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Abstract In the current research, the electrochromic layer of Tungsten oxide has been applied on the FTO (Fluoride
Tin Oxide) conductive glass using an electrochemical method. Then, using in situ hydrothermal method, MoS-
WOj; nanocomposite is deposited on the substrate containing Tungsten oxide. By changing the percentage of MoS,,
the optimal effect of molybdenum disulfide concentration on the electrochromic properties of the coated layer was
investigated. The nanocomposite thin film containing optimal percentages of Molybdenum disulfide was analyzed

SKniZVnV%ﬁg:s and characterized by Scanning Electron Microscopy (SEM), Optical Spectroscopy, X-ray diffraction (XRD), and
Thin Film, Amperometry. According to results, the nanocomposite containing 0.025% molybdenum disulfide (WM0.025) has
Nanocomposite, the best response in the electrochemical cell for using as smart glass. The optical results showed that the addition
WOs3, of molybdenum disulfide to tungsten oxide resulted in the colorization of the electrochromic layer, and due to the
MoS, increase in the diffusion coefficient of lithium ions (from the electrolyte solution), the response time of the

electrochromic layer was also improved.

https://doi.org/10.30501/jamt.2024.461735.1301

URL.: https://www.jamt.ir/article_206334.htm

1. INTRODUCTION

Smart materials are materials that change their
physical or chemical properties by applying energy and
creating excitement in them. These materials act based on
the change of the equilibrium state of electrons due to
external excitation. If this excitation leads to a change in
optical properties such as reflection,
absorbance/scattering or transmission, this process is
called colorization. This process is a reversible change in
the optical properties of a substance that occurs because
of oxidation and reduction reactions. This color change
occurs between two transparent and colored states or
between two colored states. The electrochromic device
consists of two transparent electrodes, the electrochromic
layer and the electrolyte. The oxidation-reduction
reaction by the potential difference created in the two
electrodes and the electrolyte between them can cause a
change in the electron alignment of the color centers in
the electrochromic layer, which results in absorbance.
The visible light also changes and the color changing
occurs and the system changes from a transparent state to
a colored one (Veeramalai et al., 2016).

Various transition metal oxides such as Nickel Oxide,
Tungsten Oxide, Copper Oxide can be used as inorganic
electrochromic materials. However, tungsten trioxide can
be a suitable candidate for electrochromic devices due to
its high electrochromic response, good colorization
efficiency, and suitable cycle stability. In addition,
devices based on Tungsten Oxide show low energy
consumption, good memory effect and high contrast ratio
(Falola, et al., 2016). One of the ways to improve the

performance of the electrochromic layer is to add an
impurity component corresponding to the electrochromic
material. In 2012, Huang (Huang et al., 2012) and his
colleagues investigated a suitable increase in
performance improvement by adding silver nanoparticles
to tungsten oxide. Yao (Yao et al., 2012) and his
colleagues investigated the addition of carbon nanotubes
to tungsten oxide and because of the advantages These
nanomaterials had a great effect on the improvement of
this layer. In 2014, Lin (Lin et al., 2014) and his
colleagues investigated the nickel oxide composite
containing lithium and zirconium, the result of which was
the improvement of the electrochromic properties of
nickel oxide.

In addition, in 2015, Chang (Chang et al., 2014) and
his colleagues studied the effect of the growth of tungsten
oxide nanowires on graphene oxide plates in an
electrochromic device, and the presence of two-
dimensional graphene oxide plates has improved the
performance of the device during switching and coloring
efficiency. Problems such as high cost and long process
in making graphene and on the other hand, graphene not
being stable at high temperatures have caused other two-
dimensional materials to be proposed. For example,
using other two-dimensional materials such as
molybdenum  disulfide  helps  improving the
electrochromic efficiency of layer. Porous molybdenum
disulfide has received much attention due to its high
surface area ratio and active sites. This amazing material
has proven its effectiveness in numerous researches on
energy production in fuel cells, biosensors and
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supercapacitors (Falola et al., 2016). In 2020,
Mallikarjun (Mallikarjun et al., 2020) used two-
dimensional molybdenum disulfide plates to make
flexible smart glass and to improve the electrochromic
layer of tungsten oxide. The reason is its high electrical
conductivity, good mobility, high surface ratio and
mechanical properties of this two-dimensional material.
Therefore, according to the characteristics of
molybdenum disulfide and tungsten trioxide, the choice
of nanocomposite of these two materials was considered
in this study to increase and improve the performance of
smart glass, with an easy and repeatable synthesis
method. In the current research, the fabrication of
molybdenum disulfide-tungsten trioxide nanocomposite
by electrochemical deposition method is reported and its
electrochemical properties are investigated. High
specific surface area, two-dimensional permeable
channels, acceptable conductivity and ability of
molybdenum disulfide make the penetration of ions in the
electrochromic layer more and charge transfer faster.
Therefore, it is expected that the performance of the
nanocomposite electrode will improve.

2. MATERIALS AND METHODS

In order to make a thin layer of tungsten oxide in the
nanocomposite electrode, the electrochemical layering
method was used. First, the tungsten wire precursor was
ground to a maximum size of 1 mm, and a thin layer of
tungsten oxide was deposited on the transparent
conductive layer of FTO as a growth substrate from the
powder obtained for 1 gram in hydrogen peroxide. The
electrochemical marking layer was done by a potentiostat
device with a voltage of -0.7 mV compared to the
silver/silver chloride reference electrode for 300 seconds.
In order to create a two-dimensional nanometer structure
of molybdenum disulfide on the layered electrode, the
hydrothermal method was used.

The hydrothermal solution of tungsten trioxide
prepared with molybdenum disulfide powder obtained in
the previous step was added to the solution with weight
percentages of 0.01, 0.025 and 0.05 and it was stirred for
60 minutes at a speed of 700 rpm. . The number of three
pieces of FTO coated by electrochemical method were
placed on the pre-designed Teflon holder and the holder
was placed in a 100 ml Teflon container. Finally, the
autoclave was subjected to heat treatment in the oven for
24 hours at a temperature of 160°C. The synthesized layer
was used as the electrode containing the electrochromic
layer in the electrochromic device. To test the
performance of the synthesized electrode as a smart
glass, first, 0.25 g of lithium perchlorate salt was placed
in a vacuum oven for 12 hours at a temperature of 100°C.
Then, the dried salt was mixed in 20 ml of propylene
carbonate for 3 hours on a magnetic stirrer at 500 rpm
and the clear electrolyte obtained was used for injection
into the electrochromic cell.

PGSTAT30 model galvanostat potentiostat was used
for electrochemical experiments. Cyclic voltammetry
(CV) and chronoamperometry (CA) measurements were
used to investigate the electrochromic properties. CV
measurements were carried out in the potential range of -
1to 1 V and with a scan rate of 50 mv/s with an Eco
Chemie PGSTAT30 potentiostat device manufactured by
Metrohm. In order to investigate the crystal structure,

morphology and dimensions of nanoparticles and
observe optical changes from X-ray diffraction analyzes
(XRD), field emission scanning electron microscope
(FESEM) and optical test (UV-Vis) from Lambda 25
spectrometer from PekinElmer Company were used.
Raman spectroscopy was also performed by Takram
P50COR10 (laser wavelength of 532 nm).

3. RESULTS AND DISCUSSION

By comparing the Cyclic Voltammetry of two
samples (Figure 1), it is clear that the density of cathodic
and anodic currents is higher in the nanocomposite layer.
This means more charge transfer and more Li* ion
exchange in the tungsten oxide-molybdenum sulfide
nanocomposite layer. As expected from the SEM images,
the charge transfer at the layer/substrate interface and
consequently the Li* ion exchange process at the
electrolyte/layer interface has increased. Therefore, the
level of the CV diagram, which indicates the amount of
charge exchanged, is higher in the nanocomposite layer
than in the tungsten oxide layer.
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Figurel. Cyclic voltammetry of WOs thin film and
nanocomposite thin film containing 0.025% MoS:

Due the obtained results, it can be seen that the
nanocomposite layer has a shorter switching time, higher
optical modulation and more coloring efficiency, also the
presence of tungsten oxide nanoparticles on the MoS;
nanosheets has caused a high specific surface area for the
nanocomposite. On the other hand, MoS; can act as an

ideal electron acceptor material to receive WOs excited
electrons and increase the electron transfer rate in the
nanocomposite layer. The Wb and Wc graphs correspond
to the passage of a thin layer of tungsten oxide in
colorless and colored states, respectively. As a result, this
layer has a faster electrocromic response. In the process
of coloring the nanocomposite layer, the diffusion paths
of Li ions to enter/exit from the tungsten oxide network
are shorter, which is due to the structure of the network
and more contact between the electrode and electrolyte
surface.
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Figure 2. Transmitance for smart glass containing tungsten
trioxide layer, nanocomposite containing 0.025%
molybdenum disulfide plates and glass containing conductive
layer.
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4. CONCLUSION

The present research was conducted with the aim of
investigating the effect of the presence of molybdenum
disulfide on the electrochromic properties of tungsten
oxide. For this purpose, WOs thin layer and WO3-MoS;
nanocomposite  thin  layer were prepared by
electrochemical deposition method. The results of the
research showed that the presence of MoS; layer in the
interface between the electrochromic layer and the
conductive electrode had a significant effect on the
properties and performance of the WQO3; electrochromic
layer. The comparison of SEM images of the samples
showed that the presence of MoS; layer changed the
morphology of WO3 nanoparticles compared to the layer
without MoS;. The WOj; layer consists of an amorphous
background in which nanorod particles are irregularly
distributed in its parts. Examining the electrochemical
results showed that the presence of the MoS; layer in the
nanocomposite sample increased the electrochemical
activity of the layer compared to the layer without MoS..
The diffusion coefficients obtained from the results of the
cyclic voltammetry test showed that the presence of
molybdenum disulfide plates in the samples increased the
diffusion of Li ions in the dye active layer.

In general, the presence of molybdenum disulfide in
the interface of the electrode has improved the
electrochromic performance of the nanocomposite layer.
The reason for this is mainly related to the greater
electrochemical activity of this layer and the created
porous microstructure, which has increased the diffusion
coefficient of penetrating lithium ion and the large
specific surface area for charge transfer reactions.
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Abstract: The novel cobalt-nickel-based superalloys have been introduced and developed based on the
strengthening effect of the y' order compound in nickel-based superalloys. The aim of the present study is to
investigate the effects of temperature and strain rate during compression testing on the microstructural evolution
of a Co0-22.8Ni-3.4Al-8Cr-17.1W-1.5Ti-2.8Ta-1.5Nb-1.5M0-0.06C-0.02B (wt.%) superalloy. In this study, hot
compression tests were performed within a temperature range of 1050-1200°C, with 50°C intervals, and at strain
rates of 0.1 s* and 0.001 s, up to a strain of 0.7. Microstructural evolution was analyzed using Optical
Microscopy, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and X-ray
Diffraction (XRD) analysis. The results showed that as the temperature increased from 1050 to 1200°C and the
strain rate decreased from 0.1 s™' to 0.001 s, the flow stress decreased. Microstructural studies indicated that at a
strain rate of 0.1 s¢, increasing the temperature from 1050 to 1100°C did not lead to the onset of recrystallization;
elongated grains were still present in the structure. At 1150°C, dynamically recrystallized grains began to nucleate
and grow around the initial and pre-existing grain boundaries. Dynamically recrystallized grains were also
observed on precipitates, indicating that the recrystallization mechanism was particle-stimulated nucleation. At
1200°C, the development of dynamic recrystallization was observed in certain regions of the structure. At a strain
rate of 0.001 s* from 1050°C, the development of dynamic recrystallization was observed throughout the structure.
At 1150°C and a strain rate of 0.001 s, the structure was fully recrystallized, displaying equiaxed grains with a

uniform size distribution.
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1. INTRODUCTION

The high strength in Ni-based superalloys is
achieved through ' precipitates. These precipitates have
an L12 ordered structure, which leads to yield point
phenomena. Following the discovery of y' in Ni-based
superalloys, research has been conducted on Co-based
superalloys to produce precipitates with an A3B-L12
structure, capable of strengthening Co-based
superalloys through precipitation hardening. In 2006,
the ordered y'-Cos(Al,W) precipitates were introduced
by Klein et al. (Klein et al., 2011), exhibiting the same
strengthening effect observed in Ni-based alloys. These
precipitates remain stable up to 1173°C, leading to the
development of new cobalt-based superalloys centered
around the Co-Al-W system.

Studies (Kartika et al., 2009) on the microstructural
evolution and mechanical properties of Co-Cr and Ni-
Co-W alloys show that dynamic recrystallization is the
dominant restoration mechanism during hot deformation
of these alloys. In research conducted on a Co-32Ni-
20Cr-10Mo alloy (Yamanaka et al., 2011),
discontinuous dynamic recrystallization was reported to
occur at 1100-1220°C. However, twinning occurred as

a result of dynamic recrystallization within the
temperature range of 950-1050°C.

In this study, Al, W, Ni, Ti, and Co were added to
promote the formation of y'. Ni and Ti increased the
volume fraction of y', while C and B enhanced the
strength of the grain boundaries. Nb improved the
stability of y', and Mo increased the overall strength of
the superalloy. Since limited research has been
published on the hot deformation behavior of new Co-
based superalloys at temperatures higher than 1050°C,
the present work studies the effect of compression test
parameters on the microstructural evolution of a Co-Ni-
Al-Cr-W-Ti-Ta-Nb-Mo-C-B superalloy.

2. MATERIALS AND METHODS

This study was conducted on a new cobalt-based
superalloy with the chemical composition provided in
Table 1. The primary ingot was produced via vacuum
induction melting (VIM), followed by electrode
refinement using electro-slag remelting (ESR). To
reduce inhomogeneities, the ingot was homogenized at
1300°C for 16 hours. Cylinders with a height of 12 mm
and a diameter of 8 mm were then cut from the ingot to
examine their structure.

https://doi.org/10.30501/jamt.2024.447689.1297.
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Hot compression tests were conducted at 1050°C,
1100°C, 1150°C, and 1200°C with strain rates of 0.1 and
0.001 st using an Instron 8502 machine. It should be
noted that the specimens were preheated for 10 minutes,
and the tests were completed up to a strain of 0.7, after
which they were immediately quenched in water.

To study the microstructure, the samples were
polished and etched in a solution of 50 ml HCI and 50
ml HNOs. The microstructure was examined using an
Olympus optical microscope and FESEM VEGAS3
TESCAN microscopy equipped with EDS (a') is. X-
ray diffraction (XRD) analysis was also uscu . detect
the phases present.

The chemical composition of the alloy used in this
work was Co-22.8Ni-3.4Al-8Cr-17.1W-1.5Ti-2.8Ta-
1.5Nb-1.5M0-0.06C-0.02B (wt%).

3. RESULTS AND DISCUSSION

Fig. 1 shows the flow curves of the alloy after
compression test at temperatures of 1050, 1100, 1150,
and 1200°C and strain rates of 0.1 and 0.001 s before
and after correction for adiabati haating effect. As seen,
after correction, the flow stress decreases as the
temperature increases. After the elastic region, the flow
stress passes the yield strength and it increases until it
reaches the peak stress. Then, the flow stress drops
suddenly at low  temperatures,  confirming
recrystallization.

True s treas (Mpa)
- s ¥ E ¥ ¥ ¥ B OB 8 8

o1 an o
Truzstrain

H - -

E ey
= 150
F 1050°C
£
Y 1orc
£

= 5T —— 1150PC

e L an o1 oz /25 L /35 o L

Truestrain

Figure 1. The true stress- true strain curves of the alloy
before (solid line) and after adiabatic correction (dotted line)
at various temperatures and strain rates of (a) 0.1 s and (b)

0.001 s

Fig. 2 shows the microstructure of the alloy after the
hot compression test at temperatures of 1050, 1100,
1150, and 1200 °C and a strain rate of 0.1 s The
microstructure of the alloy after the compression test at
1050 °C and 1100 °C shows recrystallization (Fig. 2(a)
and Fig. 2(b)). This is attributed to the existence of high
melting point elements, such as Mo and W, which raise
the recrystallization temperature of the alloy. As seen in
Fig. 2(c) and Fig. 2(d), some recrystallized grains are
present at the initial grain boundaries and on some
precipitates. The new grains formed via the SIBM
(Strain-Induced Boundary Migration) mechanism,

which results from the bulging of grain boundaries (Gao
et al. 2022). The necklace structure is also visible in the
microstructure of the specimens hot compressed at 1150
°C and 1200 °C. Therefore, as the test temperature
increased, the development of recrystallization was
observed. Additionally, since some recrystallized grains
nucleated on precipitates, the particle-stimulated
nucleation (PSN) mechanism was identified as the
second recrystallization mechanism activated in the
alloy.

’ 2 & H0um
Figure 2. The microstructure of the alloy after hot

compression test at temperatures of (a) 1050, (b) 1100, (c)
1150, and (d) 1200 °C and strain rate of 0.1 s™%.
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Figure 3. The SEM microstructure of the specimens
deformed at strain rate of 0.001 s** and temperatures of (a)
1050 and (b) 1150°C.

In both microstructures, recrystallized grains can be
observed. However, grain growth is evident in the
microstructure of the specimen deformed at 1150°C and
a strain rate of 0.001 st. This is attributed to the decrease
in the strain rate and the increase in deformation time,
resulting in greater migration of grain boundaries. The
increase in temperature from 1050°C to 1150°C raises
the diffusion rate and increases the dissolution of y’
precipitates. Consequently, the migration rate of grain
boundaries increases, leading to an increase in grain size
at the deformation temperature of 1150°C.

4. CONCLUSION

The results show that, with an increase in
temperature from 1050°C to 1200°C and a decrease in
strain rate from 0.1 to 0.001 s, recrystallization
develops. The microstructural evolution indicates that
the SIBM and PSN mechanisms are responsible for
recrystallization in the studied Co-Ni-Al-W superalloy.
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2. Strain Induced Boundry Migration (SIBM)

3. Discontinuous Dynamic Recrystallization (DDRX)
4. Particle Stimulated Nucleation (PSN)
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Abstract: To address climate change issue and transition from fossil fuels to renewable
energy, wind energy plays a pivotal role. Several countries have installed wind turbines in
the past years and have long-term plans to harness wind energy in the coming decades.
Given the large number of these turbines and their limited lifespan, typically ranging from

Keywords: . . S

Wir):(\jN Energy, 20 to 30 years, managing the waste from their components has become a significant
‘é\ggd Zsuizgigféde challenge. In particular, the recycling of wind turbines blades, mostly made of fiberglass
Recy’i"ng, ’ composites, is a difficult task. It is predicted that by the end of 2050, approximately 43

Waste Management million tons of blades will reach the end of their operational life. The present study

introduces the waste management and recycling technologies for these blades. Following
the waste management hierarchy, which consists of the prevention, reuse, repurpose,
recycling, recovery, and disposal, the three key recycling methods_ mechanical, thermal,
and chemical_ are thoroughly examined. The chemical method can be applied not only to
new blades but also to older ones, bringing them back to the recycling process and
contributing to the production of new-generation blades, thereby supporting the
development of a circular economy.

https://doi.org/10.30501/jamt.2024.473762.1305 URL.: https://www.jamt.ir/article_209448.html

1. INTRODUCTION
When it comes to the current main issue of the world,
the climate change, the main priority of governments and

challenge. Based on a 20-year useful life for turbines and
considering a weight of 10 tons per MW, it is expected
that by the end of 2042, the wind energy industry will

decision makers is to harness renewable energy as much
as possible. Through the deployment of energy harvester
devices, countries try to mitigate the destructive effects
of fossil fuels. Among the clean and sustainable sources
of energy, the wind plays an impactive role. Today, the
installed capacity of wind turbines around the world is
approaching 1000 GW, thanks to technological
advancement as well as the continuous decline in the total
cost over the past years. The installed capacity of wind
energy by the end of 2022 in the European Union, the
United States, China and other different regions of the
world is shown in Figure 1. Blades, as the most important
parts of the turbine, convert the kinetic energy of the
airflow into the mechanical energy. To increase the
capacity of the turbines, larger blades are required.
Considering the lifespan of wind turbines, which is
typically between 20 and 30 years, their first generation
is about to be out of service, and the waste management
of such large composite blades becomes a serious

face 8.6 million tons of blades that have reached the end
of their life (Delaney et al., 2023). Additionally, studies
indicate that by 2050, about 43 million tons of waste
blade will be produced, among which the share of China
will be 40%, Europe 25%, the rest of the regions 19%,
and the United States 16% (Liu and Barlow, 2017).
Figure 2 shows the blade material with respect to the
decommissioning interval for different regions of the
world.

2. METHOD

Figure 3 depicts the waste hierarchy for sustainable
blade waste management, consisting of the prevention,
reuse, repurpose, recycling, recovery, and disposal.
Among these six options, the recycling approach has
garnered more attention by researchers. This has been
explored through experimental studies using three
important techniques: mechanical, thermal, and chemical
methods, all of which are examined in detail.

of Wind Turbine Composite Blades. Journal of Advanced
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Figure 3. The waste hierarchy for sustainable blade waste
management.

3. RESULTS AND DISCUSSION

Different solutions for the sustainable blade waste
management procedure are proposed as follows:

Prevention: This solution is primarily achieved by
extending the blades’ lifetime through technological
advancement and timely maintenance operations.

Reuse: After reaching the end of their lifespan, the
blades could be overhauled and reused. The second-hand
market also offers opportunities for selling and reusing
them in other turbines.

Repurpose: In this case, the blades could be
repurposed as bike shelters, bridge support, house
structure, and more (Jensen and Skelton, 2018);

Recycling: This approach, widely wused by
researchers, consists of three techniques including the
mechanical, thermal, and chemical.

Recovery: The process of converting waste materials
into the energy or usable materials is often done through
incineration to recover energy. This solution is of
particular interest to heat-demanding industries such as
cement factories (Jacoby M. 2022).

Disposal: This solution, which is not suggested,
involves wither landfilling the blades or incinerating
them without energy recovery.

4. CONCLUSION

Although chemical recycling techniques require more
energy compared to the mechanical and thermal ones,
they can be applied not only to new blades but also to old
ones, returning them to the recycling process and
manufacturing new generation of blades, thereby
promoting a circular economy. This technique holds
promise as it proposes a sustainable approach for
managing composite-based materials used across
different industries.
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1. Resonance

2. Reinforcement
3. Matrix

4, Translucent

5. Varnish

6. Fiber



\‘/\—Y‘ﬁ ‘(\£~Y‘Jﬁli) «Y' o)w ‘\\‘ 4)); 4.".9)..:.?3 6u§)jujé\y MLM/Q‘)K&A}QL:?J)}: J«h&‘ﬁ‘ T‘T‘

33 g olizal (ledd 4l (065 5 il oS 5ol
O 31 S e 5l sl 45 S Ol e Sl s
Ala Sl 3 aid b Cand 53 Ol 53 clilodd anls LJL
Slasy SoS w0 losas o3k oy il slaen
@3k 0l 5 Al corle dgl B e wt b pse S
g gn 33 Losas bao s (IS Sas plodl Sl gy 5 3,15 5
3 e S b G s lanss bt
2 blodd S ate (Sadlysn i sbacnsy » 0L Kaas3
@Bl Ll ) w0l Sy s Gk Ll
b Sxdlygn i slagus bl i p i8S lacesn 3
50 1y sdoe (goslinad Sl 5 Wsh e s Les il
siselS Gl Sl stz ol 1 LT Ol
(rirmat it sl Kby gens jsba &S Sy
S A o 1y Gl sl OBl 4 Sl g0 5 sl 3
W) (550l e Ml 5 S U5 s 3 15 L
S e 1y S sl
Sladses b S i uiselS slbaeny gamalis
el (Sdlsa S sleen D2 e S (Sl s
Slawslis (Murray et al., 2015; Cousins et al., 2021)

wuwmjﬁﬁbo@ﬁ?uducﬂASMa&Qw&Fu
cJ)\j 6[.&)):.: uJ&- 03 Cewge Lgl.auu}q.. )‘ JJ‘J_’VUO
Sl @l (Murray et al., 2021) &xoes 555

b IS HL S aS 1) i 655 Sy pa 5 5 5elS
e SOl S e Sl 358 e sl o ss 2
Sphe s S Bl it (Sosm b s Sl
5 oIS b mselS e 5l Jad gla s 5 glae
a laey ol cxle ol Wledd astle Cawse 5 s
Ol s auym 4 aS b 5L s, Sy gl ol ol
ey g0 5 Slacyiy oS Sl Jl= 5l 158l e
dalg ad (6303 SO G 5 Kb e Sy BUI gl o
Jola 1y o g 3l dops b s> 3 ol-dlss &S

E) Q)} L JJ.LJJ éuaﬂ e QKA\ 4&“ u«.o J}.&L;c

S oSl SUL &S Sl s as e (S O 4
VU s 15 i (5123 oSzl Y gome X515
o3be (l b S P59 bl o SUI S 4 b
S Ko 4 55008 Dladad W 5 Ol 5 558 o0 s 5o
s e il sl | il

e Ll b s CBlis 5 e LS s SUI IS
O 25 Jasl Bl SOl ile 5l cblis cosen
A el oLl L Co Ol LS Sl 6,8 sk 5
SaS y mBlgps hien (25500l Sesle 3 e Sl St
Ul Caipel o plomml 5 ol ol (e
Pl 2 oS A Sl S sl Je sl ke
B)ls g selS AS

O b (BUINL edicy 585 Sxedly) (FRP) Yo 5uls
A8k ol Gl b Dot sl Sl 5 oS
s b g gl o 53 0 0 51 (K Ay 0 O
wis OF )3 adiS Ty i (go3le 45 303 2L T S 11l (6 ek
O VL 228 oo sl ol pam a0 (DIS 0 oS (s 38 .o
L aslie 5o db anils glos 28 3 0,8 oS Conl ol s
5 omb SV Jote VL e ()8 0
shye 51 LSS Olgea 1y 0T S ol s (VU aiS o slis
a5 i Sl o3 S B me sk 55 Cmn 033 208
03 eddatle sla o) 85 o )3 AQ 1 hs oS das e 0L
Ales S eslanal el GUINCS e (gosle 31 VAAY (gaas

5 (k) 6ol oo Gon gl mhe ¥ JSS
S G 3 a3 o 0L 1) O 55l (sl i
3Nt Gl ey s 53 ColslS g 53 (S
Y S8 5 e onlizad ¥ Jsb oSy 58 sl pizean
il [ S b Sl sk eS8 Ll s s
WS o ol 5 Sl Bl ol Sl b aer S
Ol o SO Joy sata s i 53 &S J s gl e
Besp b LIL s s Sl S gz gadnd msdile

Ll gla w5l LS 53 Lol gana Olgea) (PVC)

. Toughness

. Fiber Reinforced Polymer

. Glass Fiber-Reinforced Polymer (Gfrp)

. Carbon Fiber-Reinforced Polymers (Cfrp)
. Shell Panel

. Shear Web

. Spar Cap

. Polyvinyl Chloride (Pvc)
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» Life-time Extension:
Continuing operation of the
wind fann with the existing
turbines.
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* Resale: Blades with resale vahe are |
carefully dismantled, refurbished and
taken off site for resale or trading m
the second hand wind tubine

* Re-fabrication: Finding a second kfe or
new purpose for full blades or parts of the
blades in a new product.

* Recycling: The processing of waste material into a )
new product or material.

* Energy-from-Waste: The process of converting waste
into energy (heat, power or fuel) or materials.

recovery.

* Disposal: Landfill or incineration without energy or material 7/
w
&
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1. Reuse

2. Repurpose
3. Groyne

4. Recycle
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1. Sand

2. Clay

3. Https://Composites.Umaine.Edu/
4. Precast Concrete

5. Pyrolysis

6. Fluidized Bed Process
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Abstract: Harvesting biomechanical energy and converting it into electrical energy in
wearable electronic devices, particularly through skin-contact triboelectric nanogenerators,
has garnered significant attention due to their flexibility and broad applications. However,
several challenges such as material biocompatibility, minimal friction to prevent skin
inflammation, and sensitivity to humidity and temperature hinder the technology's
effectiveness. This study investigates the design, simulation, and fabrication of flexible
single-electrode triboelectric nanogenerators using sanitary silicone rubber as the
triboelectric negative material and E-glass as the triboelectric positive material, replacing
skin. Simulation results indicate that the open-circuit voltage varies depending on the
positive material, ranging from 96V for skin to 211V for E-glass, while the short-circuit
charge ranges from 18pC for skin to 54pC for E-glass. Fabrication results validate these
findings, achieving an open-circuit voltage of 200V, short-circuit current of 13.5pA, and
maximum output power of 1.85mW at a load resistance of 30MQ with E-glass. In contrast,
skin-based nanogenerators produced an open-circuit voltage of 92V, a short-circuit current
of 11.6pA, and maximum output power of 0.69mW at the load resistance of 20MQ. The E-
glass-based nanogenerators exhibit superior performance, stability, and user comfort,

making them a promising alternative for energy harvesting in wearable electronics.
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1. INTRODUCTION

In recent years, advancements in wearable electronics
for health monitoring, non-invasive disease diagnosis,
and chronic disease management have increased the
demand for devices that are lightweight, flexible,
waterproof, and durable. These attributes are essential for
wearable applications such as portable electronic
devices, biosensors, and health monitoring systems
(Ahmadi et al., 2024; He et al., 2017; Li et al., 2018;
Paydari et al., 2024; Pu et al., 2018; Su et al., 2018; Wu
etal., 2019; Zhao et al., 2020; Zhu et al., 2023; Zou et al.,
2018). Despite significant progress in developing flexible
and durable power sources, such as wearable lithium
batteries and supercapacitors, conventional energy
sources remain limited by their need for frequent
recharging or replacement, hindering practical
applications (Byun et al., 2019; Rodrigues et al., 2019).
Additionally, the toxic chemicals in many batteries pose
environmental risks. To address these challenges, there is
a pressing need for sustainable energy harvesting
technologies capable of powering wearable electronics
more efficiently. Triboelectric Nanogenerators (TENGS)

have emerged as a promising solution (da Silva et al.
2015).

Invented in 2012 by Wang and colleagues, TENGs
generate electricity through the triboelectric effect and
electrostatic induction by harnessing mechanical
movement between two different frictional layers (Fan et
al., 2012). These nanogenerators can be fabricated using
various materials including natural, synthetic, metallic,
and semiconductive substances, many of which are
biocompatible, biodegradable, or even bio-absorbable
(Khandelwal et al., 2020). By converting passive
biomechanical movements into electrical energy, TENGs
revolutionized self-powered medical devices and
wearable healthcare technologies (Chen et al., 2018;
Kwak et al., 2017; Qian et al., 2020; Weng et al., 2016;
Ghafouri & Manavizadeh, 2023).

TENGs operate by facilitating electron transfer
through the physical contact between two materials with
different electron affinities. This generates an electric
current when the materials are connected to an external
circuit (da_Silva et al., 2015; Niu & Wang, 2015;
Rodrigues-Marinho et al., 2020). The technology
supports four working modes—vertical contact, lateral

https://doi.org/10.30501/jamt.2024.468941.1303.
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sliding, single electrode, and independent electrodes—
each designed to optimize energy output depending on
the type of mechanical movement. Among these, the
single-electrode mode is particularly suited for wearable
devices due to its simplicity and compatibility with
human skin, which often serves as the positive
triboelectric material (Akram et al., 2022; Hakimi Raad
et al., 2023; Mathew & Vivekanandan, 2022).

Wearable TENGs can be integrated into clothing or
accessories to harvest energy from movements such as
walking, running, and even breathing. These devices
require materials that are soft, lightweight, and
biocompatible (Gogurla et al., 2019). The design must
also account for specific biomechanical movements of
different body parts to maximize energy capture. Among
the various configurations, single-electrode TENGs have
gained prominence for their efficient integration with
human skin, offering a power density of 2 mW/cmz,
open-circuit voltage of 115 volts, and short-circuit
current of 3 microamps on a 9 cm? surface (Zou et al.
2020).

Despite their potential, wearable TENGs face
significant  challenges, including skin irritation,
sensitivity, and variable performance due to variations in
humidity and temperature. To address these issues, this
study explores the development of a flexible, single-
electrode TENG using glass fibers as a skin substitute,
sanitary silicone as the negative triboelectric material,
and other biocompatible components. The investigation
includes structural and morphological analysis of these
materials, along with the effects of dielectric plate
distance, load resistance, and environmental conditions
on the TENG's output. The ultimate goal is to develop a
sustainable, biocompatible energy source for wearable
sensors and other electronic devices used in health
monitoring and treatment.

2. STRUCTURES, MATERIALS, AND METHODS
This research explores the development and evaluation
of a single-electrode Triboelectric Nanogenerator
(TENG) for wearable applications. Skin is employed as
the triboelectric positive material, eliminating the need
for a second electrode beneath the skin and simplifying
the device usability. Recognizing the importance of
biocompatibility for skin-contact devices, sanitary
silicone is selected as the triboelectric negative material
due to its biocompatibility, flexibility, and FDA approval
for use in medical applications.

To mitigate potential damage caused by skin contact,
E-glass is investigated as a substitute for the skin as the
positive triboelectric material. This replacement not only
prevents skin irritation but also enhances the device
durability and output performance. The study begins with
a simulation of the TENG using COMSOL Multiphysics
software, focusing on a two-dimensional model to reduce
computational complexity. The simulation models two
dielectric plates and a metal electrode, with parameters
such as charge density and capacitance analyzed to
predict the device performance.

The results reveal a linear relationship between
dielectric distance, contact electrode, and output voltage
and charge. Key equations governing the TENG’s output
characteristics, including open circuit voltage (Voc) and
short circuit charges (Qsc), are derived. These

relationships are further explored using Ohm’s law to
predict the device's output current and voltage.

In the material selection phase, sanitary silicone is
confirmed as a suitable negative triboelectric material
due to its smooth surface, biocompatibility, and
mechanical properties. Aluminum is proposed in this
study for the electrode due to its flexibility and cost-
effectiveness. The proposed TENG design comprises a
three-layer structure: body skin (positive material),
sanitary silicone (negative material), and aluminum foil
(electrode).

Given limitations of skin contact, particularly in hot
weather, E-glass is proposed as an alternative positive
triboelectric material. E-glass, woven from glass fibers,
retains the electron affinity of glass while providing the
necessary flexibility for wearable devices. This
substitution improves user comfort by eliminating direct
skin contact, thereby reducing the risk of irritation.

The paper concludes with a detailed examination of
the TENG's output performance using both skin and E-
glass as positive materials, highlighting their potential for
practical wearable energy-harvesting applications.

3. RESULTS AND DISCUSSION

The study compares the performance of two
triboelectric nanogenerators (TENGs) using different
positive triboelectric materials: human skin and E-glass.
The simulation results reveal that the electric potential at
the contact electrode is higher than that at the reference
electrode, driving electron flow through the external
load. As the distance between the two dielectric materials
increases, the electric potential also rises. E-glass, being
more electronegative than human skin, generates a higher
electric potential and open-circuit voltage. Specifically,
the TENG with E-glass reaches 211 V at a 2 cm distance,
compared to 96 V for the TENG with human skin,
indicating E-glass as a superior choice for flexible,
wearable nanogenerators.

Under short-circuit condition, the TENG with E-glass
demonstrates a higher charge accumulation, resulting in
better performance than the skin-based TENG. The study
highlights that substituting the positive triboelectric
material with one higher in the triboelectric series, like E-
glass, increases both the open-circuit voltage and the
short-circuit charge, enhancing overall power output. The
experimental results confirm the simulations, showing
that the TENG with E-glass produces a maximum power
of 1.85 mW at 30 MQ, significantly higher than the 0.69
mW at 20 MQ for the skin-based TENG. This
performance difference is attributed to the higher
resistance and superior charge transfer properties of E-
glass, along with the absence of charge leakage issues,
which are more pronounced in skin-based TENGs due to
the conductive nature of sweat and the human body.

The study concludes that the E-glass-based TENG
offers superior power generation, stability, and user
comfort for wearable applications. Its flexibility and lack
of dependence on the user’s metabolic conditions make
it a promising candidate for integration into clothing,
enabling self-powered operation and battery recharging
for wearable devices. The E-glass TENG, with its higher
resistance and stable power output, is better suited for
applications requiring consistent energy harvesting from
biomechanical movements without direct skin contact.
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4. CONCLUSION

This study explores the potential of flexible
Triboelectric Nanogenerators (TENGs) for efficient
biomechanical energy harvesting in wearable electronics.
The research primarily investigates the impact of
replacing human skin with E-glass as the positive
triboelectric material in single-electrode TENGs. This
substitution aims to enhance output power, reduce
negative effects associated with skin contact, and
improve the device suitability for powering wearable
electronics.

The study involved the design, simulation, and
fabrication of TENGs using sanitary silicone as the
negative material, comparing the performance of devices
incorporating either skin or E-glass as the positive
material. Simulation results indicated a significant
increase in open circuit-voltage—from 96 V with skin to
211 V with E-glass—when the dielectric separation
reached 2 cm. The short-circuit load also increased
markedly, from 18 picocoulombs with skin to 54
picocoulombs with E-glass, highlighting the superior
efficiency of E-glass.

Fabricated TENGs confirmed these findings, with the
E-glass-based device achieving an open-circuit voltage
of 200 V, short-circuit current of 13.5 pA, and maximum
output power of 1.85 mW at the load resistance of 30
MQ. In contrast, the skin-based TENG produced an
open-circuit voltage of 92 V, short-circuit current of 11.6
pA, and maximum output power of 0.69 mW at 20 MQ.

The application of E-glass offers several advantages,
including higher energy output, absence of leakage
current, and reduced sensitivity to environmental and
metabolic factors such as perspiration, making the
TENG's performance more stable and reliable.
Additionally, E-glass eliminates the need for direct skin
contact, addressing potential issues related to skin
irritation and long-term effects of use.

A comparative analysis revealed that using E-glass
instead of skin increased the open-circuit voltage up to
119.79% and the short-circuit load up to 200% in
simulations. The fabricated devices showed an increase
of 117.39% in open-circuit voltage, 16.38% in short-
circuit current, and 116.12% in maximum power, despite
a 50% increase in the device resistance.

These results underscore the potential of material
innovation in optimizing the energy-harvesting
capabilities of TENGs. The strong correlation between
thesimulated and experimental data validates this
approach, offering a pathway to more efficient and user-
friendly TENGs for powering wearable electronics,
particularly in health monitoring and disease treatment
applications.
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Abstract: In the present study, Diamond-Like Carbon (DLC) coating was applied using
two hydrocarbon precursors, methane (CH4) and acetylene (CzHy) through the PVD-1BD
process. Raman spectroscopy and nano-indentation analyses were conducted to study the
effect of hydrocarbon precursor on the structural and mechanical properties of the DLC
coatings. Additionally, Field Emission Scanning Electron Microscopy (FESEM) and
Atomic Force Microscopy (AFM) were employed to investigate the surface morphology
and topography of the created coatings. The results from Raman analysis revealed a
smaller Ip/lg ratio and a larger FWHM for the DLC coating synthesized with acetylene
hydrocarbon precursor. Cross-sectional FESEM images of the resulting coatings
demonstrated a higher deposition rate of carbonaceous species when using the acetylene
precursor. Further, AFM analysis showed that the surface roughness of the DLC coating
produced with acetylene hydrocarbon precursor was lower than that obtained with
methane. Finally, nano-indentation testing indicated that the DLC coating created using

acetylene gas source (CzH) exhibited higher hardness (H) and elastic modulus (E).

https://doi.org/10.30501/jamt.2024.473494.1304

URL.: https://www.jamt.ir/article 211650.htm

1. INTRODUCTION

Diamond-Like Carbon (DLC) is another name for
amorphous carbon that contains a significant percentage
of sp® diamond bonds (Robertson, 2002). DLC exhibits
outstanding properties, including high hardness, low
friction coefficient and wear rate, chemical neutrality,
high corrosion resistance, high electrical resistance, and
biocompatibility. These coatings consist of a
combination of graphite (sp?) and diamond (sp®) bonds.
The sp?/sp? ratio varies depending on the deposition
process, conditions, and carbon source (Chowdhury et

this process. When molecular ions strike the surface of
the substrate and coating, they break apart, and their
kinetic energy is distributed among the carbon atoms.
The resulting effective energy is calculated per carbon
(Robertson, 1994; Haiping et al., 2024). This means that the
properties of DLC coatings depend on the gaseous
precursor molecule. Therefore, changes in the gas source
impact the structure and properties of the DLC coatings
mainly due to the difference in H/C ratio in the
composition of hydrocarbon gases (Robertson, 2002;

al., 2004). Consequently, the structure, mechanical
properties, and tribological performance of these
coatings differ across the reports. lon beam-based
processes offer unique advantages. In these methods, ion
bombardment is used to improve surface properties and
create coatings. One key benefit of the ion beam
deposition process is the low coating temperature along
with enhanced adhesion to the substrate due to the
stitching process (Lichun et al., 2011). This technique
allows for the creation of thin diamond-like carbon layers
by ionizing hydrocarbon gases and accelerating carbon
ions toward the substrate using electric fields.
Hydrocarbon gases such as methane, acetylene, ethane,
and benzene are commonly utilized as carbon sources in

Robertson,1994). Therefore, this research investigates
the effect of hydrocarbon precursor on the structural
changes in carbon coatings created through the ion beam
process.

2. MATERIALS AND METHODS

In this research, AISI 4140 steel was used as the
substrate. The samples were polished using different
grades of grinding papers (from #80 to #3000) followed
by washing in an ultrasonic bath for 20 min at 40 °C and
40 kHz in acetone. To deposit DLC thin layers, ion beam
deposition process was employed, using a radio
frequency source and two hydrocarbon gas sources
acetylene (C;H;) and methane (CH4)_ with 99.99%

purity.

[in Persian]. https://doi.org/10.30501/jamt.2024.473494.1304.
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3. RESULTS AND DISCUSSION
Figure 1 presents the graph obtained from Raman
analysis for the DLC coatings created using acetylene
(C2H2) and methane (CHs) gas sources. The Raman
analysis results for carbon coatings created by acetylene
and methane hydrocarbon precursors indicate the
presence of G and D peaks, confirming the formation of
the DLC phase in the structure of the coatings. The Ip/ls
ratio for the DLC coatings with different gas sources was
extracted from Raman spectroscopy chart. To calculate
this, the height of peak D was divided by the height of
600 -
DLC: C;H:
In/lG=0.49

400

Intensity (a.u.)

200

G band

peak G, yielding numerical value that represents the
intensity ratio of peaks D to G. The Ip/lg ratios for the
DLC coatings with acetylene gas source (C.H,) and
methane gas source (CH4) were obtained as 0.49 and
1.02, respectively. These values indicate that the DLC
coating deposited with acetylene gas source has more
diamond-like characteristics. In contrast, the higher Ip/lg
ratio for the DLC coating created with methane gas
source suggests a more regular structure with a lower
amount of irregular sp3 phase, compared to the coating
created with acetylene gas source.
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Figure 1. Raman spectrum of DLC films a) DLC (C2Hz), b) DLC (CHa)

4. CONCLUSION

According to the results of Raman analysis, the
lowest Ip/lg value was observed in the Diamond-Like
Carbon (DLC) coating created using an acetylene
(C2H2) source. The graphite clusters size for this coating
was the smallest, measuring 9 angstroms. Additionally,
the FWHM (G) value for DLC (C2H>) coating was 162
cm* which was higher than that of DLC (CHa) coating.
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Abstract: In this study, the electronic properties of indium antimony have been
comprehensively investigated using density functional theory for InSh semiconductors. The
total Density of States (DOS) and Partial Density of States (PDOS) were analyzed to
evaluate the contribution of individual atomic orbitals in the atomic structure. In addition,
the band structure and electron scattering properties of InSh were determined. The Fermi
levels in this crystal were also identified, and the calculations revealed significant features
of its electronic structure, thereby providing a theoretical basis for further experimental
research and wider technological applications. The current research investigated the band
structure and Fermi levels of InSb crystal. The band structure examination shows that the
energy of the band gap is approximately 0.17 electron volts, which aligns closely with the
measurements obtained from the Hall effect. These calculations were performed using
Quantum Espresso software, the results of which exhibited good agreement with the
experimental results.
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1. INTRODUCTION
Indium antimony is a compound semiconductor

level is essential to predict the conduction behavior at
different temperatures.

belonging to the group IlI-V of the periodic table,
characterized by a long zinc-blende crystal structure.
Examining  the  performance and electronic
characteristics of this material is of particular importance.
Due to its narrow band gap and high electron mobility,
InSb is particularly considered for applications
(Morisaki, 1970; Sugiyama & Kataoka, 1985; Alberga et
al., 1982; Tukioka, 1991; Tanenbaum & Maita, 1953). It
is widely used in infrared sensors, optoelectronic
components, and devices with its electronic
specifications as an important materl (Hilal et al., 2016)
In these calculations, total Density of State (DOS) and
Partial Density of State (PDOS) were determined using
Density Functional Theory (DFT).

By assessing the charge carrier behavior near the Fermi
level, innovative applications can be developed, and
semiconductor devices can be improved. The analysis of
the band structure of InSb provides the possibility to
accurately determine the positions of the conduction and
capacitance bands. Furthermore, calculation of the Fermi

These calculations were conducted using Quantum
Espresso software package (Giannozzi et al., 2009), a
widely-used tool for quantum calculations in various
fields of material science. The algorithm of the software
is designed to simulate the electronic structure of
materials, plane waves, and DFT. Performing based on
DFT, this algorithm employ quasi-potential approach for
simulation. Using Quantum Espresso facilitates faster
calculations owing to its implementation of the full-
potential approach, unlike codes that rely on pseudo-
potentials such as WIEN2K.

It is particularly useful for simulations involving
nanomaterials and crystals at the atomic scale. This
software also supports parallel calculations, significantly
enhancing its speed and efficiency in complex
calculations. Quantum Espresso is widely used in
scientific research fields such as solid-state physics,
material science, and nanotechnology. Figure 1
illustrates the InSb crystal structure in the zinc-blende
crystal structure.
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Figure 1. Crystal stracture of InSh

2. CONCLUSION

The Fermi level is a key concepts in solid state
physics, which represents the highest energy level
occupied by electrons in the ground state. The study of
the Fermi level provides a better understanding of the
behavior of charge carriers in regions close to the Fermi
energy of InSbh, particularly at low temperatures and
under specific conditions such as strong magnetic field.
The band structure and energy related to Density
Functional Theory (DFT) were calculated by using
Quantum Espresso software and complex quantum
calculations. Upon using DFT, the value of electrons
density within the crystal was approximated to determine
the Fermi level position of a narrow band semiconductor.
The Fermi level is located in the band gap, meaning the
valence band is filled while the conduction band remains
empty. This energy distribution causes the material to
exhibit semiconductor behavior at room temperature.

Under certain conditions, such as the applied electric
field or low temperature, it can produce free charge
carriers. Due to the narrow gap width or energy gap in
InSb, even small changes in the Fermi energy level can
have significant effects on the number of electrons in the
conduction band. This characteristic makes InSb a
valuable material in advanced electronic and
optoelectronic applications in the infrared detectors.

Based on the results from the Fermi level calculation
and orbital structure analysis through the Quantum
Espresso software, the material’s potential for high-
performance electronic devices and other properties can
be investigated.
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