216 g (0.002 mmol) of
phenylhydrazine that is solved in 15 ml of ethanol,

Because of 1,3-dioxo fragmentsthat are contained

and stirred at 50-550 ° C. The reaction is controled

in the structure of mentioned type compounds it

by TLC eluent-ethyl acetate-hexane 1: 1. The

becomes possible to proceed to annelated bicyclic

solvent

systems

chromatographed on an alumina-filled column,

mainly

containing

five-membered

heterocycles.

is

distilled

off,

the

residue

is

eluent: ethyl acetate-hexane 1: 1. There are two
fractions:

The problems of constructing of polycyclic systems
with a large cycle size on their basis remain

1- (6-hydroxy-3,6-dimethyl) -2,4-diphenyl-4,5,6,7-

unexplored or poorly studied (six- and seven-

tetrahydro-2H-indazol-5-yl) ethan-1-one (IV), 0.38

membered), as well as their reactions with

G (52%), Rf 0.62, mp. 174 ° C;

aliphatic, heterocyclic amines and polynucleophilic
reagents.

Discussion Of Results
The reaction of phenylhydrazine with 2,4-diacetyl-

Materials and Method

3-phenyl-5-hydroxy-5-methylcyclohexanone

Spekord-80 spectrophotometer was used to
performe IR spectra of synthesized compounds. 1Н
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One method to produce N-phenylpyrazoles, which

phenylhydrazone product (V) can be explained by

have a broad spectrum of biological activity, is the

the fact that the spatial convergence of the

reaction of phenylhydrazine with symmetric 1,3-

aromatic NH of the amine and acetyl groups is

dioxo compounds.

hampered by the "conformational rigidity" of the
cyclohexane ring, which creates the condition for

We carried out the reaction of 2,4-diacetyl-3-

the condensation of the second phenyl-hydrazine

phenyl-5-hydroxy-5-methylcyclohexanone

molecule via the exocyclic ketone group.

as

a

compound containing an asymmetric 1,3-dioxo
fragment with phenylhydrazine, by investigating

It was found that the reaction of 3-phenyl-2,4-

the directionality of the attack of the nitrogen

diacetyl-5-hydroxy-5-methylcyclohexanone

nucleophilic centers of phenylhydrazine with the

phenylhydrazine at a molar ratio of 1: 1 produces

carbonylic groups of the cyclohexane ring.

the products of intramolecular heterocyclization

with

and bis-condensation of phenylethyrazine with the
The reaction was carried out by heating in an

oxo group of the alicyclic and acetyl substituents.

ethanol medium in an equimolecular ratio of the

The molecular structure of the reaction products is

reagents.

established by the X-ray diffraction method and
intra- and intermolecular hydrogen bonds in them
are revealed.

Due to separation by column chromatograph,
,there two products were isolated: 1- (6-hydroxy3,6-dimethyl-2,4-diphenyl-4,5,6,7-tetrahydro-2Hindazol-5-yl) ethan-1-one (IV) and 1- (2-hydroxy-2methyl-6-phenyl-4- (2-phenylhydrazono) -5- (1- (2phenylhydrazono) ethyl) -cyclohexyl) ethan-1-one

Figure 1. The molecular structure of compound (IV).

(V) With yields of 52% and 15%, respectively:

The structure of the compounds (IV) and (V) is
established by the IR and NMR spectroscopy
methods, and the obtained spectral data are
confirmed by the PCTA data of both compounds.
The results of X-ray diffraction pattern (IV) show
that the primary amine group of phenylhydrazine is
condensed by the alicyclic carbonyl, and not by the
exocyclic acetyl group.

Figure 2. The molecular structure of compound (V)

The formation of the bis99
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Mono-crystals for XRD were obtained by double

on 0.48Å and 0.31Å, respectively. The heterocycle

crystallization of compounds (IV) and (V) from

of the molecule (IV) is flat: the deviations of the

ethanol. Crystals (IV) are triclinic: a=9,8955(5)Å,

atoms of the cycle from its median plane do not

b=14,8264(7)Å,

c=15,2923(7)Å,

α=65,406(2)о,

exceed 0.003 (3) Å. Atom C (18) deviates from the

γ=76,564(2)о,

V=1967,2(2)Å3,

plane of the heterocycle by 0.088 (3) Å. In molecule

crystallographically

independent

(IV) there are shortened intramolecular non-valent

molecules in the general position). The crystals (V)

contacts of type 1 ... 4. The presence of truncated

are

b=9,3060(6)Å,

intramolecular non-valent contacts in the molecule

c=28,041(2)Å, ß=100,734(2)o , V=2989,4(4)Å3 ,

(IV) indicates its significant steric stress. The

pr.gr. P21/n, Z=4. CIF-files contain complete

relaxation of this intramolecular stress occurs, as a

information on the investigated structures (IV) and

rule, due to the rotation of bulky substituents with

(V) were deposited in CCDC under numbers

regard to single bonds and / or deformation of

1405274 and 1405273.

valence angles (deviations from the average

ß=77,739(2)o
Z=4(Two

,

monoclinic:

a=11,6599(8)Å,

statistical values), and in some cases, even by
A perspective view of two crystallographically

prolonging the valence bonds. In this case, the

independent molecules (IV) with the numeration of

relaxation of the steric voltage due to the rotation

non-hydrogen atoms is shown in Fig. As expected,

of the substituents at positions 4 and 5 relative to

the lengths of pairwise corresponding valence

the C (4) -C (9) and C (5) -C (11) bonds is

bonds coincide within the experimental error of

impossible, because the C (10) atom is "locked" by

their measurement.

1 ... 4 type nonvalent contacts between C (3) and C
(5) atoms, and C (16) atom between C (4) and C (6)

Differences between the corresponding valence

atoms. The C (19) atom of phenyl is bonded to N

angles do not exceed 1˚, torsion angles - 7˚. Thus,

(1) rests on the N (2) atom. As a result, the

crystallographically

in

relaxation of steric stress in molecule (IV) occurs,

structure (IV) are sufficiently close in their

mainly, due to deformation of valence angles and

geometric structure and, consequently, when

elongation of valence bonds. Thus, the tetrahedral

discussing their molecular structure, it is advisable

valence angles C (5) -C (4) -C (9) and C (6) -C (5) -C

to use the mean values for each pair of geometric

(11) are increased to 112.7 (2) o and 113.4 (2) o ,

parameters.

Respectively.

The molecule (IV) has a bicyclic fragment: a 6-

Conclusions

membered carbocycle C (1) ... C (6), and a 5-

It was found that as a result of the reaction of 3-

membered heterocycle fused to it by the C (1) -C

phenyl-2,4-diacetyl-5-hydroxy-5-

(6) bond. The carbocycle has the conformation of

methylcyclohexanone with phenylhydrazine at a

the flattened half-chair: the atoms C (1), C (2), C (5)

molar ratio of 1: 1, the products of intramolecular

and C (6) lie in one plane, and the atoms C (3) and C

heterocyclization

(4) deviate from this plane in different directions

phenylethyrazine are formed with the participation

independent

molecules
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of the oxo group of the alicyclic and the acetyl

hydrogen bonds of synthesized compound of

substituent. The molecular structure of the

mono- and bisubstituted product is shown.

reaction products is established by the X-ray
diffraction method and intra- and intermolecular

Among the synthesized compounds, substances

hydrogen

with an antimicrobial activity exceeding the activity

bonds

revealed.Intermolecular

in

them

are

and

intramolecular

of the reference preparations are isolated.
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Abstract. Energy is a key factor in all sectors of modern economies. Energy demand and costs of energy have been
increasing day by day. Insulation materials have become a great alternative for efficient utilization of energy and reducing
costs. Development of insulation properties and application areas of present insulation materials is very important for
energy saving. This study aims to reduce heat losses for electrical water heater via development of insulation properties
of materials. Polyurethane foam is used as insulation material for electrical water heater at the moment. Control of heat
transfer is the main parameter for thermal insulation. Heat transfer is observed as a combination of conduction and
radiation for polymeric foams. All components of thermal conductivity should be kept at minimum to obtain minimum
thermal conductivity. In this study, wollastonite, perlite and mixed ceramic powders (ST1, ST2) with different proportions
were added to polyurethane to reduce conduction via impurity effect. Also cyclopentane was added to reduce physical
contact between solid phases and reduce conduction. Finally, silicon carbide was added to samples which have lowest
thermal conductivity to reduce radiative heat transfer. At the end of the study 14% decrease in thermal conductivity
compared to standard polyurethane was observed with 5% ceramic powders and 10% cyclopentane containing samples.
Keywords: Energy saving, thermal insulation, polyurethane,

© 2020 Published by ICMATSE
Introduction. Energy is a key factor in all sectors of
modern economies. However costs of retrieving
energy from primary sources and the energy
demand have been increasing simultaneously since
the last decades. Under these circumstances
renewable energy sources and efficient utilization
of energy gain importance to balance the demand
and provide economical savings [1].

Heat transfer processes are classified into three
types. The first is conduction, which is defined as
transfer of heat occurring through intervening
matter without bulk motion of the matter. The
second heat transfer process is convection, or heat
transfer due to flowing fluid. The fluid can be gas or
a liquid; both have applications in aerospace
technology. In convection heat transfer, the heat is
moved through bulk transfer of a non-uniform
temperature fluid. The third process is radiation or
transmission of energy through space without the
necessary presence of matter. Radiation can be an
important event in situations in which there is an
intervening medium; a familiar example is heat
transfer from a glowing piece of a metal or from a
fire [2].

Polyurethane is used in electrical storage water
heater, refrigators to protect heat loss of product
(Fig. 1).

The term polyurethane covers a wide range of
materials produced by the reaction of isocyanates
with substances containing at least two hydroxyl
groups such as polyols. The main result of this

Figure 1. Polyurethane used in electrical water
heater
102

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

reaction is the urethane group contained in figure
2. [3] [4] [5]

forms make the polyurethane versatile and widely
used polyurethane. [6]
Polymer foams that are made primarily from
polyol, isocyanate, and water are known as flexible
polyurethane foams. They are open-cell structure
foams, light, supportive and comfortable. The foam
density is controlled by varying the concentration
of isocyanate groups and/or water. Flexible
polyurethane foams are more resistant to
oxidation and aging than styrene-butadiene rubber
and natural rubber latex foams. Also, they can be
created in almost any variety of shape and
firmness. They are used in a wide range of
applications that contain furniture cushions,
automotive seating, carpet underlayment, clothing,
and packaging. [4] [7] [8]

Figure 2. Polyaddition reaction: polyurethane from
diisocyanate and diol [20]
Other groups can be urea, amide, biuret,
allophanate, ether and ester linkages which are
produced by the reaction of isocyanate with active
hydrogen-containing materials. The isocyanate
group is very reactive, participates in many
reactions with active hydrogen contained
substances. [3]

Different amounts of clay nanocomposites were
added to polyurethane by Yao et al in 2001.
Experimental results indicate that an increasing
amount of clay content causes an increase in
strength and strain-at-break. With increased
loading of clay, the thermal conductivity decreased
slightly rather than increased. (Figure 4) [9]

Figure 3. Reaction of isocyanates and compounds
containing “active” hydrogen atoms.[20]
The reaction between isocyanate and hydroxyl
groups is exothermic, reversible and yields to
urethane. Aliphatic primary alcohols are the most
reactive and react much faster than secondary and
tertiary alcohols. Phenols also react with
isocyanates but much slower than alcohols and
result in readily broken urethane groups. The
reaction of isocyanate with water results in the
formation of carbon dioxide and a primary amine.
The amine will immediately react with another
isocyanate to form symmetric urea. Due to the
formation of carbon dioxide water is often used as
a blowing agent. Isocyanate reacts with primary
and secondary amines to produce di- and trisubstituted urea. Diamines are used as chain
extenders and curing agents in polyurethane
manufacture. [4]

Figure 4. Thermal conductivity vs. weight fraction
of layered clay [9]
In 2011, Liao et al produced some composite thin
films which are called S-WPU, SK-WPU, and SKHWPU by the addition of silica hollow spheres to
waterborne polyurethane emulsion. While the
average thermal conductivity value is 0.06 W/mK
for S-WPU and SK-WPU for 0.25% silica addition,
the average thermal conductivity of 0.25% silicacontaining SKH-WPU composite is 0.05 W/mK.
Thermal conductivity values for 0.5% silicacontaining S-WPU, SK-WPU and SKH-WPU
composites are respectively 0.06 W/mK, 0.059
W/mK and 0.05 W/mK. An increase in thermal
conductivity is observed with increasing silica
content to 1% for all composites (S-WPU 0.2

Polyurethane can be either in the thermoplastic or
thermoset form and can have rigid solid, soft
elastomer or foam structure. The chemical
composition of polyurethane can vary depending
on types and interactions of polyols and
isocyanates which react to form polyurethane. The
many different chemical structures and physical
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W/mK, SK-WPU 0.15 W/mK and SKH-WPU 0.09
W/mK). [10]
Vacuum insulation panels (VIPs) have nearly ten
times lower thermal conductivity values (up to
0.004 W/mK) compared to traditional thermal
insulation materials. VIPs are produced by
evacuation and wrapping of porous core material
into a gas barrier envelope. Silica powder,
polyurethane foam and glass fiber can be used as
core materials. Plastics, stainless steel, and
aluminum-containing films are used as envelopes.
While thermal conductivity value is in the interval
of 0.005-0.008 W/mK for polymeric core materials,
it can be reduced up to 0.004 W/mK with silica
powder. Thermal conductivity of VIP strongly
depends on the vacuum level and studies show
that vacuum level increase (so thermal conductivity
increase) cannot be prevented properly due to
water vapor org as diffusion through the envelope.
[11] [12]

Figure 6. Molds for composite production (a) steel
mold, (b) cardboard
2.2. Sample Preparation
2/3 (polyol/isocyanate) ratio by weight was used.
In the beginning, polyurethane was produced at
room temperature. However, due to high viscosity
problem polyol and isocyanate were heated to
45°C due to 200-milliliter water via magnetic
stirrer. At constant temperature ceramic powders
were mixed with these liquids. Cyclopentane was
added to polyol before foaming to ensure a porous
structure. Then they were poured into cardboard.
After drying they were cut at 1.5-centimeter
thickness for thermal conductivity measurement.

2. EXPERIMENTAL PROCEDURE

2.3. Characterization

In this study polyether polyol, polycyclic
polyisocyanate (PMDI) and cyclopentane were
used for foaming reaction of polyurethane.
Composite material was produced after mixing
polymeric raw materials and low-cost ceramic
powders (wollastonite, perlite, silicon carbide, and
mixed ceramic powders) as below:

Thermal conductivity was measured via C- THERM
at room temperature. (20 °C). Microstructural
analysis is done via ZEISS PRIMOTEC and ZEISS
SUPRA 50 VP at Anadolu University. Transmission
light microscope mode and 50X magnification were
used for ZEISS PRIMOTEC analysis. ZEISS SUPRA 50
VP analysis was done via secondary electron
imaging mode with 10 kV and 100X. X-ray
diffraction analysis was done via Rigaku Miniflex
with 40 kV, 15 mA, 10/min scan speed for 5-70 °.
3. RESULTS AND ANALYSIS
Wollastonite is a calcium silicate that contains
wollastonite as the main phase and a small amount
of quartz phase (Figure 7).

Figure 5. Composite material production chart
2.1. Mould Preparation
A mold which does not react with polymeric
materials is required. Cylindrical steel mold with 25
mm inner diameter, 27.4 mm outer diameter and
70 mm height was produced by turning operation.
However, this mold could not be used because of
the adhering of the sample to the inner surface of
the mold. The interior phase of the mold was
coated with a wax paper to prevent adherence to
the sample but it does not work. Instead of this
mold, cardboards were used to prevent the sticking
of the sample. Also, they do not react with the
polymeric materials.

Figure 7. X-Ray diffraction analysis of wollastonite
powder
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Thermal conductivity measurement results of
polyurethanes are shown in figure 8 and
microstructures of polyurethanes are shown in
figure 9 and figure 10. Thermal conductivity of a
foam is govern by four factor which are conduction
through the solid polymer, conduction of heat
through the gas, convection of heat through the
cells and radiation through cell walls and across
voids. Heat transfer by convection is generally
neglected. Solid conduction constitutes 62.5%, gas
conduction constitutes 7.5% and radiation
constitutes 32.5% of the total thermal conductivity.
Thermal conductivity of foams reduce when the
foam density reduces and falls to a minimum at a
certain density. Below this value radiative
contribution increases. Above this value,
conduction through the solid begins to dominate.

Figure 9. Light microscope images of PUs (a)
Standard PU, (b) PU Room Temperature, (c) PU at
45 °C by weight

Figure 10. SEM images of polyurethanes (a)
Standard PU, (b) PU at 45°C

Polyurethane which was produced at room
temperature has smaller size cells and higher
thermal conductivity values compared to the
standard polyurethane. Containing a high amount
of small cells proves that room temperature
polyurethane contains a higher amount of material
in the unit volume, in other words, it has a higher
density. Increasing density causes an increase in
the conduction component of thermal conductivity
and the conduction component begins to dominate
in this case. Polyurethane which was produced at
45°C contains larger size cells, less material in the
unit volume and lower thermal conductivity
compared to room temperature polyurethane. At
room temperature viscosity of polyol and
isocyanate are very high and restricts the mobility
of molecules and expansion of cells. This case
causes the concentration of more material around
cell walls and an increase in density and so increase
in solid conduction.

Thermal conductivity values of wollastonite
containing samples are shown in figure 11,
microstructures are shown in figure 12 and EDX
analysis of 5% wollastonite containing samples are
shown in figure 7.
Different amount of wollastonite (5-10-15%) by
weight was added to polyurethane. All samples
have similar microstructures with similar cell sizes.
The lowest thermal conductivity was obtained with
5% wt wollastonite addition. 10-15% of
wollastonite containing samples have slightly
higher thermal conductivity values due to
increased conduction by increased density. Solid
conduction begins to dominate with increased
density.

Figure 11. Thermal conductivity
wollastonite containing samples
Figure 8. Thermal conductivity of polyurethanes
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figure 15 and microstructures are shown in figure
16.
Perlite, ST2 and silicon carbide were added to
polyurethane 5% by weight. All samples have the
same thermal conductivity values as 0.033 W/mK.
Figure 12. Light microscope images of wollastonite
containing composites (a) 5% wollastonite, (b) 10%
wollastonite, (c) 15% wollastonite
Thermal conductivity values of ST1 containing
samples are shown in figure 13 and
microstructures are shown in figure 14.
Mixed ceramic powder ST1 5-10-15% by weight
were added to polyurethane. All samples have
similar microstructures with similar cell sizes. The
lowest thermal conductivity was obtained with 5%
wt ST1 addition. 10-15% ceramic powder
containing samples have higher thermal
conductivity values. An increasing amount of ST1
powder causes an increase in sample density, so
the
conduction
component
of
thermal
conductivity. In this case conduction component
dominates the radiation component. Further
studies were continued with 5% wt ceramic
powder additions.

Figure 15. Thermal conductivity of different
ceramic powders with 5% wt in PU

Figure 16. Light microscope images of composite
materials (a) 5% ST2, (b) 5% perlite, (c) 5% SiC
Thermal conductivity values of silicon carbide
containing composites are shown in figure 17 and
microstructures are shown in figure 18.
5% wt SiC and 5% wt other ceramic powders
(wollastonite, perlite, ST1 and ST2) were added to
polyurethane to observe effect of silicon carbide
addition on radiative heat transfer and so total
heat transfer (Radiation constitutes 32.5% of the
total thermal conductivity of polyurethane foam
and silicon carbide acts as reflective surface.). All
samples have similar microstructures with similar
cell sizes and have the same thermal conductivity
value. Thermal conductivity values of 5% ST1 and
5% wollastonite containing samples were 0.034
W/mK, this value was reduced to 0.033 W/Mk with
5% silicon carbide addition.

Figure 13. Thermal conductivity values of ST1
containing composites

Figure 14. Light microscope images of ST1
containing composites (a) 5% ST1, (b) 10% ST1, (c)
15%ST1
Thermal conductivity values of perlite, ST2 and
silicon carbide containing samples are shown in
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Figure 19. Thermal conductivity versus wt%
cyclopentane in PU

Figure 20. Light microscope images of
polyurethanes which contain cyclopentane (a) 5%
cyclopentane, (b) 10% cyclopentane, (c) 15%
cyclopentane

Figure 17.Thermal conductivity of composite
materials which contain 5% wt silicon carbide and 5
wt% other ceramic powders

Thermal conductivity values of 10% cyclopentane
and 5% ceramic powder containing samples are
shown in Figure 21 and microstructures are shown
in figure 22 and figure 23.
Cyclopentane was added to composite materials
that contain 5% wt ceramic powders. The lowest
thermal conductivity was obtained with the 5%
wollastonite and 10% cyclopentane containing
sample.

Figure 18. Light microscope images of SiC
containing materials (a) 5% SiC, (b) 5% wollastonite
+ 5% SiC, (c) 5% ST1+ 5% SiC
Thermal conductivity values of cyclopentane
containing polyurethanes are shown in figure 19
and microstructures are shown in figure 20.
Cyclopentane was used as a physical blowing agent
to obtain a porous structure due to its low thermal
conductivity (0.013 W/mK) in contrast with other
blowing agents. Physical blowing agents change the
physical state which can be volatilization of a liquid.
Formed gas is entrapped in the closed cells.
Blowing agents help the formation of pores,
however, they may cause an increase in gas
conduction when they are used in high amounts.
They should be used with the optimum amount to
prevent gas conduction increase.[3]Optimum the
amount for cyclopentane is determined as 10 wt %,
usage above this value causes an increase in gas
conduction.

Figure 21. Thermal conductivity of composite
materials which contain 5% wt ceramic powders
and 10wt% cyclopentane

Figure 22. Light microscope images of composite
materials which contain different ceramic powders
and cyclopentane (a) 5% wollastonite+10%
cyclopentane, (b) 5% perlite+10% cyclopentane, (c)
5% ST1+10% cyclopentane, (d) 5% ST2+10%
cyclopentane
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Polyurethanes and composite materials are highly
porous structures, so the dominant parameter for
thermal conductivity is pore size and amount,
ceramic powder addition effect on thermal
conductivity could not be observed properly.
Polyurethanes and composite materials that are
produced in the laboratory have higher cell size
than standard polyurethane. Increasing cell size
causes an increase in the radiation component of
thermal conductivity by reducing the reflective
surface amount [3]. Radiation constitutes 32.5% of
the total thermal conductivity of PU foam.
Radiation component should be reduced to reduce
total thermal conductivity.

Figure 23. SEM images of wollastonite containing
composite materials, (a) 5% wollastonite, (b) 5%
wollastonite + 10% cyclopentane
4. CONCLUSIONS
Optimum temperature for composite production is
determined as 45 °C. Higher thermal conductivity
value is obtained in contrast with standard
polyurethane at room temperature (20 °C) due to
high viscosity. High viscosity restricts the mobility
of molecules and the expansion of cells. This case
causes the concentration of more material around
cell walls, an increase in density and so increase in
solid conduction. Optimum powder addition
amount is determined as 5%. Higher amounts than
5% ceramic addition cause to increase in density,
so thermal conductivity, too.

Smaller size powders can be used to reduce
radiative heat transfer. More nucleation sites can
be introduced into the system by using small size
powders, so nucleation increases and cell size
decreases. A greater number of cells means a
greater number of reflection and smaller radiative
conduction. [3] [13]
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Lowest thermal conductivity values are obtained
with PU+10% CP (0.031 W/mK), PU+10% CP+ 5% W
(0.031 W/mK), PU+10%CP+5% ST1 (0.032 W/mK)
and PU+10%CP+5% ST2 (0.032 W/mK) composites.
Thermal conductivity is decreased by 14%
compared to standard PU.
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Abstract. Smart grid systems will play a crucial role to shape tomorrow’s energy. Smart metering systems, as a part of
smart grid, are able to predict peak demand and improve management of power systems. It will also provide numerous
amounts of energy consumption data to the customers and help increase the efficiency of energy usage. In this study,
investments in smart distribution networks and smart meter installations for some countries have been presented and
compared. On Europe side, Italy appears to be the most prominent country in terms of number of smart metering
instalment. Moreover, the main parts of the AMI (advanced metering infrastructure) systems including advantages of such
systems and interaction of roles in smart grid domains on secure communication have been discussed.
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1. Introduction

2. The Importance of Smart Grids

In recent years, electricity networks have been
affected by a range of crucial changes. It is clear
that such changes are more likely to leave
conventional grid useless and the grid will not be
able to deal with the difficulties in the near future.
Transmission and distribution losses increased
from 5 % to 9.5 % between the years of 1970 and
2011, which indicates that the network did not
perform well compared to previous years [1]. In
addition to that, new applications such as electric
vehicles, renewable energy penetrations, heat
pumps, smart homes and buildings are considered
to have a significant impact on electrical networks
[2]. In order to minimize the effects of such
impacts, governments and organizations have been
investing in transition to smart distribution and
metering systems by modernizing conventional
electricity networks.

In order to reduce our commitment to fossil fuels,
which damage our environment and have a limited
life, and to reduce CO2 emissions and to extend the
life of the installed power infrastructure, a great
effort is made in relation to energy efficiency and
the use of renewable energy resources.
Among the targets of the European Union (EU) for
the year of 2030 are to reduce greenhouse gas
emissions by 40% and to increase energy efficiency
by 27-30% [3]. In order to support these goals,
electricity and power grids must be transformed by
making them smarter, in other words, in the form
of smart grids [4]. The term of smart grid can be
defined the increasing use of monitoring and
control devices in the power grid, especially in the
lower voltage parts. In this way, it is possible to
provide more detailed control opportunity and to
make a more accurate situation assessment.
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Figure 2. Investment in smart distribution networks by
countries

As it can be seen in Fig. 2 and Fig. 3, between 2015
and 2017, the People's Republic of China, the US
and the EU made significant and increasingly
ongoing investments in smart transmission
networks [7].

Electricity Meter

Meter Data
Management
System

Data Transmission Network

Water Meter

Advanced
Measurement
Infrastructure Host
System (AMI Host)

Collection of
Customer Data

Communication Network

3rd Party Data Acquisition and Management

(Billion Dollars)

Gas Meter

Figure 1. Main parts of AMI system

Monitoring and control processes in smart grids are
supported by Information and Communication
Technologies (ICT) and Supervisory Control and
Data Acquisition (SCADA) systems [4]. It is
predicted that these systems will increasingly have
a critical importance in future electricity
distribution networks. The development of the AMI
system is considered a milestone in modernizing
existing electrical power systems. AMI in a Smart
Grid, in short, means the integration of many
technologies that provide intelligent connectivity
between consumer and system operators and act
as a single system [2], [5]. Some of these
technologies include smart meters, wide area
communication
infrastructure,
home
area
networks (HAN) and Operational gateways. The
three main elements of AMI are shown in Fig. 1 [6].

2015
Rest of World

Some countries realised that smart meter usage
will play an important role to increase the
efficiency of grid and allow consumers to use their
energy more efficiently; hence they started to
employ smart meter infrastructure earlier than the
others. As shown in Fig 4., Spain and Italy, which
are EU members, showed an impressive result in
terms of the number of smart meter installation.
Approximately 37 million smart meters have been
used in Italy since 2014. The largest deployment in
the smart metering projects completed by ENEL
SpA. The number indicates that the policies of the
country on smart grid systems were taken
seriously, considering the country's population of
60 million [8]. Smart metering implementation in
Italy has been a good example to the world. In
addition, Spain reached a total of 23 million smart
meter installations in 2017, reaching 50%
compared to the country's total population. With
the help of smart meter, consumers will have more
information regarding their energy consumption
and they will use the energy more efficiently by
making better choices during the day. This will
allow energy- importing countries to save
considerable amounts of money by keeping money
in the country. In Turkey, between 2016 and 2017,
the amount of money paid to import electricity was
213 million and 85 million US dollars, respectively
[9]. It should be noted how important installation
and usage of smart meters are for Turkey. In
addition, smart meters provide accurate
monitoring and recording of the energy exchange
by measuring the bilateral power flow between the

(Billion Dollars)

The ability to control and monitor smart
transmission lines can be provided by emerging
smart device, sensor and smart grid applications.
One of the most important benefits of advanced
metering infrastructure (AMI) is locating and
locating power failure in the power distribution
network. In other words, smart meters should be
used in the system in order to avoid interruptions
in smart transmission lines or to minimize the
resolution times of these interruptions.

2016
Europe

USA

2017
Europe

Figure 3.Investment of countries on smart grid networks
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Smart Meters (Million)

consumers and the network that may become
producers in the future.

study conducted estimates the reduction in energy
consumption might be as low as 2% [14]. Despite
previous reports, a new study indicates that there
is still lack of understanding and trust in the debt of
information collected through in home-display of
smart meters.
5. Conclusion

China

2013

USA

2014

Italy

2015

This paper presented an overview of smart meter
installations and distributions on globe. There is an
ongoing rise in demand for electricity around the
world. Therefore, several technologies have been
developed to provide a more energy-saving and
modern power systems. In order to achieve such
systems, smart utility meters have been one of the
key elements in smart grid technology and it may
provide much more capabilities than the
conventional electromechanical and electronic
energy meters. In the study, the importance of
smart metering usage and investments in smart
distribution networks and smart meter installations
for some countries have been presented and
compared along with AMI system. The main parts
of the AMI (advanced metering infrastructure)
systems including advantages of such systems and
interaction of roles in smart grid domains on secure
communication have been discussed. Comparing
smart power grid to conventional grid, it is
inevitable that efficiency of the grid will
considerably increase by enabling energy
consumers to play an active role in the system and
the cost of electricity is most likely to be reduced
by integrating smart meters in households.
Therefore, it is suggested that nations should take
a quick actions in relation to installing smart meter
infrastructure and AMI systems.

Japan Spain Rest of
World
2016

2017

Fig 4. The number of smart meter installation by
countries

4. The Relationship between Usage of Smart
Meters and Energy Savings
Energy providers and utilities have been investing
billions of dollars in replacing conventional meters
with smart meter and they expect to finish
replacement process in a few years [10]. One of the
main advantages of smart meter technology is to
help two ways-communications between the
supplier and customer. Smart meters are
considered to allow households to manage their
energy use and enable customers to save money
on bills [11]. Many people believe that smart utility
meters will help them make better choices
regarding their energy consumption behaviour.
Thus, households will be able to see their real-time
energy consumption and to receive real-time
feedback from smart utility meters. Previous
research has showed that eliciting the feedback
from customer’s energy consumption can lead to
energy savings up to 15%. [12-13]. However, a new
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Abstract. Application of impinging jets are aimed to realize a high rate of heat transfer by using the least amount of flow
rate. In this study aimed to determine the most effective nozzle angle and velocity values for multi-nozzle impingement
cooling jet applications using rectangular pin fin heat sink. The experiments were carried out with rectangular finned heat
sink which previously optimized in a single nozzle impinging jet flow and named “the general”. In these experiments, three
different jet angle (α=10°,20°,30°) and six different values of jet velocity in 4-9 m/sec were used. The effects of angle and
jet velocity on heat transfer characteristics were analyzed. Also, plain and pin fin heat sink values were compared. The
results were presented as Nu-Re graphics. It is observed that Nusselt number decreases with increasing jet angle. Also, it is
observed that Nusselt number increases linearly with increasing jet velocity.
Keywords: Impinging jet, heat sink, heat transfer enhancement.
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1.Introduction

with high temperatures in jet engine aircraft, due
to the high heat and mass transfer occurring in the
impact zone.

Impacting jets are one of the techniques used in
the industry to achieve high heat transfer and
provide the best cooling. The impinging jet is
obtained as a result of the fluid coming out of the
circular or rectangular nozzle hitting a surface. In
the impact zone, the thickness of the boundary
layer decreases, and the local heat transfer
coefficient increases accordingly. Thus, effective
heat and mass transfer is achieved at the surface
hit by the jet.

Impinging air jet applications constitute the upper
limit of forced convection by air in terms of the
local heat transfer amounts achieved. For this
reason, the applications of impacting air jets for
cooling electronic elements are of great
importance. The most important factor affecting
the efficiency of electronic systems is their
operating temperature. Thermal stresses that occur
depending on the operating temperature are the
main reasons for electronic systems to deteriorate
and decreases the system efficiency. Cooling the
highly heated elements in the system with a single
impinging jet or cooling the whole circuit with jet
sequences has become an important practice for
the protection of electronic systems.

The aim here is to achieve a high rate of heat
transfer using the least amount of fluid. Impacting
air jets are used for single and multiple drying of
textile, paper and timber, cooling of electronic
elements, glass industry, heat treatment of metals,
gas turbine blades heated by combustion gases
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The fluid velocity and temperature, the distance
between the nozzle and the plate, the value of the
Reynolds number, the nozzle angle, the shape and
the amount of the nozzle and the distance between
the nozzles and the laminar or turbulent flow
affects the efficiency of impact jets.

Karabey (2010) investigated the effects of the
transverse and longitudinal distances of the nozzle
diffuser pairs consisting of successively arranged
blades, blade width, blade angles, blade heights
and fluid velocity on heat transfer and flow
characteristics using the Taguchi method. In the
first stage, the effective nozzle diameter, h / d
distance and velocity values were determined.
Nusselt number has taken into account the
pressure coefficients in the x and y directions as
performance characteristics and chose the L18 (21
* 37) orthoganal series experiment plan for eight
parameters. When the Nusselt number is calculated
according to the nozzle diameter, the optimum
results are 15 mm wing width, 30 ° wing angle, 100
mm wing height, 20 mm horizontal distance
between wings, 10 mm vertical distance between
wings, 20 mm horizontal distance between slices,
10 mm vertical distance between slices and 9 m /
sec fluid velocity.

The impinging jets are divided into three sections:
the free jet zone, the stop or impact zone, and the
wall jet zone.
There have been many studies on impact jets in the
literature. In the studies on impacting jets, the
speed and temperature of the impacted fluid, the
distance between the nozzle and the plate, the
value of the Reynolds number, the shape of the
nozzle, etc. has been investigated.
Li et al., (2018) examined experimentally and
numerically the flow and heat transfer
characteristics in multiple parallel jets striking at an
angle to a flat surface. They stated that the heat
transfer on the impact surface is affected by the
Reynolds number, the distance between the
nozzles and the nozzle plate opening.

2.Experimental Study
In the study, heat transfer experiments were
carried out according to the univariate test method
by using different heat sink angles and velocities at
constant heat flow on a rectangular finned heat
sink, which was optimized in single impact jet flow.
In carrying out these experiments, it was aimed to
determine the most effective heat sink angle and
speed values for cooling applications.

In another study, (Bhagwat & Sridharan, 2017) the
heat transfer characteristics numerically examined
in a jet flow hitting an inclined surface, stated that
the nozzle-plate opening had a significant effect on
the Nusselt distribution at low impact plate
inclination angles.

In the experiments, an experiment setup in which
nozzles with different diameters can be mounted
on the heat sink shown in Figure 2 were used
(Figure 1). Air is used as fluid in the system. Cooling
on heated surfaces is provided by nine nozzles with
a 40mm diameter circular geometry. Aluminum (Al
1050 O) material is used for the heat sink and the
blades with rectangular geometry. The fluid
velocity in the study was adjusted using a
speedometer. Experiments were carried out at 6
different speeds between 4-9 m/s. An infrared
camera was used for temperature measurements
in thermal equilibrium. In order to minimize the
effect of radiation on temperature measurements,
experiments were carried out by painting the heat
sink surface black.

In the study of Culun et al. They focused on a
synergistic heat transfer analysis of multiple
impinging jets. They stated in their studies that the
geometry of the jet holes, the arrangement of
these holes, the density of the jets in frequent and
flow directions, and the confinement type impact
properties are design parameters. The numerical
analysis using the commercial software ANSYS-CFX
using computational fluid dynamics (CFD) codes has
been performed. They deduced the average Nusselt
number as a result of heat transfer. Concluded that
the heat transfer dispersion under the densest
array jet impingement within the single-exit closed
channel behaves as a single jet due to strong
adjacent jet interference. The highest jet
compression heat transfer for the case using square
jet is achieved as this and stated the effect of jet
regulation may be the weakest parameter on heat
transfer (Culun et al., 2018).
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a result of the experiments and calculations made
for the rectangular finned heat sink are given in
Figure 3.
Table 1. Parameters examined in the study and
their values
Parameters
A
Wing width, b [mm]
15
B
Wing angle, α [degrees]
15
C
Wing height, H [mm]
100
Horizontal distance between
D
15
wings, a [mm]
Vertical distance between wings,
E
15
c [mm]
Vertical distance between slices,
F
20
e [mm]
Horizontal distance between
G
20
slices, f [mm]
Nozzle exit jet velocity, V [m /
H
4-9
sec]
I
Heat sink angle, α [degrees]
10-30

Figure 1. Schematic view of the experimental setup.
(1) Computer, (2) Data measurement card, (3)
Thermocouples, (4) Circular nozzle, (5) Heat sink,
(6) Heater, (7) Speed meter, (8) Pressure-velocity
transmitters, (9 ) Reducers, (10) Gate valve, (11)
Fan, (12) Regulated transformer (Varyak), (13)
Precision voltage regulator

2.1. Heat Transfer Modeling
The amount of heat transferred from the test
element for steady state can be expressed as
follows;

Figure 2. Geometric properties of the heat sink.

𝑄𝑡𝑜𝑡 = 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑎𝑑 + 𝑄𝑐𝑜𝑛𝑑

(1)

𝑄̇𝑐𝑜𝑛𝑣 = 𝑚̇𝐶𝑝 (𝑇ç𝚤𝑘 − 𝑇𝑔𝑖𝑟 ) = 𝑉 2 /𝑅 = 𝑉𝐼

(2)

In addition, the amount of heat transferred in the
system at steady state;

In order to create a uniform heat, a heating unit of
305x305 mm was placed on a flat base. Fins with a
wall thickness of 2 mm were used. The rectangular
fins were placed on the 300x300x5 mm base heat
sink by applying heat conduction compound to the
ends. In the study, an infrared thermometer spread
on the floor was used to determine the surface
temperature. The temperature of the test element
was calculated by taking the average of the values
obtained from the images. All temperature values
were recorded in computer environment.

𝑄𝑘𝑐𝑛𝑣 = ℎ𝑎𝑣 𝐴𝑠 (𝑇𝑦,𝑎𝑣 − 𝑇𝑗𝑒𝑡 )

(3)

In similar studies [Tahat et al. 1994, Tahat et al.
2000, El-Sayed et al. 2002, Chen and Shu 2003]
stated that heat losses due to radiation from the test
surface amount to 0.5% of the total electrical input
to the system. In addition, since the working
temperatures are not very high, the losses due to
radiation will only be around 3-5% of the energy
given to the system. Considering that the test
surface and test area are well insulated with
insulation materials and the temperature read on
the outer surface of the box with the heating
element is approximately equal to the ambient
temperature, transmission losses are negligible in
addition to the energy supplied to the system.
With these assumptions, Equation (1) simplifies as
follows.

The experimental parameters examined in the
study are given in Table 1. Rectangular finned heat
sink in accordance with the design parameters was
placed in the impact jet test setup. Experiments
were conducted at three different heat sink angles
(α = 10°, 20°, 30°) and six different jet velocities (49 m / s). Graphs of the Nusselt number calculated
by using the experimental data and the Reynolds
number were drawn. The Nu-Re graphics drawn as

𝑄𝑡𝑜𝑡 = 𝑄𝑐𝑜𝑛𝑣
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multi-impact jet test setup. On the system; Heat
transfer experiments were carried out for six
different speed values at h / d = 6 distance, three
different heat sink angles (α = 10 °, 20 °, 30 °) and
jet velocity (U0) in the range of 4-9m / sec. The
Figure 3 has been obtained as a result of the
experiments.

Average heat transfer coefficient from equation (1),
(2), (3) is expressed as follows:
ℎ𝑎𝑣 =

𝑄𝑐𝑜𝑛𝑣

(5)

𝐴𝑠 (𝑇𝑦,𝑎𝑣 −𝑇𝑗𝑒𝑡 )

When the studies in the literature are examined,
both the projection area and the total heat transfer
area are used as the heat transfer surface area. The
total heat transfer area was used in this study. This
area represents the total heat transfer surface area
formed by the blades and the base plate and is
defined as follows:
𝐴𝑠 = 𝑊𝐿 + 𝑁[(2𝑏𝐻) + (2𝑡𝐻)]

(6)

Here, W is the width of the base plate on which the
wings are arranged, L the length of the base plate, b
the width of the wings, H the height of the wings, t
the thickness of the wings and N the total number of
wings on the plate.

Figure 3. D = 40mm diameter nozzle change of Re
number and Nu number with heat sink angle
As can be seen from the Figure 3 the multi-nozzle
system with a diameter D = 40mm, the Nusselt
number increases with the increasing Re number
for rectangular fin heat sinks, and at the same time,
the Nu number decreases as the heat sink angle
increases. In the system with multiple nozzles with
D = 40mm, the highest Nusselt number was
calculated at 9m / s air speed. Increases between 38% were observed in Nu numbers between
successive velocity levels in the rectangular fin heat
sink. In the rectangular finned heat sink, a 27%
increase in Nusselt number was observed between
minimum (4.0m / s) and maximum (9.0m / s)
velocities at h / d = 6 distance, while a decreases
between 2-6% were observed in the Nu numbers
between successive angle levels at the increasing
heat sink angle. In the rectangular finned heat sink,
a decrease of 28% was observed in the Nusselt
number between the maximum (9.0m / s) speeds
at a distance of h / d = 6.

Nusselt number was considered as the performance
criteria. While calculating the Nusselt number, the
inner diameter of the nozzle was taken as a basis.
Nusselt number and pressure coefficients from
dimensionless sizes are calculated from the
following equations:
𝑁𝑢 =

ℎ𝑎𝑣 𝐷ℎ

(7)

𝑘

In turbulent flow, the velocity value measured at the
center of the nozzle used while calculating the
average velocity along the nozzle section. The
average of the velocity within the cross section is
calculated with the following equation:
𝑈𝑎𝑣 = 0,817𝑈0

(8)

From dimensionless numbers, Reynolds number is
calculated from the Equation 9. In this equation, the
average velocity of the fluid in the nozzle section is
determined by taking into account the Uave and
thermophysical properties of the fluid at the exit of
the nozzle.
𝑅𝑒 =

𝐷ℎ 𝑈𝑎𝑣
𝜈

In the second stage of the study, the heat transfer
performance of the rectangular finned heat sink
was compared with that of the flat surface heat
sink. The graph of the largest and smallest fluid
velocities of the heat sinks on which we have
completed the experiments is determined is given
in Figure 4.

(9)

3.Results
The characteristics of the analyzed heat sink are the
wing width 15mm, the wing angle 15 °, the
horizontal distance between the wings 15mm, the
vertical distance between the wings 15mm, the
vertical distance between the slices 20mm, and the
horizontal distance between the slices is 20mm,
respectively. 9 nozzles with an outer diameter of
40mm were used in the experiments using the
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a decrease of 28% was observed in the Nusselt
number between the maximum (9.0m / s) speeds
at a distance of h / d = 6.
In the second stage of the study, the heat transfer
performance of the rectangular finned heat sink
was compared with that of the flat surface heat
sink.
Figure 4. The variation of Re number and Nu
numbers of heat sink with rectangular fin at 10 °
heat sink angle and heat sink with flat surface in D =
40mm diameter nozzle.

It has been found that the heat transfer
performance of the rectangular fin heat sink is
better than that of the flat surface heat sink. The
Nusselt number increases with increasing Re
number for both rectangular fin heat sink and flat
surface heat sink. Among both heat sinks, the
highest Nusselt number was calculated at 9m / s air
speed. In the rectangular finned heat sink, the Nu
numbers between successive velocity levels with
increasing speed were observed to increase
between 3-8%, while the corresponding ratio was
calculated between 2-5% in the finless geometry.

As can be seen from the Figure 4 the multi-nozzle
system with a diameter of D = 40mm, it has been
observed that the heat transfer performance of the
rectangular finned heat sink is better than that of
the flat surface heat sink. The Nusselt number
increases with increasing Re number for both
rectangular fin heat sink and flat surface heat sink.
Among both heat sinks, the highest Nusselt number
was calculated at 9 m/s air speed. In the
rectangular finned heat sink, the Nu numbers
between successive velocity levels with increasing
speed were observed to increase between 3-8%,
while the corresponding ratio was calculated
between 2-5% in the finless geometry. While a 27%
increase in Nusselt number was observed between
minimum (4.0m / s) and maximum (9.0m / s)
velocities at a distance of h / d = 6 in a rectangular
finned heat sink, a 19% increase was observed in
Nusselt number on the flat surface.

As a result of the image-supported temperature
analysis performed with the help of thermal
camera for the optimized rectangular finned heat
sink, the temperature distribution in the fins was
examined. According to the results obtained in
general, it has been observed that the temperature
decreases as one goes from the heat sink to the fin
tip.
The results of the study are in accordance with the
literature when compared with the studies that
were previously completed using different
geometric shapes and parameters (Yıldız, 2012;
Karabey, 2010). At the end of the study, the
following suggestions were determined for future
research.

4.Conclusion
In the multiple impact jet system, the Nusselt
number decreased as the angle of the heat sink
increased in terms of the general structure on the
rectangular finned heat sink. In contrast, the
Nusselt number increased with increasing Re for
rectangular fin heat sinks.

In the multiple impact jet test system, the results
can be examined by conducting experiments in
different nozzle diameters, different nozzle
numbers, h / d distances and wing lengths. The
effect of using a dual-phase fluid (eg air-assisted
spray nozzle) as a coolant can be evaluated. By
comparing the results with numerical results,
information about the system performance can be
obtained.

Increases between 3-8% were observed in Nu
numbers between successive velocity levels in the
rectangular fin heat sink. In the rectangular finned
heat sink, a 27% increase in Nusselt number was
observed between minimum (4.0m / s) and
maximum (9.0m / s) velocities at h / d = 6 distance.
In the rectangular finned heat sink, decreases
between 2-6% were observed in the Nu numbers
between successive angle levels at the increasing
heat sink angle. In the rectangular finned heat sink,
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Guney,Kevser Ceyda, Şahin, Büşra, Altuntaş, Onur, Güral, Ahmet. Hardness and Microstructural
Characterization on Powder Metallurgy Steel of Martempering Heat Treatment Applied. Int. Conf. Advanced.
Mater. Sci.& Eng. HiTech.and Device Appl.Oct. 02-04 2020,Ankara, Turkey
Abstract. Production of High Carbon Powder Metallurgy specimens, ATOMET 1001 pure iron powders produced by
atomization method and 1.5% by weight graphite powder as a carbon source were mixed and then pressed in a single
action press with 700 Mpa pressure. The pressed specimens were then sintered in Ar atmosphere in the atmosphere
controlled furnace to produce high carbon powder metal steel with a rate of 1.5% carbon. Firstly, specimens were
austenitized at 950 °C for 4 minutes and martempering heat treatment was applied in a neutral salt bath with a
temperature of 350 °C - 400 °C for different periods. It was observed that the hardness decreased due to the decrease in
martensitic regions in the microstructure with increasing martempering times.
Keywords: Powder Metallurgy Steel, Martempering, Bainite, Martensite.
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Powder metallurgy is a method of producing parts
by blending metal powders in certain proportions,
compacting metal powders at room temperature in
precise molds, at pressures appropriate to the
required technical values (pressing) and roasting in
controlled atmospheres (sintering). After sintering,
processes such as calibration, deburring, lubrication
and heat treatment can be performed in order to
produce parts with desired properties. [1]. Powder
metallurgy production methods are completely
different from other metal forming methods and
are similar to ceramic part production technology.
The process starts with the compression of the
powders in both cases in a mold. The formed shape

is roasted and gained the necessary strength. Thus,
the material with the desired properties is
obtained. [2]. Sintering and tempering is applied to
the specimens to make the material usable. The
purpose of the applied tempering is to improve the
workability of the material, to reduce the internal
stresses, to improve the mechanical properties,
flexibility, strength, hardness, and toughness, to
change the grain size, to increase the heat and
corrosion resistance, to change the electrical and
magnetic properties, to change the chemical
composition. The aim of this study is to observe the
transformation time of martensite structure into
bainite by applying martempering heat treatment
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to high carbon steels produced by powder
metallurgy method at different methods and
temperatures and to examine the hardness and
microstructure properties of the specimens
produced.

and martempering heat treatment was applied. The
specimens taken out of the salt bath were
quenched for rapid cooling. (Fig. 3)

In this research, 1.5 wt.% natural graphite powders
were added to NC100.24 pure iron powders to
obtain plain high-carbon steel powder metallurgy
(PM) specimens according to ASTM G99-05. [3].
Prepared high carbon iron powder was pressed
according to ASTM G99-05 standard using a
hydraulicsan brand pressing device 700 MPa
pressure and cylindrical specimens with a size of
10x10 mm were produced. (Fig. 1)

Figure 2. Protherm Furnace and Argon Gas Tube

Figure 1. Specimens geometry and dimensions (mm)
After the pressing process, sintering process was
carried out using Protherm furnace. The sintering
process of the pressed specimens was carried out in
a 6x110 cm pure alumina tube belonging to the
furnace by keeping it in the homogeneous
temperature zone at 1200 ° C for 20 minutes. (Fig. 2)
Specimens at room temperature were placed in the
determined homogeneous temperature zone. The
front and back of the tube are covered with graphic
caps to allow the entry and exit of Ar gas. Sintering
process is done under special protective atmosphere
or vacuum. 99.99% purity argon gas and sponge
titanium are used as a protective atmosphere to
protect the specimens against carbon depletion and
oxidation.
Figure 3. Austenitizing the specimen in a furnace

In this research, pressing, sintering, martempering,
grinding and polishing processes have been
studied. Powder metallurgy was used to obtain
different grain-sized specimens given its high
performance. [4] Sintered specimens were placed
in the homogeneous temperature zone of the
furnace. The specimens, which were austenitized at
950 ° C for 4 minutes, were taken out of the
furnace and kept in a neutral salt bath at 350 ° C
and 400 ° C for 30, 60, 90, 180 and 360 seconds,

After the heat treatment, the surfaces of the
specimens were sanded using different grit size
sandpapers. After the sanding process, the
specimens were polished. (Fig. 4)
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2

Figure 6. Microstructure of Specimen Sintered with
500X Magnification
Carbon atoms which is dissolved in austenite cannot
find time for diffusion and cannot be separated from
the structure when rapid cooling is performed. As a
result, austenite transforms from a face-centered
cubic structure to a volume-centered tetragonal
structure that is supersaturated with carbon. This
structure is called martensite. Figure 7 shows the
microstructure of the quenched specimen and this
structure is called martensite. (Fig. 7) The needleshaped grains indicate the martensite phase, while
the white areas indicate residual austenite.

Figure 4. Grinding Process
Results
In the microstructural analysis, cementite lamellae in
the microstructure of the sintered specimen clearly
seen. The part numbered 1 in the figure 5 shows the
cementite area. (Fig. 5) The area numbered 2 in the
figure 6 shows the pearlite structure and it is a phase
composed of the combination of pearlite, cementite
and ferrite phases. (Fig.6) While ferrite is a very soft
phase and cementite is a very hard phase. [5]

1

Figure 7. Microstructure of the Quenched Specimen
For specimens kept in salt bath for 60 seconds, the
cooling time is longer than those with 30 seconds. It
is thought that the ferrite and cementite phases
formed martensitic structure in the specimen kept in
a salt bath with a temperature of 350 ° C for 60
seconds. It is thought that the structure is not
exactly martensite in the salt bath with a
temperature of 400 ° C, and there is less martensite
than the specimen in the salt bath with a
temperature of 350 ° C. (Fig. 8)

Figure 5. Microstructure of Specimen Sintered with
200X Magnification
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the cooling time prevents the formation of
martensite in the structure and the formation of
bainite occurs. Considering the microstructure of the
specimen, it is assumed that the cementite and
ferrite phases turn into bainite and the martensite
transformation decreases, and it is thought that the
bainitic phase is dominant in the structure. (Fig. 9)
It can be concluded that the bainitic structure
formed in the specimen kept at 400 ° C for 360
seconds is more than the specimen kept at 350 ° C
for 360 seconds.
In addition, considering the hardness values, it is
known that the bainite phase is softer than the
martensite phase, and it can be thought that the
specimen kept in a salt bath at 400 ° C for 360
seconds almost completely transformed into a
bainitic structure. (Fig. 10)

(a)

(b)
Figure 8. Optical microstructures of specimens
pressed at different salth bath temperatures for 60
seconds (a)350°C, (b)400° C.
Figure 10. Optical microstructures of specimens salth
bath temperatures 400°C for 360 seconds
Table 1. Brinell Hardness Values of Specimens

Figure 9. Optical microstructures of specimens salth
bath temperatures 350°C for 360 seconds
The microstructure of the specimens kept at 350 ° C
for 360 seconds is given in Figure 9. Based on the
hardness values, residual austenites can be
considered to be present in the structure. Increasing
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It is found that the bainitic structure formed in the
specimen kept at 400 ° C for 360 seconds is more
than the specimen kept at 350 ° C for 360 seconds.
Furthermore, it can be thought that the specimen
kept in a salt bath at 400 ° C for 360 seconds almost

completely transformed into a bainitic structure
due to bainite phase being softer phase than
martensite. (Table 1.)
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Abstract. Polymers having a capacity of proton conductivity are generally used as membrane matrix for proton exchange
membrane fuel cell (PEMFC) applications. Polyether ether ketone polymer is one of the most investigated materials to
obtain a high proton and ionic conductive membranes. For this purpose, PEEK polymer is treated with sulfuric acid before
the membrane preparation process. However, sulfonated PEEK (SPEEK) polymer is still insufficient to acquire a high Ionic
exchange capability. In this study, fluoroboric acid, known as tetrafluoroboric acid, was doped into the SPEEK polymer
solution in order to enhance the membrane structure properties, such as high ion-exchange capacity, proton conductivity
and water uptake capacity. Different ratios of (wt. 1%, 2.5%) fluoroboric acid were added to the SPEEK membrane
-1
-1
polymer and the proton conductivity of the SPEEK membrane was increased from 0.021 S·cm to 0.159 S·cm at 80 °C.
The water uptake capacity of SPEEK-1-HBF4 (wt. %1) is 145% and the membrane has an ion exchange capacity of 0.338
-1
meq· gr . The results illustrate that the HBF4 doping successfully increased the properties of the SPEEK membrane and it
provided a great advantage to the membrane in terms of water retention capacity.
Keywords: SPEEK polymer, HBF4 doping, PEMFC, membrane synthesis, fuel cells © 2020 Published by ICMATSE

1. INTRODUCTION

catalyst layer). After electrochemical reaction,
hydrogen splits into Its proton and electrons. The
proton exchange membranes that transferring
protons from anode to cathode side have a major
impact on a single fuel cell in terms of current
density performance. While the electrons are
transferred through the external circuit, protons
are transported through the membrane to the
cathode side where oxygen supply is available.
Finally, as a result of the electrochemical reaction,
electrical energy is produced. The working
principle of a single fuel cell applies to all types of
fuel cells. However, the parameters such as
oxidant/fuel supply type and electrochemical
reaction steps differ according to the energy
production magnitude. The proton exchange
membranes are considered as the most significant

The proton exchange membrane fuel cells
(PEMFC’s) are the next generation of energy
technology because of their advantage of different
fuel and alternative resources usages such as
natural gas and hydrogen. Also, low carbon
emission, compact design, affordable production
cases are other advantages of these devices.
PEMFC’s include four major parts named as, gas
diffusion layer, electrolyte (proton exchange
membrane), electrodes and the catalyst. The gas
diffusion layers are responsible for hydrogen
transportation fed to anode and oxygen
transportation fed to the cathode side of a single
fuel cell. The hydrogen at the anode meets the
electrode that includes a kinetically active side (the
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part of a PEMFC. Since the proton exchange
mechanism has a major impact on single-cell
performance, variables such as membrane
polymer qualification and selection of membrane
synthesis method are highly crucial. There are
different proton transportation mechanisms in a
proton exchange membrane. The most applied
mechanisms are known as hopping and vehicle
mechanisms. The hopping mechanism is where the
water molecules are dragged together while H+
ions are carried through the membrane structure
[1]. The mobility of water molecules depends on
the electrostatic interaction between the
molecules and H+ ions. The weak interaction
makes mobility more efficient so that the ionic
diffusion rate increases. Additionally, the ionic
exchange capability of a membrane is another
significant aspect of proton diffusion rate. The high
ion exchange capacity implies a greater proton
conductivity of a membrane. Consequently, a
proper polymer exchange membrane must have a
high water uptake capacity, proton conductibility,
ion-exchange capacity, zero swelling property.
There are numerous investigations about selecting
a decent proton exchange membranes for PEMFC
applications [2-5]. The Imidazole ring included
polymer membranes, sulfonated/phosphonated
aromatic hydrocarbon groups, perfluorinated
membrane types and their modified versions such
as, Nafion, composite-Nafion membrane types are
thoroughly studied for PEMFC applications [6-8].
The sulfonated aromatic hydrocarbon groups
attracted a great deal of interest due to their
advantage of high ionic exchange capability,
proton conductivity and easily modifiable structure
[9]. Sulfonated polyether ether ketone (SPEEK),
polyether sulfone (SPES), poly aryl ether sulfone
(PAES), polyphenyl sulfone (SPPSU) polymers are
widely prepared for PEMFC’s [10-13]. The sulfonic
acid groups (SO3H-) that attached to the polymer
structure contribute to the ionic transportation
mechanism, so that proton conductivity of a
membrane significantly increases.
In this work, polyether ether ketone was applied
as a membrane polymer due to Its advantages of
easily modifiable morphology and ionic exchange
capability. The PEEK polymer was sulfonated to
increase Its ionic exchange capacity.
The fluoroboric acid (HBF4) organic compound is a
strong acid which has soluble H+ proton. HBF4 is
widely used in light metal smelting, electroplating
Industry. Additionally, the compound is used as a
commercial catalyst for CO2-H2O reaction in
chemical Industry. W. Salim et. al., investigated the

borate involved membranes for H2 purification fuel
cell applications and the authors indicated that
TFBA improves the CO2 permeance in the
membrane [14]. However, up to the author’s
knowledge, a study about the usage of fluoroboric
acid doped membrane in fuel cell is not found In
the literature.
In this study, the fluoroboric acid compound was
used as a doping agent to the SPEEK polymer.
Different amounts of tetrafluoroboric acid (TFBA),
wt. 1% and 2.5%, was doped to the SPEEK solution
before the membrane preparation process. The
prepared TFBA doped SPEEK membranes were
compared to the pyridine SPEEK membrane to
understand the improvement in polymer
properties. After membrane synthesis, Ion
exchange capacity, water uptake, swelling
properties of the composite membrane were
studied. The impedance analysis of TFBA doped
and pure SPEEK membranes was applied to gather
the proton conductivity results.
This study is the first TFBA doped membrane
investigation for fuel cell operations In the
literature. Under favour of this study, TFBA doping
to the SPEEK membrane structure will bring light
to understand the fluoroboric acid influence on
the SPEEK membrane improvement for fuel cell
operations.
2. MATERIALS AND METHODS
The polyether ether ketone polymer sulfonation
method and tetrafluoroboric acid doped SPEEK
(SPEEK-TFBA) composite membrane preparation
were carried out as follows.
2.1.

Materials

The PEEK, poly (oxy-1,4-phenyleneoxy-1,4phenylenecarbonyl-1,4-phenylene), was used as
membrane polymer and purchased from SigmaAldrich (99%, Mw:20800). The dimethylacetamide
solution, DMAC, Sigma-Aldrich 99%, was applied as
a membrane casting solvent. The sulfuric acid
(H2SO4), Sigma Aldrich 99.8%, was used as
sulfonation
agent
of
PEEK
polymer.
Tetrafluoroboric acid (HBF4, in 48 wt. % H2O
solution, Mw: 87.81, Sigma Aldrich) was applied as
a doping agent to SPEEK polymer. The bio-ethanol
was used as a solvent for TFBA solution.
2.2.
Experimental
Polyether ether ketone polymer was sulfonated to
attach HSO4- ion to the structure to improve Its
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Ionic transaction capacity. The PEEK sulfonation
method was written in detail by Cali et. al. [10].
The PEEK was treated in a pre-heated H2SO4 stock
solution for 5 hours at 50°C using a Multimatic-5 N
magnetic stirrer. In order to terminate the
sulfonation reaction, the polymer was poured into
an Ice bath, then, neutralized by filtering
continuously. Finally, the polymer was dehydrated
in an oven for a day at 50°C.
The classic sol-gel preparation method was applied
for membrane synthesis. The SPEEK polymer was
poured into preheated (50 °C) DMAC solvent and
the solution was stirred until obtaining a
homogeneous solution. The SPEEK polymer
solution was cast into the glass plates and
prepared SPEEK membrane was dried for 4 days at
50 °C. TFBA compound was solved in bio-ethanol
solution for an hour at 40 °C. Different amounts of
TFBA solutions (wt. 1% and 2.5%) were added into
a SPEEK solution and stirred for overnight at room
temperature. Finally, TFBA doped SPEEK polymer
solution (SPEEK-1-HBF4, SPEEK-2.5-HBF4) was cast
on the glass plates. Then, membranes were dried
until the DMAC and bio-ethanol solvents were
evaporated.
The prepared dehydrated membranes were cut to
a size of 2 cm x 2 cm to determine their water
uptake capacity and swelling ratios. The dry weight
(Wdry) and thickness values (Tdry) of the samples
were measured at different points by Sheen
Thickness Measurement device. Then the samples
were held in de-ionized water, kept overnight at
room temperature. Then, cleaned membranes
were weighted and measured again. Finally, water
uptake (WU) and swelling ratios (SR) of the
samples were calculated by using Equation 1 and 2
respectively:

The classic titration method was used to
determine the ion exchange capacity (IEC). The
membranes were cut to the same size and soaked
into the NaCl solution (2 M) for 2 days at room
temperature. Then, the solution where
membranes held were titrated with NaOH
solution. The IEC results were obtained by using
Equation 3:
IEC  ( Consumed volume of NaOH x NaOH concentration) / ( dry sample weight / 1000) (3)

The combination of Solartron 1260-1287 and a
BT112 model 4 probes (working and reference
probes) measurement cell, was applied to perform
the impedance analysis. The analysis was
conducted within the range of 106 Hz-10 Hz
between 20 °C and 80 °C at 100% humidity
conditions. The proton conductivity values were
calculated by Equation 4:
σ= L/ R w t

(4)

Where, L, is the electrode distance in cm and w is
the sample width.
3. RESULTS AND DISCUSSION
In this study, the PEEK polymer was sulfonated and
further explanation about the procedure could be
found in the literature [10]. A pyridine SPEEK
membrane was synthesized to analyse the TFBA doping
effect on the membrane.
Table 1. Ion exchange capacity, water uptake and
swelling results of the SPEEK, SPEEK-1-HBF4 and
SPEEK-2.5-HBF4 membranes.
Proton conductivity S·cm-1

Water uptake capacity (%) = mwet - mdry / mdry x 100
Change of thickness (%)  (twet - tdry) / tdry x 100

(1)
(2)

A different amount of (wt. 1% and 2.5%) TFBA solution
was used as an additive to SPEEK polymer due to Its
strong acidity characteristic, and therefore high Ion
transaction. The reason for a low amount of addition is
that TFBA compound is a strong acid and It might
negatively affect the membrane properties.
A high amount of TFBA addition (more than wt. 3%) to
the SPEEK polymer could damage the polymer bond
structure, thereby decreasing the mechanical and
thermal stability of the polymer. Synthesized SPEEK-1HBF4 and SPEEK-2.5-HBF4 membranes were subjected
to ion exchange capacity, water uptake- swelling ratios
and proton conductivity tests. Table 1 illustrates the

25 C°

40 °C

80 °C

0.050

0.077

0.021

0.286

0.269

0.159

0.092

0.223

0.138

SPEEK
SPEEK-1-HBF4
SPEEK-2.5-HBF4

Ion exchange capacity, water uptake and swelling
results of the SPEEK, SPEEK-1-HBF4 and SPEEK-2.5-HBF4
membranes.
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The proton conduction mechanism of an ion
exchange membrane is mainly based on a hopping
mechanism.
Table 2. Proton conductivity results of the membranes

Membranes

IEC
meq·
gr-1

Water
uptake (%)

Swelling
(%)

0.057

64

35

0.338

145

66

0.703

80

36

SPEEK

SPEEK-1-HBF4
SPEEK-2.5HBF4

The high water uptake capacity of the polymer makes
the proton transfer more efficient and consequently,
increases the Ionic diffusion rate. This phenomenon
indicates the fact that water uptake capacity is
directly proportional to the membrane proton
conductivity. However, increasing water uptake might
negatively affect the membrane thickness (swelling).
This means increasing path, where protons are
transferred from anode to cathode side of a fuel cell,
will cause an increase in Ionic diffusion resistance.
For this reason, swelling is not a preferable
characteristic property for a convenient membrane
selection. The water uptake of SPEEK membrane was
obtained as 64%. SPEEK-1-HBF4 and SPEEK-2.5-HBF4
membranes have 145% and 80% water uptake values.
The results show that wt. 1% and 2.5% TFBA doping in
SPEEK polymer improved the water retention capacity
from 64% to 145% and 80% respectively. The WU
results confirm the fact that strong bonds of –F atoms
with –H atoms indicate greater donors compared to
boric acid molecule bonding [14]. Thus, this
phenomenon provides an easier interaction between
protons and water molecules. Consequently, water
uptake of the polymer increases with HBF4 doping.
However, WU capacity of SPEEK-2.5-HBF4 membrane
is lower than SPEEK-1 -HBF4. This may be explained by
the
filling of the molecular spaces within the membrane
matrix by increasing doped HBF4 and hence
decreasing the available spaces for diffusion of water

molecules. This result was proven in the literature
[10]. The swelling ratio of the SPEEK was found as
35% while wt. 1% HBF4 addition increasing the
membrane swelling to 66%. As mentioned above,
high water uptake could increase membrane swelling.
The swelling ratio of SPEEK-2.5-HBF4 membrane is
almost the same as SPEEK membrane. However, wt.
2.5% HBF4 addition indicates that since swelling ratio
of SPEEK membrane almost equal to that of
membrane doped 2.5% of HBF4 acid WU of a
membrane can be changed without changing the
swelling ratio. Finally, swelling ratio results confirm
the water uptake results of the samples.
The ion exchange capacity of a membrane provides an
important presumption about the membrane’s
proton conductivity and hence the fuel cell
performance. This is the reason why IEC of a
membrane is crucial in terms of Ionic diffusion rate.
SPEEK membrane has an Ion exchange capacity of
0.057 meq· gr-1 while SPEEK-1-HBF4 and SPEEK-2.5HBF4 membranes have 0.338 meq· gr-1, and 0.703
meq· gr-1 respectively. The results prove that HBF4
addition increased the IEC of pure SPEEK membrane.
Table 2, shows the proton conductivity results of the
membranes at different temperatures. At room
temperature, SPEEK membrane has a proton
conductivity of 0.050 S cm-1, while SPEEK-1-HBF4 and
SPEEK-2.5-HBF4 membranes have 0.286 and 0.092 S
cm-1 respectively. The proton conductivity of SPEEK
membrane increases with increasing temperature until
40 °C (  =0.077 S cm-1) then, finally drops to 0.021 S
cm-1 at 80 °C. The same phenomenon has been
observed with the use of HBF4 doped SPEEK
membranes. At 80 °C, proton conductivity of SPEEK-1HBF4 and SPEEK-2.5-HBF4 membranes drops to a 0.159
S cm-1 and 0.138 S cm-1 respectively. Even though
SPEEK-2.5-HBF4 membrane has higher ion exchange
capacity than SPEEK-1-HBF4 membrane, It has lower
proton conductivity at all temperatures. Because
SPEEK-1-HBF4 membrane has much higher water
uptake capacity than SPEEK-2.5-HBF4. This result
proves the importance of water uptake capacity of a
membrane in terms of proton conductivity.
It can be concluded from the results given in Table 2
that, HBF4 addition successfully improved the proton
conductivity of SPEEK membrane. Also, IEC and water
uptake results verify the proton conductivity results.
4. CONCLUSION
In this study, authors aimed to enhance
electrochemical properties of SPEEK membrane in
terms of water uptake capacity, Ion exchange
capacity and proton conductivity for PEMFC
128

International Conference on Advanced Materials Science & Engineering
and High Tech Devices Applications; Exhibition (ICMATSE 2020),
October 2-4, 2020, Gazi University, Ankara, TURKEY

applications. For this purpose, pure SPEEK membrane
was synthesized for comparision and TFBA was used
as a doping agent due to Its high Ionic exchange
capability. SPEEK-1-HBF4 and SPEEK-2.5-HBF4
membranes were prepared with different mass
ratios. Then, characterization methods such as Ion
exchange capacity, water uptake-swelling ratio and
Impedance Analysis tests were applied.
The water uptake analysis indicates that wt. 1% and
2.5% TFBA doping in SPEEK polymer improved the
water retention capacity from 64% to 145% and 80%.
The water uptake of SPEEK membrane was
successfully increased to 80% by doping wt. 2.5%
HBF4 without a change in swelling ratio.

The Ion exchange capacity of SPEEK membrane was
increased from 0.057 meq· gr-1 to 0.338 meq· gr-1 by
wt.1% of HBF4 doping effect.
The highest proton conductivity was obtained from
SPEEK-1-HBF4 membrane and the result found as
0.159 S cm-1 at 80 °C. The same membrane also has
the highest water uptake (145%) capacity.
This investigation is the first study in the literature
about HBF4 usage in PEM fuel cell operations. Because
this study brings light to understand the TFBA impact
on polymer exchange membranes for PEMFC
performance.
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