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Abstract

Kingpin parts are one of the critical products for heavy vehicles and are generally made of 20MnCr5 steel. A
kingpin is a heavy metal cylindrical pin that is located underneath the front end of the trailer. The kingpin is the
mechanism on the trailer that locks it to a road tractor. The parts in this study have undergone to case hardening
heat treatment after the rough machining operation. During the operation in the assembly line, cracks have
been realized on the surface of the parts. In this study, the kingpin parts are examined with optical microscopy,
Scanning Electron Microscopy (SEM), hardness tests and %C potential analysis in order to determine the
potential causes of the crack formations. By the help of the analysis, the presence of cracks became clear. There
are no signs of hydrogen embrittlement. The exact outcome of the fracture could not be determined. It is seen
that heat treatment of the parts is not homogeneously obtained throughout their surfaces or desired volume,
and therefore fractures occur. With the present structure, it can be expected that even a low dynamic load
can lead to breakage. As a result, the investigations suggest that the parts were exposed to inappropriate heat
treatment parameters.

Keywords: Kingpin, Case Hardening, Scanning Electron Microscopy (SEM), Crack formation, 20MnCr5 steel

1.INTRODUCTION

The n-trailer system is a unlike a flat system, who is flat (or
linearizing) outputs are the Cartesian coordinates of the
middle point of last trailer’s rear axle. Mobile robots with
trailers are flat systems as soon as the trailers are hitched to
the middle point of the axle of the previous ones. Placing the
king pin off the axle will cause the system not to be straight.
The placement of the kingpin outside the axle makes the sys-
tem not flat.[1] The kingpin sliding mechanism allows the
kingpin to slide along the axle of the previous trailer. From
the perspective of routing and control theory, a natural qu-
estion is whether the system remains flat. It is also proved
that the n-trailer system equipped with a sliding kingpin
mechanism is a differentially flat system [2].

Steels used for surface hardening generally contain a carbon
content of about 0.2%, and the carbon content of the car-
burized layer generally being controlled at between 0.7 and
1% C. However, the carbon content on the surface should
generally not exceed 0.9% because high carbon content can
result in retained austenite and brittle martensite (due to the
formation of proeutectoid carbides on the grain boundaries)

(3].
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Surface hardening is a process that has been used for many
years to improve the surface hardness of metals. Fast hea-
ting and rapid quenching methods are used to increase the
surface hardness. Surface hardening is observed with the
changes provided in the microstructure [4]. The compressi-
ve residual stresses prolong the fatigue lifetime of the harde-
ned component. In the surface induction hardening process,
heating is very fast and directly followed by quenching, so
the generation of residual stresses is more complex than the
common hardening process [5]. Calculating the variation
of heat generation rate in components with a complex geo-
metry is difficult, therefore the experimental measurements
of surface heat fluxes are also used. Many finite element stu-
dies focused on the prediction of residual stresses in com-
ponents during heating and quenching and a few papers on
the surface induction hardening have been published in the
past years. The finite element method (FEM) makes it pos-
sible to estimate the residual stresses in components during
heating and quenching to determine the relationship betwe-
en process parameters and the mechanical properties of the
material being processed [6].

For iron or steel parts with low carbon content, which has
poor hardenability due to the chemical composition, the
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case hardening process involves infusing additional carbon
or nitrogen into the surface layer. Case hardening is usual-
ly applied after the part has been formed into its final sha-
pe, however, can also be applied to increase the hardening
element content of bars to be used in a pattern welding or
similar process: Case hardening process is applied intensi-
vely on parts subjected to high pressure or sharp impacts.
Firing pins, rifle faces, engine crankshafts can be shown as
examples of parts that have been processed. In these cases,
the surface may be hardened selectively, leaving the center
of the part in its original tough state [7,8].

Stress corrosion cracking and intergranular corrosion of are
the most important corrosion types those affect the servi-
ce behavior of austenitic stainless steels. Dissimilar material
and environmental factors affect stress corrosion cracking
behavior of austenitic stainless steels. The environmental
factors include the processes of forming by cold plastic de-
formation and seam welding. The latter justifies that there
is a growing interest in knowing the effect that prior to cold
work and sensitization treatment have on the stress corrosi-
on cracking behavior of these types of materials [9,10].

In this work, the reasons of a sudden failure of a steel part
during its assembly have been investigated in detail. By
conducting many experimental studies, a detailed fracture
analysis has been made. The aim of the analysis is also to
investigate the effects of the heat treatment parameters for
determining the fracture of the kingpin parts.

2. MATERIAL AND METHODS

The spectral analysis, metallography and fractography stu-
dies, SEM analysis and hardness tests were carried out for
the 16MnCS5 steel parts, respectively. The image of the kin-
gpin part broken in assembly lines is shown in Figure 1.
The chemical composition of the analyzed 16MnC5 steel is
shown in Table 1, and the mechanical properties are given
in Table 2.

Table 1. Chemical composition of 16MnCr5 (1.7131) steel (wt.%)
C Si Mn P S Cr
0.14-0.19 1-13 max 0.025 | max 0.035 | 0.8-1.1

max 0.4

Table 2. Mechanical properties of the 16MnCr5 (1.7131) steel
Property Value
Nominal thickness (mm): to 16

Rm - Tensile strength (MPa) hardening and tempering at 200°C | 1000

Rm - Tensile strength (MPa) 550
Rp0.2 0.2% proof strength (MPa) 420
A - Min. elongation Lo = 80 mm (%) 21
Z - Reduction in cross section on fracture (%) 62-64
Vickers hardness (HV) 170

Before the macroscopic examinations, the fracture surfa-
ces were cleaned in an ultrasonic bath, and then examined
under a stereo microscope. For further investigation, samp-
les were prepared through the examined part. The locati-
ons where samples were taken out are shown in Figure 2.
The samples were taken from three different positions and
have been encoded as follows: RD-Radius (05-20-0619-1),
FR-Fracture surface (05-20-0619-2), and FL-Flange (05-20-
0619-3). Representative coding’s are given in Table 3.

Figure 2. The locations where samples were taken out

Table 3. Representative coding’s belong to three different locations.

Sample Code Location Long name
RD Radius 05-20-0619-1
FR Fracture surface 05-20-0619-2
FL Flange 05-20-0619-3

In order to understand the reasons of the kingpin’s failure,
the broken failure areas were examined by Scanning Ele-
ctron Microscopy (SEM). Also, Vickers set hardness tests,
using 1 kg load, were carried out on from the surface of the

(b)

Figure 1.1mages of the (a)original, and (b)broken kingpin part
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samples after heat treatment in order to determine the hard-
ness depth of the parts.

3. RESULTS AND DISCUSSION

All the samples were examined from their cross-section by
a light microscope. The images of the RD sample from its
surface area with different magnifications have been shown
in Figure 3, which present mainly the martensitic microst-
ructure. And the microstructure belongs to the center part
of the radius section containing mixed structure of bainite
and coarse martensite phases which is shown in Figure 4.
Moreover, the images from the cross section of the fractu-
re surface with different magnifications have been shown
in Figure 5. It is clearly shown here that the microstructure

Figure 3. Surface

Figure 5. Images of the FR sample showing a mixed structure of bainite and coarse martensite phases

European Mechanical Science (2021), 5(3): 92-98
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consists of a mixed structure containing bainite and coarse
martensite phases.

The surface area belongs to flange section contain hard mar-
tensitic structure as shown in Figure 6. And the microstru-
cture belongs to the center part of the flange section having
the mixed structure of bainite and coarse martensite phases
are shown in Figure 7.

The metallographic investigations for both RD and FL
samples show that there is a hard martensitic structure wit-
hout any mesh or bone type carbide at the surface zones.
In the center, there is an inhomogeneous mixed structure
of bainite and coarse martensite phases. It can be assumed
that the structure shows high strength. Based on the cen-

structure of the RD sample showing the martensitic structure
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Figure 6. Surface structure of the FL sample having hard martensitic structure
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Figure 7. Flange area mixed structure of bainite and coarse m

artensite components

Figure 8. SEM images of different areas from the broken parts
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ter structure and the determined core strength, it could be
predicted that the component has little ductility and tough-
ness. This can also be concluded with the presence of a shiny
surface. However, in the area where the fracture occurred
(FR sample), there is a mixed structure of bainite and coarse
martensite phases also in the surface zone.

SEM images taken from the fracture surfaces with different
magnifications are shown in Figure 8. It is seen from the fi-
gure that intergranular fracture (which is a sign of brittle fra-
cture) is valid in the surface zone. And a mixed mode with
cleavage type of fracture is visible in the core center part of
the sample.

The polished cross section prepared from the radius area of
the part is shown in Figure 9, and the hardness test results
are given in Table 3 and Figure 10. It is known that Baini-
te phase is formed at slower cooling rates more than that
for martensite formation and faster than that for ferrite and
pearlite microstructure and martensite is formed when the
cooling rate from austenitic microstructure is sufficiently
fast. So, these hardness results confirm the microstructural
analysis mostly.

Figure 9. Prepared hardness test sample from the radius area

CHOMIn CHOMax

880 g

600 .

$., CHD 550 HV 1= 0 773mm
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Figure 10. Graphical hardness test results of the RD sample
The polished cross section prepared from the fracture area

of the part is shown in Figure 11, and the hardness test re-
sults are given in Table 4 and Figure 12.

BT European Mechanical Science (2021), 5(3): 92-98
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Table 3. Hardness test results belong to RD sample.

S Result (HV) X- (Pnc::wt;on Y- E’nc:::;on Hargggs; 51epth

1 750 0,1 0

2 734 0,2 0,2

3 718 0,3 0

4 688 0,4 0,2

5 664 0,5 0

6 627 0,6 0,2

7 582 0,7 0

8 538 0,8 0,2 0773 mm
9 481 0,9 0
10 472 1 0,2
11 450 1,1 0
12 412 1,2 0,2
13 431 13 0
14 398 14 0,2
15 390 1,5 0
16 399 1,6 0,2

Figure 11. Prepared hardness test sample from the fracture area

Table 4. Hardness test results belong to FR sample.

Step Result (HV) X- (P:];lt;on Y- (P:\sr:qtl)on Har:r;gs:| 31epth

1 755 0,1 0

2 751 0,2 0,2

3 702 0,3 0

4 680 0,4 0,2

5 657 0,5 0

6 613 0,6 0,2

7 579 0,7 0

8 548 0,8 0,2

9 533 09 0 0794 mm
10 509 1 0,2

11 475 11 0

12 461 1,2 0,2

13 436 13 0
14 435 14 0,2
15 438 15 0
16 425 1,6 0,2

As a result of the analysis, the exact outcome reason of the
fracture could not be determined as there are no clear sig-
ns of possible failure types such as hydrogen embrittlement



Tugrul Soyusinmez; Oguzcan Guzelipek; Tolga Palandiiz; Onur Ertugrul

failure. The only clear outcome is the presence of the brittle
type of fracture mode especially in the surface part, which
is concluded by the help of the SEM study. With the present
structure it is to be expected that even a low dynamic load
can lead to the sudden failure. Hydrogen absorption with
martensitic structure causes cracks to occur on the weakest
point of part, especially on the steel parts which become
particularly brittle.

00 02 04 0se ve 10 12 14 16 18 0

Figure 12. Graphical hardness test results of the FR sample

4. CONCLUSIONS

This study was conducted on the parts those are used as pins
in the truck axles, and this detailed examination has emer-
ged due to the sudden break of the part during assembly.
The fracture is a brittle one. Based on the core structure and
the determined core strength, it can be assumed that the
component has no very low ductility or toughness. With the
present structure it is to be expected that even a low dy-
namic load can lead to breakage. As a result, the following
conclusions can be drawn:

1. The metallographic examination shows that there is a
martensitic hardness structure without mesh or bone car-
bide at the edge.

2. In the core there is an inhomogeneous mixed structure of
bainite and coarse martensite components.

3. It can be assumed that the structure shows high strength.

4. The investigations carried out suggest that the component
was exposed to incorrect heat treatment parameters.

5. As aresult of the work, it has been concluded that the heat
treatment of the parts is not homogeneously distributed and
therefore fractures occurred.

It is a target to prevent premature failures that may occur
due to material selection, design, manufacturing, or heat
treatment. It is very important for heat treatment compa-
nies to understand the cause of the break and to work on
this issue. In addition, engineers and designers need to un-
derstand the effect of heat treatment to eliminate problems
related to longevity and service performance.
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Abstract

This study proposes a novel isolated bidirectional multi-port converter (MPC) based on a switched-capacitor
converter and a half-bridge converter with an effective control scheme for photovoltaic (PV) powered and
battery buffered systems. The proposed power electronics converter interface integrates the converters to the
ports which are connected with a battery coupled common DC busbar and high-frequency transformer (HFT).
Thus, the three-port converter is formed without any need for an additional converter to regulate battery power
flow. In addition, to transfer power from a low voltage PV energy unit to the battery and load, a single switch
DC-DC converter with high voltage gain is proposed. The power flow between the ports is controlled by an
effective multi-loop control scheme that is able to perform a smooth transition between the loops. In order to
validate the viability and effectiveness of the proposed MPC, a proof-of-concept simulation model has been
developed with a 3 kW PV and 220 V 12 Ah battery. The performance of the proposed converter has been
analyzed for different case studies, including dynamic operating and loading conditions.

Keywords: Multi-port DC-DC converter, switched-capacitor, photovoltaic, battery, multi-loop controller

5.INTRODUCTION

5.1. Overview

In the last few decades, the use and depletion of fossil fuels
have accelerated in parallel with the significant increase in
electricity demand [1]. The environmental concern and dep-
letion of fossil fuels have led to develop renewable energy
sources (RESs) powered clean applications such as electric
vehicles [2], microgrids [3], residential grid-tie inverters [4].
Besides, RESs generating power in DC form are able to in-
tegrate with DC loads used in DC microgrids, which have
become widespread in recent years, without using additio-
nal inverter devices [5]. Although RESs are good candidates
for the aforementioned applications because of such advan-
tages, they are by nature unstable in their availability and
capacity [6]. The instantaneous production values of RESs
vary with natural conditions such as solar irradiation/tem-
perature [7], hydrogen pressure/temperature [8], and wind
speed [9]. RES-based energy systems are frequently equ-
ipped with energy storage units in order to eliminate the
non-linear behavior drawback of RESs. Battery units make
it possible to provide uninterrupted power to loads by buffe-
ring fluctuations and interruptions of RESs.

European Mechanical Science (2021), 5(3): 99-104
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The power flow between the RE- based energy unit, battery
unit, and load is performed using power electronics conver-
ter interfaces. Traditionally, individual converters are emp-
loyed and controlled in a decentralized manner to regulate
the power flow [10]. Because of that, traditional RES-powe-
red systems have high computational loads and costs. To
overcome the aforementioned limitations, multi-port con-
verters (MPC) are used, wherein RES-based energy units,
battery units, and loads are connected to different ports of
the MPC.

5.2. Literature Survey

MPCs are emerging power electronics solutions in order to
integrate multi-inputs/outputs with combined functiona-
lities and control schemes. MPCs can be divided into two
categories as isolated and non-isolated converters and are
presented in [11-13]. Non-isolated topologies have advan-
tages such as simpler structure and compactness by the lack
of a high-frequency transformer whereas they are not able
to provide isolation and flexible voltage range [14]. On the
other hand, isolated MPCs provide flexible voltage ranges
via HFT turns ratio as well as isolation between the ports.
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Isolated MPCs are good candidates for RES powered and
battery buffered systems because of their flexibility in per-
forming power flow between the different ports.

Several isolated MPC topologies have been presented in
the literature to integrate multi-input/output ports. Many
studies have addressed isolated MPCs using the derivations
of bridge converters that have capabilities of bidirectional
power flow, galvanic isolation, zero-voltage switching, and
zero-current switching [15]. Among the derivations of brid-
ge converters, full-bridge converters have advantages of two
times higher output voltage and higher power transfer capa-
bility, while half-bridge topologies with fewer switching de-
vices are advantageous in relatively low power applications
[16]. The turns ratio of HFTs makes it possible to provide
flexibility in voltage conversion ratio, while the high turns
ratio raises the problem of low efficiency. Therefore, MPCs
that are endowed with low turns ratio HFTs and integrated
with high gain converters stand out as in [7]. The power flow
path at the MPC port where RESs are connected is designed
to be unidirectional due to the nature of RESs. Because of
that, RESs are equipped with unidirectional DC-DC con-
verters. Various unidirectional high gain DC-DC converter
topologies developed and applied in literature are reviewed
in [17]. Step-up DC-DC converters temporarily store low
voltage input energy on magnetic field storage components
and transfer it to the output in high voltage levels [17]. The
fundamental step-up converter is the traditional boost con-
verters which have a restricted voltage gain with high out-
put voltage ripple. In order to eliminate the output voltage
ripples, interleaved topologies have been proposed [18].
Furthermore, multi-leg/multi-phase interleaved [19, 20], ca-
pacitor clamped h-bridge [21], and tristate boost converter
[22] topologies are employed in order to further decrease
the output voltage ripple and to improve the voltage con-
version ratio. However, the related topologies have a limited
gain and many active switching devices. The coupled induc-
tor topologies make it possible to provide high voltage gain,
but relatively large current ripples decay the service life of
the connected port RES or battery unit [21]. Tang et al. [23]
proposed a hybrid switched inductor converter. The swit-
ched inductor topology has a high voltage gain. However,
the voltage stress on the diodes is the main drawback of the

...........................................................

related topology.

5.3. Key Contributions

Literature review reveals the current researches focused on
MPCs in order to integrate multi-input/output ports with
reduced switches and complexity. In addition, it is conc-
luded that the unidirectional DC-DC converters that have
a high voltage conversion ratio to extract maximum power
from RESs play a critical role for RES-powered systems.
Among the related DC-DC converter topologies, switc-
hed-capacitor boost converter and half-bridge converter
excel with the aforementioned advantages.

This paper proposes a new MPC that is equipped with swit-
ched-capacitor DC-DC converter in order to integrate RES
with an isolated DC-DC converter via a battery coupled
common busbar. Since an additional DC-DC converter that
regulates the power flow of the battery contributes signifi-
cantly to the size and cost of the overall system, the power
flow of the battery is regulated by the existing converters
considering operation conditions. The proposed system is
equipped with a multi-loop control structure that operates
adaptively and allows instantaneous switching between the
loops. In order to validate the viability and effectiveness of
the proposed system, different load and temperature scena-
rios are operated.

The pattern of this study is organized as follows: the power
circuit configuration of the proposed system is given in Se-
ction 2. In Section 3, the operation modes of the proposed
MPC and overall control scheme are explained in detail.
Performance analysis and case studies are investigated and
discussed in Section 4. Finally, conclusions are presented in
Section 5.

6. POWER CIRCUIT CONFIGURATION OF THE
PROPOSED CONVERTER

The power circuit configuration of the proposed MPC which
is illustrated in Figure 1 consists of a half-bridge converter, a
controlled full-wave rectifier, a switched-capacitor DC-DC
converter, and a secondary center-tapped high-frequency
transformer (HFT). The proposed converter interface is
purposed to integrate battery, PV, and load and supervise

the optimal power flow between input and output ports.
Proposed MPC
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Figure 1. Circuit design of the proposed MPC
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The switched-capacitor DC-DC converter is used to trans-
fer power from PV to the battery/load with high efficiency.
Besides, the related DC-DC converter makes it possible to
connect low voltage PV into a relatively high voltage battery
due to its high voltage conversion ratio capability. Half-bri-
dge converter allows bidirectional power flow by transfer-
ring power from input ports to the output port and from the
output port to the battery. While the half-bridge converter
operates as an inverter during forward power flow, it ope-
rates as an uncontrolled full-wave rectifier during reverse
power flow. The galvanic isolation between the input and
output ports is provided by HFT with low turns ratio. The
controlled full wave rectifier located on the secondary side,
on the contrary to the half-bridge converter, operates as an
uncontrolled full-wave rectifier during the forward power
flow and operates as an inverter during reverse power flow.

The proposed MPC integrates three different converters; (i)
the switched-capacitor DC-DC converter, (ii) the half-bri-
dge converter, and (iii) the controlled full-wave rectifier
via battery coupled common DC busbar and HFT. On the
primary side, while the battery operates as a common DC
bus, the switched-capacitor DC-DC converter performs the
maximum power point tracking, constant current (CC), and
constant voltage (CV) charging methods. The DC-busbar
of the half-bridge converter is fed by PV and buffered by
battery. Thus, uninterrupted power transfer to the load is
provided. The relationship between the PV and battery vol-
tages is computed using the duty cycle of S . It is expressed
as follows [24, 25];

2

» 170 (1)

I/;)af —

Gain =

where V,  and V  represent the battery voltage and PV
output voltage, respectively. D describes the duty cycle of
switch S, and varies between 0-1 considering operation con-
ditions of the system.

7. CONTROL SCHEME OF THE PROPOSED CONVERTER

The detailed control structure is shown in Figure 2. The main
aims of the overall controller scheme are: (i) to ensure the
continuity of the power transfer to the load with constant
DC-link voltage, (ii) to transfer excessive power produced
by PV to the battery, (iii) to provide bidirectional power flow
between the ports. The effective control structure for the
proposed MPC is a multi-loop control structure that is com-
posed of power flow management, MPPT, CC/CV charging,
and DC-link control. The system operates adaptively and
allows instantaneous switching between the control loops.

The optimal power flow between input energy units and the
output load with respect to the instantaneous PV generati-
on, charge characteristics of the battery, and load variations
are the main part of the proposed converter operation. Ac-
cording to the instantaneous states of the ports, there are
three possible power flow circumstances as model, mode 2,
and mode 3. Mode 1 corresponds to power transfer towards
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a Vderef DC-Link Control
a 9 )
o S Limiter s
a a 9 = Vdcerr Pl duty 1
o o
o 65 5 A mus
5 2 2 g g Ve Controller 555 | T
= o O £ O S
8 588¢%
3 88 E b= Virer CV Control S
a9 = Q ———
g 00 20 v Limiter
=z = berr Pl duty 5
= Vy Controller |s, ja ©
< S
g v b Sg:Sg g S3
§ H
g% 3 3
o > = loref CC Control s
S <Is =
P> 3 Limjter
= LR T — Vherr bl dity a S,
g 1k 3 T
0 = X X o 1 Controller |S
T 232 9 b sl 5 /
» - T T T 4155
Q s] (s} o y
£ $3 s%
B 22 2 & MPPT Control
R R IRV Se
38 38 38 Voo |
—_—
ssss— ay
w ow w E S
- — ,
4 oA v

Figure 2. Control scheme of the proposed MPC

the load via PV and battery. In this mode, the battery ope-
rates in discharging mode. In mode 2, PV feeds the load,
whereas the battery is charged via PV. Mode 3 represents the
reverse power flow that is towards from the load side to the
battery. In this mode, the battery operates in charging mode.

In mode 1, the power of the load is provided from the PV
and battery at the same time. There are two potential cir-
cumstances in this case. The primary condition may take
place when the load power consumption is higher than the
available PV power. In this time interval, the battery buf-
fers the PV to transfer uninterrupted power to the load. The
secondary condition is that the PV operates under rated
power due to environmental situations such as irradiation
(i.e. the generated power of PV decreases with irradiation
reduction). The analytical relationship between power flows
is given in Eq (2).

[ Pua ()i =[ B, ()i + [ B, (1)t @)

In mode 2, the PV supplies battery, and the load, namely
the power produced by PV feeds the load and charges the
battery at the same time. This situation may occur under low
load consumption ratings. The PV power could be decre-
ased when the low power is consumed. However, in cases
where the PV generation is insufficient to supply the load,
the battery must be charged to keep the DC-link voltage
constant by buffering the PV. In cases where the battery sta-
te of charge is less than 100%, the excessive power of the
PV is used to charge the battery. During this time interval,
power flows are expressed mathematically in Eq (3).

.[;ZP,M (t)dt = J'iPp (t)dt—I:Pbm (t)dt 3)

In mode 3, the battery is charged from the load side. This
case may occur under a condition where there is no solar ir-
radiation and the battery is charged by the DC-microgrid to
which the load is connected. By this way, the power flowing
through the PV is zero. The power flow for this state is exp-
ressed as below:
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The power transfer towards the load is performed using the
DC-link control loop continuously, while the latter control
loops are enabled considering the instantaneous power pro-
duction value of PV. The power transfer from the load side to
the battery is performed using CC/CV charging algorithms.
The common aspect of the aforementioned control loops is
the use of the pulse width modulation (PWM) method. The
duty cycle values of the switches regulate the power flow ra-
ting by adjusting the voltages of output DC-link and battery
coupled DC busbar.

The DC-link control loop is used to regulate the output
DC-link voltage by triggering S, and S, switching devices.
The duty cycles of switches S, and S, with a 180° phase shift
between each other varies within the limits of 0-50 %. A duty
cycle of more than 50% causes the relevant switches to open
simultaneously and short circuit. The duty cycles of the
switches are computed using a PI controller. The difference
between the reference (V) and actual voltages (V) of the

re)

output load is applied to the PI controller.

The MPPT control loop is activated during mode 1 and
some states of mode 2. The MPPT control loop is used to
extract maximum power from PV by triggering the S, swit-
ching device. The maximum power tracking is performed
by the perturb and observe (P&0O) MPPT method due to
the ease of operation and reduced computational load. The
controller monitors the output voltage (V;W) and current (Ipv)
of PV and computes the instantaneous available power. The
algorithm perturbs the operating voltage to ensure maxi-
mum power by adjusting the duty cycle of switch S. The
operating voltage perturbation is performed by computing
the instantaneous duty cycle of S switch as follows;

D,.,=D,,+AD (if P>F,) (5)
D,, =D,,—AD (if P<FL,) (6)
D,, =D, (fP=P,) (7)

The available excessive power of PV is crucial in enabling
one of the MPPT or CC control loops. The battery char-
ging scenario has great importance to improve the service
life of the battery. Therefore, the battery charge current is
frequently is restricted with 0.5 C (C represents the nomi-
nal capacity of the battery) charging current. Considering
the charging current limits of the battery, the related cont-

rol loops are enabled. If the battery charge current reaches
the charge current limit, the MPPT control loop switches to
the CC control loop. The CC control loop rises the battery
voltage to its reference value of 242 V. The CV control is
enabled following the completion of the described opera-
tion of the CC loop. The CV charging continuous until the
charging current gradually decreases to 0.05C. The CC/CV
charging is achieved by adjusting the duty cycle of the switch
S,. In addition, the CC/CV control loops are also enabled in
mode 3, which is another power transfer state towards to
battery. The duty cycle value of the S, switch is computed
using PI controllers during related control loops are enabled.
The CC control loop computes the duty cycle by using the
error value between the reference (7, Ef) and actual (/,) values
of the battery current while the CV control loop computes
the duty cycle by using the error value between the reference

v, ef) and actual (V) values of the battery voltage.

8. PERFORMANCE ANALYSIS

In this section, to verify the effectiveness and viability of the
proposed MPC and the controller, a 3 kW proof-of-concept
model which consists of 3 kW PV and 220 V 12 Ah battery
has been developed using MATLAB/Simulink. The parame-
ters of the simulation model are shown in Table 1. The per-
formance of the proposed system is tested under two case
studies including all modes of operations. The case studies
which are summarized in Table 2 are formed by varying the
irradiation of PV and loading.

Table 1. Parameters of the proposed MPC

Table 2. Details of case studies

Case 1
Time Intervals
Time 0-0.25s 0.25-0.5s
Irradiation 300 W/m? 650 W/m?
Celcius 25C° 25C°

DC-Link Demand 1500 W 1500 W
Battery Charge/Discharge Discharge Charge
Mode Mode 1 Mode 2

European Mechanical Science (2021), 5(3): 99-104
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System Parameters Value
PV maximum power (1000W/m?) 3197 W
Maximum Power Point Voltage (1000W/m?) 87V
by Maximum Power Point Current (1000W/m?) 36.75 A
PV maximum power (250W/m?) 801.3 W
Maximum Power Point Voltage (250W/m?) 869V
Maximum Power Point Current (250W/m?) 9.221A
Battery Capacity 12 Ah
Battery Battery Nominal Voltage 220V
Battery Maximum Charge Current 6A
Inductor (L, ) 1mH
Switched Capacitor (C,) 250 uF
Capacitor | Capacitor (c) 250 uF
Capacitor (C,) 500 uF
Half Bridge Capacitors (C, C,) 2mF
DC-Link Capacitor (Cout) 1mF
General Nominal DC-Link Voltage 200
Switching Frequency 20 kHz
HFT Turns Ratio 1:2:2
Case 2
Time Intervals
0.5-0.75 s 0.75-1s 0-0.25s 0.25-0.5s
1000 W/m? 1000 W/m? - -
25C° 25C° - -
1500 W 1500 W -2000 W -2000 W
Charge (CC) Charge (CV) Charge (CC) Charge (CV)
Mode 2 Mode 2 Mode 3 Mode 3
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Figure 3. Performance results for case 1
The first case includes operating conditions in which mode
1, mode 2, and all control loops (MPPT, CC, CV, DC-link)
are active, as well as the state responses of the transitions
between these modes and loops. The different time inter-
vals correspond to different operation modes and active
control loops. Figure 3 shows the steady-state and dynamic
responses of the proposed system during loop and mode
transitions. It can be seen from the results that when the
instantaneous power value of PV is lower than the load de-
mand, the battery buffers and provides uninterrupted power
to load. Following the raise in irradiation, the battery switc-
hes to charging in parallel with the increase in instantaneous
power value of PV. During the state that the PV has relati-
vely low output power, the MPPT control loop regulates the
power flow from PV and the battery is charged with exces-
sive power. However, in the case of high power generation
from PV, the CC control loop is activated and the battery
current is restricted. Following the battery voltage reaches
a certain value, the CV control loop begins and keeps the
output voltage of PV at a certain value. It is seen that the
power of PV is increased to 1 kW, 2 kW, and 3 kW with the

raise in irradiation, while the battery is first discharged and
then charged to the maximum voltage value.

The second case represents mode 3 operation in which the
battery is charged by the DC microgrid. Figure 4 shows the
steady-state and dynamic responses of the proposed con-
verter during reverse power flow conditions. In this case
study, the battery is charged with a constant current during
the time interval of 0-0.5 s. The charge current of the bat-
tery is adjusted by the CC control loop. The CC charging is
followed by CV charging during the time interval of 0.5-1 s.

The performance waveforms highlight that the proposed
MPC and controller smoothly regulates the steady-state and
transient power-sharing during different irradiation and loa-
ding variations. Besides, the efficiency of the proposed con-
verter has been also evaluated. As can be seen from Figure
3-4, the efficiency values considering the operating modes
are 96%, 96.8%, and 90%, respectively. The efficiency values
of the proposed converter show its effectiveness under all
possible power flow conditions.
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Figure 4. Performance results for case 2

9. CONCLUSION AND DISCUSSION

This study proposes a novel isolated bidirectional multi-port
converter (MPC) based on a switched-capacitor converter
and a half-bridge converter with an effective control sche-
me. The main advantages of the proposed converter are as
follows: (i) low voltage PV integration with high voltage gain
and high-efficiency switched-capacitor DC-DC converter,
(i) battery integration without an additional converter, (iii)
reduced switch topology, (iv) cost-effectiveness (v) bidirec-
tional power flow capability. The effectiveness of the propo-

European Mechanical Science (2021), 5(3): 99-104

doi: https://doi.org/10.26701/ems.934248



High Voltage Gain Multi-port Bidirectional DC-DC Converter with an Effective Multi-loop Control Strategy for PV/Battery Integrated Systems

sed MPC is evaluated under various operating conditions.
The results show that the proposed MPC performs all the
aforementioned functionalities. In addition to its satisfac-
tory performance under steady-state conditions, it provides
effective power transfer with smooth transitions between
control loops during transient conditions.
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Abstract

In this study, the effects of the structural parameters forming automobile seat cover fabrics on the comfort
properties (such as water vapor permeability, air permeability, and thermal resistance properties of fabrics) that
may affect the user’s usage performance were examined. A special finishing process did not apply to the fabrics.
It was aimed to evaluate the direct (without any special treatment) effect of the basic structural parameters that
make up the fabric. Thus, it was considered that the fabrics used in the seat covers during the usage or after the
treatments such as seat cleaning would create an important design input in terms of the breathability of the seat
cover fabric and its sustainability throughout the lifetime of the car. As a result of this research, it was observed
that thickness, weight per unit area, and weave structure of seat cover woven fabrics have an essential effect on
the water vapor permeability, air permeability, and thermal resistivity properties.

Keywords: Automobile seat cover woven fabric, water vapor permeability, air permeability, thermal resistivity,

comfort properties

10. INTRODUCTION

Besides the aesthetic and abrasion performance of the fab-
rics used in automobile seat cover, comfort features are also
important. The breathability, permeability (air and water
vapor permeability, etc.), and the fabric's thermal comfort
properties to be used as seat cover are important for the sus-
tainability of the face fabric's comfort properties used in the
seat covers during use and after cleaning.

In determining the thermal comfort of seat cover fabrics
used in the automotive industry, various parameters such as
heat and moisture transfer, air permeability, thermal resis-
tance, static electrical tendency, water vapor permeability,
water absorbency should be taken into consideration in the
design of seat cover fabrics. It is expected to have a fabric
structure that minimizes sweating, especially in long-distan-
ce travel.

Automobile seat cover fabric structures are generally produ-
ced polyester, wool and wool/polyester mixture, polyamide,
acrylic, leather structures [1]. Comfort in cars is closely re-
lated to the seat cover fabric structural properties and com-
ponents of the seat that the user touches in the car [2]. High
moisture transfer and air permeability increase comfort and
decrease user fatigue [3]. For this reason, materials suitable
for air, water vapor, and heat permeability are preferred in
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seat cover fabric [4].

Factors affecting the thermal properties of textiles could be
listed as follows [5,6]:

- thermal conductivity of fiber and air held in the fabric

- special heat of the fiber

- fabric thickness and number of layers

- volume density of the fabric (number, size, and distribution
of air gaps in the fabric)

- fabric surface (type of fiber, structure of fabric, finishing
processes in fabric)

- contact area between fabric and surface

- atmospheric conditions: temperature, relative humidity,
movement of the surrounding air.

The thermal conductivity of the fabric structure depends on
the number of air gaps in the fabric. The thermal conducti-
vity of stagnant air is lower than that of all fibers. The ideal
insulating material is stagnant air. Bulky materials are capab-
le of holding excess air in them due to their structure. A high
amount of air should be present in a textile material's inner
structure with high thermal insulation. Fabric thickness is
one of the most important factors determining the thermal
and vapor conductivity of the structure. As the thickness of
the material and therefore the amount of air it contains inc-
reases, the material's thermal and vapor resistance increa-
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ses, and its permeability decreases [7,8].

The permeability of the fabrics depends on the raw material
(such as fiber type, fineness, and cross-section, etc.), yarn
properties (such as linear density, twist level, yarn hairiness,
etc.), and fabric structural properties (such as geometrical
properties, weave type, fabric thickness, porosity, etc.) as
well as the finishing processes applied to those fabrics [9,10].
When the effect of fabric weave structure (considering the
same density values and yarn type) on comfort properties
was examined, it was observed that twill fabrics had higher
air permeability, water vapor permeability, and heat resis-
tance values compared to plain fabrics [11]. In fabrics with a
knitted upper surface, it was found that the thickness value
directly affects the water vapor permeability value, and the
permeability decreases as the thickness increases [4].

Fabrics used as seat cover could be exposed to water and
moisture effects (such as sweat, moisture, and cleaning, etc.)
during usage. In this case, it was expected that the fabrics
used as seat covers in terms of user comfort features had
properties such as good water vapor and air permeability.
These features are not only important in terms of user com-
fort but also affect automobile usage performance. It was
expected that the seat cover fabric would dry out in a short
time to prevent unwanted conditions such as smell, stain-
ing, and mold after cleaning or contact of the seat surfaces
with liquid during usage. This situation was considered to
be taken into account in terms of easy drying of seat cover
fabrics with good air and water vapor permeability. For this
purpose, it was aimed to evaluate the water vapor permea-
bility, air permeability and thermal resistivity properties of
automotive seat cover woven fabrics having with different
structural parameters.

11. MATERIALS AND METHODS
11.1. Materials

In this study, 100 % polyester face woven fabrics were used.

A special finishing (coating etc.) process did not apply to the
fabrics. The structural parameters of automotive seat cover
fabrics were given in Table 1. Seat cover fabric samples and
weave structures were presented in Figures 1 and 2, respec-
tively.

F4 o F6

Figure 1. Images of seat cover fabric samples

F3 fabric had a dobby fabric pattern structure where twill
3/1 weave was dominant and basket 2/2 connections were
formed in between.

11.2. Method

This study aimed to investigate the effect of fabric structural
parameters on some comfort properties of the automotive
seat cover woven fabrics. Fabric samples were conditioned
at 65+2% relative humidity and 20+2°C for 24 hours by the
ASTM D 1776-08 [12] standards before all mentioned tests.

Relative Water Vapor Permeability

Relative water vapor permeability is the ability of the fabric
to transfer water vapor on a percentage scale. Among this

Table 1. Structural parameters of seat cover fabrics

Yarn Count Yarn Density
Fabric No (Nm) (thread/cm)
Warp Weft Warp Weft
F1 28 16 16 14
F2 16 16 10 10
F3 12 12 16 14
F4 8 8 12 12
F5 18 18 18 16
F6 12 12 12 10

o e

Twill 3/1

Plain Weft Rib 2/2

Fabric Thickness Fabric Weight
) per Unit Area Weave
(8/m?)

0.53 2281 Weft Rib 2/2
0.83 303.2 Basket 3/2
0.94 310.1 Dobby
0.76 307.5 Plain
0.56 2339 Twill 3/1
0.78 324.4 Weft Rib 2/2

Basket 3/2

Figure 2. Weave structure of fabric samples
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study, relative water vapor permeability was measured on
‘Permetest’ instrument according to EN ISO 11092 standard
[13].

Air permeability

Air permeability of the fabrics was measured based on EN
ISO 9237 [14] standard using SDL Atlas Digital Air Perme-
ability Tester Model M 021A. Measurements were perfor-
med by application under 100 Pa air pressure per 25 cm?
fabric surface.

Thermal Resistivity (r)

It is defined as the resistance of the structure against heat
flow. Thermal resistance was measured by using Alambeta
instrument. Thermal resistance is connected with fabric thi-
ckness and thermal conductivity coefficient by the Equation
(1) [15].

_h 2
=t k) o
where,
r: thermal resistance,
h: fabric thickness (m),
A: thermal conductivity coefficient (W/mK)

12. RESULTS AND DISCUSSION
12.1. Analysis of the Water Vapor Permeability

Water vapor permeability values of the fabrics were given in
Figure 3. In Fig.3, it was observed that the fabrics with low
thickness and weight per unit area showed high water va-
por permeability values. It was seen that the fabric thickness
and weight values on the water vapor permeability of the
fabrics were determinant according to the weave structure.
Although F1 and F6 fabrics have the same weave structure,
it was seen that the F1 fabric, which had a low thickness and
weight, had a higher water vapor permeability value.

30
70 1
60 -

50
40
30
20
10 +
D 4
F1 F2 F3 F4 F3 F6

Figure 3. Water vapor permeability values of fabrics

Water vapor permeability (%)

12.2. 3.2 Analysis of the Air Permeability

In Fig. 4, air permeability values of the fabrics were given.
When Figure 4 was examined, it was observed that the
weave structure was a determining factor in the air permea-
bility values of the fabrics. It was observed that plain and rib
weave structures gave low air permeability values.

Higher air permeability values were obtained in weave
structures (F2, F3, and F5) where the yarns made long floats.
This was due to the increase in the air permeability between
the yarns in the structures where the yarns have long floats.

When the weave structures of the fabrics were examined,
it could be seen that the twill weave structure, such as F5,
increased the air permeability value (Fig. 4). Similarly, it was
seen that the regions with twill weave structure in the dobby
pattern structure that forms the F3 fabric also increased the
air permeability value. Besides, it was observed that high air
permeability values were also obtained in the basket weave
structure in which F2 fabric intersects by making long floats.

200
130
100
. 111
0 -
F1 F2 F3 F4 F3 F6

Figure 4. Air permeability values of fabrics

Air permeahility (1m?/s)

12.3. Analysis of the Thermal Resistivity

In Fig. 5, thermal resistivity values of the fabrics were given.
In Fig. 5, it was observed that F1 and F5 fabric structures
had lower thermal resistance values compared to other fab-
rics. It was observed that fabrics with low fabric thickness
and weight per unit area values had lower thermal resistance
values.

This result showed that the fabric thickness and weight val-
ues were more determinants of the fabrics' thermal resis-
tance than the weave structure.

In the literature, it was stated that the parameters affecting
fabric porosity affect the thermal transmittance of the fab-
ric. It was stated that the parameter that most affects the
thermal behavior of the fabric is the thickness of the fabric.
An increase in fabric thickness affects fabric porosity by in-
creasing fabric volume [16,17]. The high amount of stagnant
air present in the structure in fabrics with high thickness
values caused these structures to show high thermal resis-
tance. Experimental results showed that the low amount of
stagnant air present in the fabric structures with low thick-
ness and weight per unit area values caused these structures
to show low thermal resistance values.

: ] I I I I E
j 4
D ~

F1 F2 F3 F4 F3 Fé

Figure 5. Thermal resistivity values of fabrics

Thermal resistivity (Km.W™)
")

13. CONCLUSION

In this study, the permeability and thermal resistance val-
ues of woven fabrics used in automobile seat cover woven
fabrics were evaluated in terms of providing user and us-
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age comfort. The effects of structural parameters forming
the fabric on water vapor permeability, air permeability and
thermal resistance values were investigated. A special finish-
ing process did not apply to the fabrics and it was aimed to
evaluate the natural effect of structural parameters in terms
of high sustainable usage performance.

When the fabric structures used in automobile seat cover
were evaluated in terms of user comfort, the breathability
and hence permeability properties of the fabrics were expe-
cted to be high in terms of reducing user sweating. Similar
expectations are important in terms of easy drying of seat
cover fabrics wetted due to conditions such as cleaning or
liquid spillage during use. Considering such usage expecta-
tions, fabric structures with high water vapor and air per-
meability should be preferred. In the experimental study, it
was observed that fabrics with low thickness and weight per
unit area values gave high water vapor permeability values.
Experimental results showed that the weave structure was a
determining factor in the air permeability values of fabrics.
Higher air permeability values were obtained in weave stru-
ctures where the yarns made long floats.

When the thermal resistance values of the fabrics used in
the seat cover fabrics were evaluated, it was considered
that it might be appropriate to prefer fabric structures that
did not show high resistance to heat flow in terms of user
comfort or usage comfort. Since the thermal conductivity
of the materials with low thermal resistance was higher, it
could easily transmit the user's body temperature, thus pre-
venting sweating and providing comfort. Besides, since the
car's interior temperature could easily balance the heat of
the fabrics with low thermal resistance values, it would be
ensured that the seat covers that get wet due to seat clean-
ing or external factors could be easily dried. In this case, the
formations such as odor, stain, and moisture due to wetting
would be prevented. It should be ensured that the heat did
not keep within the fabric structure but that it could be
transferred more easily, and thus it could be kept in balance
with the surrounding temperature in a continuous manner.
Therefore, automobile seat cover structures with low fabric
thickness and weight values might be preferred in terms of
showing low thermal resistance values.
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Abstract

Effects of surface properties such as roughness and surface energy are critical for determining the biocompatibility
of all types of biomaterials, as in the case of biomedical alloys. Recently, microstructure induced surface energy
changes have started attracting attention in surface property related biocompatibility analysis of metals. The
current study mainly aims to focus on the effects of surface micro modification on the biocompatibility of
metallic biomaterials, in order to get an understanding of the underlying mechanisms that affect surface
properties and biocompatibility. For this purpose, a preliminary biocompatibility analysis was conducted on a
conventional biomedical alloy; 316L stainless steel, whose surface was modified by forming micro-deformation
areas of different patterns. The results of this study indicated that, in addition to surface roughness, micro-
deformation pattern characteristics are also very critical parameters in terms of determining cellular response.

Keywords: Biomedical alloys, microstructure, biocompatibility, surface, micro-deformation.

14.INTRODUCTION

Metallic biomaterials are widely used for biomedical pur-
poses such as orthopedic implants, dental applications or
cardiovascular devices. The main reason biomedical alloys
are preferred for these applications despite the develop-
ment of lighter and advanced materials is their mechanical
properties [1,2]. Especially for orthopedic applications such
as hip and knee implants, the mechanical durability and
the ability to easily tailor mechanical properties of metals
through altering their microstructure provide an important
advantage for metallic biomaterials over other alternatives
[1,2]. However, due to issues such as potential corrosion,
toxic ion release, bacterial layer formation as well as me-
chanical mismatch with surrounding tissue or insufficient
biomechanical fixation, their biocompatibility is yet to be
improved [1-4].

For biocompatibility, as in all types of materials, material
surface is of utmost importance for metals as well, as the
first biomaterial-tissue interaction takes place at the surface
[5,6]. Surface properties such as roughness, topographical
features, wettability and surface energy are the important
surface related parameters which determine initial biocom-
patibility response in terms of biomechanical fixation, osse-
ointegration, corrosion and ion release [5-7]. Among these
parameters, the effect of surface roughness is more com-
monly investigated in relation with surface energy [8,9]. As
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opposed to the general understanding that increased surface
roughness is expected to also increase cellular attachment
due to increased surface energy, recent studies have shown
that organization of the topographical features on the sur-
face may more effectively determine cell response [8-12]

Moreover, some of the recent studies have started exploring
the effect of microstructural properties of metallic materials
on their biocompatibility [7, 10-12]. Commonly, effects of
microstructural mechanisms on the material properties of
metallic materials are usually explored with a focus on me-
chanical properties and deformation behavior. However, re-
cent studies have shown that, microstructural properties of
metallic materials can also be critical for determining their
biocompatibility at different levels [7, 10-12]. For instance,
ex situ biocompatibility was observed to be influenced by
the presence of dislocations through localization of oxide
particles around dislocation networks, which may affect ion
release [7]. Surface topography and surface energy were also
shown to be affected by microstructure at the micro and na-
noscale, which in turn influenced cell attachment and pro-
liferation behavior [10-12].

With this motivation, the current study aims to get a pre-
liminary understanding of the effect of surface micro modi-
fication on the biocompatibility of metallic biomaterials. For
this purpose, a conventional biomedical alloy; 316L stainless
steel was investigated by forming controlled micro-defor-
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mation areas on the sample surfaces and the effect of each
micro-deformation area on cell attachment was examined.

15. MATERIALS AND METHODS

The 316L steel samples, for which the chemical composition
is given in Table 1, were cut in pieces of 3mm height from
a bmm radius cylindrical rod. The surfaces of each sample
were then prepared for surface micro deformation via grind-
ing and polishing.

Controlled micro-deformation areas with different patterns
of micro-indentations were formed on 316L stainless steel
samples by using a Vickers micro hardness testing device.
Details of the formed micro-deformation areas in terms of
the applied load, formed indent size and the length of the
spacings between indent centers are given in Table 2. A con-
trol sample without any micro-deformation areas was also
investigated for comparison, which is referred to as the ‘ref-
erence’ sample. The obtained surfaces were examined with

Hitachi Regulus 8230 Field Emission Scanning Electron Mi-
croscope (FESEM) and surface roughness measurements
were performed with a Mitutoyo mechanical contact needle
profilometer.

Table 2. Properties of the micro-deformation areas formed on 316L
sample surface.

Applied load and expo- | . Average Averag.e spacing
Sample . indent size between indent cen-
sure period
(pm) ters (um)
Reference - - -
1 1KgF, 5 Seconds 80 100
2 1KgF, 5 Seconds 80 200
3 0.5KgF, 5 Seconds 60 100
4 0.5KgF, 5 Seconds 60 200

For the in vitro tests, Saos-2 cells (osteosarcoma cell line)
were seeded on the reference sample surface and on the the
micro-deformation areas of the patterned samples with a
density of 5000 cells per sample. Cells were fixated on the
sample surfaces with the use of a glutaraldehyde agent, fol-

Table 1. Chemical composition of the investigated 316L stainless steel in weight percent.

Element Fe C Mn P Cr Ni Mo Cu Si N
Weight per- Balance 0,027 1,76 0,042 0,029 16,80 10,12 2,12 0,38 0,27 0,08
cent (%)

(300%)

(d)

Figure 1. FESEM images from the initial microstructural characterization of the micro-deformation areas of; (a) Sample-1, (b) Sample-2, (c) Sample-3, (d)
Sample-4.
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lowing incubation periods of 5 and 10 days. Cell morpholo-
gies were then examined in detail via FESEM. With the use
of the FESEM images, cell count on each micro-deformation
area was performed and converted to number of cells per
millimeter square (mm?) area for comparison.

16. RESULTS AND DISCUSSION

Initial structural characterizations of the formed micro-de-
formation areas of the four patterned sample surfaces were
performed via FESEM (Figure 1). These initial examina-
tions evidenced that the indentation size and spacings were
formed as planned and no unexpected structural irregulari-
ties were observed within or around the micro-deformation
areas (Figure 1).

The results of the surface profilometry analysis of the formed
patterns and the reference sample surface listing the average
surface roughness (Ra) and the maximum depth (Rz) creat-
ed by the indentations for each pattern are given in Table 3.
(Since no indentations were formed on the reference sam-
ple, Rz value was not measured for this sample.)

Table 3. Results of surface profilometry analysis

Sample Average Ra (um) Maximum Rz (um)
Reference 0.32 -
1 1.19 9.96
2 0.99 9.74
3 0.79 7.37
4 0.49 5.81

©

500um

The surface profilometry analysis results revealed all of
the micro-deformation areas exhibit much higher average
roughness values as compared to the reference sample.
Moreover, comparing the deformed sample surfaces with
each other, it was observed that average surface roughness
increases with increasing indent size and the application
of a larger amount of load results in deeper indents which
translate to higher Rz values as observed in samples 1 and 2
in comparison to samples 3 and 4. On the other hand, com-
paring the effect of spacing length between the indentations,
it can be argued that roughness increases as the space be-
tween indentation centers decrease, which can be observed
for samples 1 and 3 as compared to samples 2 and 4.

In order to get an understanding of the effects of varying
surface properties on cell attachment behavior as a function
of time, the Saos-2 cells fixated on each sample were ob-
served in detail via FESEM following incubation periods of
5 and 10 days. The cells localized on the patterned area were
investigated at different magnifications, where the over-
all cellular behavior on the whole micro-deformation area
(Figure 2 and Figure 4) and on individual indents (Figure 3
and Figure 5) were examined in detail. The cell attachment
behavior on the reference sample surfaces following incuba-
tion periods of 5 and 10 days were also investigated and are
given in Figure 6.

Comparing the micro-deformation areas to the reference
surface, it was observed that all the samples with surface

d —
@ 500pm

Figure 2. FESEM images of the Saos-2 cells fixated on the overall micro-deformation areas of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4;
following 5 days of incubation.
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(a 50pm (b) 50pm

(© 50pum (d) 50pm
Figure 3. FESEM images of the Saos-2 cells around individual indents of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; following 5 days of

incubation.

(a) 500pum (b) m

(©) 500um @ 500pm

Figure 4. FESEM images of the Saos-2 cells fixated on the overall micro-deformation areas of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4;
following 10 days of incubation.
processing exhibited higher cell density on their micro-de-  from micro-deformation (Figure 6 (a)). On the other hand,
formation areas as compared to the reference sample on the  attachment behaviors of the Saos-2 cells fixated on pat-
5% day of incubation, suggesting a positive effect stemming  terned samples exhibited significant differences depending
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(c) 50pm

@ B

Figure 5. FESEM images of the Saos-2 cells around individual indents of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; following 10 days of
incubation.

(a)

500um

(b)

500pm

Figure 6. FESEM images of the Saos-2 cells on the reference sample surface (a) following 5 days of incubation, (b) following 10 days of incubation.

on the micro-deformation pattern and varying roughness
values. (Figures 2-5). Specifically, according to Figure 2,
on the 5% day of incubation; a higher number of cells were
apparent on samples 3 and 4, which exhibit lower surface
roughness and shallower indents as compared to samples
1 and 2. The closer look on individual indents also yielded
a similar result with higher cell density located within and
around the indents of samples 3 and 4. These results showed
that, up to 5 days of incubation, increased surface roughness
had a negative effect on cell attachment for the samples with
micro-deformation.

However, on the 10" day of incubation, a completely dif-

ferent cellular behavior was observed. The general view of
the patterned areas exhibited higher numbers of cells on
samples 1 and 2 this time, as compared to samples 3 and 4
(Figure 4). Moreover, higher densities of cells were appar-
ent within and around individual indents of samples 1 and 2
as well, in comparison to samples 3 and 4 (Figure 5). These
findings indicated that increased surface roughness exhib-
ited a positive effect on cell attachment on the 10* day of
incubation, contradicting the observations from day 5 of in-
cubation. Therefore, it can be argued that, in addition to sur-
face roughness, another parameter affecting this behavior is
indent characteristics. Specifically, the larger indent size of
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samples 1 and 2 enabled localization of a higher number of
cells over time, which also contributed to increased cellular
attachment on these surfaces through 10" day of incubation.
On the other hand, the cell density on the surface of the ref-
erence sample appeared to be lower as compared to the pat-
terned surfaces, demonstrating the positive effect of surface
micro-deformation on cell attachment behavior on the 10%
day of incubation as well.

In order to make a quantitative evaluation in addition to vi-
sual observations, the number of cells on the patterned area
of each sample on each incubation period were counted and
presented as a bar graph comparing the numbers of cells per
mm? area (Figure 7). These quantitative results support the
observations from the FESEM images as well. Specifically,
this graph also reveals an inverse correlation between sur-
face roughness and cell attachment at the early stage of in-
cubation, whereas at the later stage of incubation, increased
surface roughness appears to promote cellular attachment
and proliferation for the surfaces with micro-deformation.
Also, the higher numbers of cells per mm? on all of the mi-
cro-deformation surfaces in comparison to the reference
sample surface, support the FESEM observations where
surface-micro-deformation processing in general appear to
promote cellular attachment.

Moreover, this graph provides a basis for comparing the
samples with the same indent size (namely sample 1 vs. 2
and sample 3 vs. 4) with each other. According to this com-
parison, initially at both incubation periods, the numbers of
cells were higher on sample 1 than sample 2. Sample 1 ex-
hibited the highest surface roughness and in many studies
higher surface roughness was observed to positively influ-
ence cellular attachment due to the increased surface en-
ergy [8, 9]. However, comparing the percentage change in
the number of cells over time, the number of cells increased
by 174% on sample 1, while a significant increase of 380%
was apparent on sample 2. This observation is an important
indicator of how a direct correlation may not always be pres-
ent between surface roughness and cell attachment. The cell
count comparisons from the 5% day of incubation also evi-
dence a similar finding where surfaces with lower roughness
values resulted in higher numbers of cell attachment. On the
other hand, from the comparison between samples 3 and 4,
whose indent sizes are the same, it can be observed that this
time the sample with the higher surface roughness, namely
sample 3, appears to promote cellular attachment and prolif-
eration more than sample 4, with similar percentage chang-
es over time. Lastly, comparing samples 1 and 3 with sam-
ples 2 and 4 in order to get an understanding of the effect of
indent spacing; it can be argued that closer indent spacing
also exhibits a more positive effect on cell attachment.

Overall, these results indicate that, in addition to surface
roughness, the indent size and the spacing are also import-
ant parameters affecting the surface energy and thus cell
attachment behavior on the surface. Moreover, the surface
energy changes stemming from micro-structural mecha-
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nisms which are induced by the formation of these micro
indents, are also expected to be effective in the observed re-
sults of cell attachment and proliferation behavior. Similar
results where the effects of the structural features and mi-
cro-structural mechanisms were more prominent in terms
of affecting cellular behavior as compared to surface rough-
ness were reported in literature as well [10-12]. Therefore, it
can be argued that surface energy changes stemming from
microstructural mechanisms constitute another important
factor affecting cellular response and should be investigated
in detail in the future studies.

mDay5 Day 10
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1 [ | |
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Figure 7. The number of cells per mm? area on the reference sample
surface and micro-deformation area of each sample on the 5" and 10®
days of incubation.

17. CONCLUSION

The findings of this study revealed that cell attachment and
proliferation behaviors were not only influenced by surface
roughness, but also by the specifics of the surface features
of the different micro-deformation areas. Specifically, the
indent size and spacings were also found to play a deter-
mining role on the cell attachment and proliferation behav-
ior. Moreover, these results suggest that the effects of mi-
cro-structural mechanisms on surface energy, which were
induced by micro-deformation, can also influence the cellu-
lar behavior and this effect should be investigated in detail
in the future studies.
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Abstract

One of the important process parameters affecting the tensile strength and build time of the part is the build
orientation. Therefore, in this study, FDM 3D-printed PLA parts were fabricated at different build orientations
to examine the effects of build orientation on the tensile properties and build time of material. In this regard,
three build orientations and three print angles were examined. According to results, tensile strength decreased
when the build orientation of the parts was aligned from flat to upright direction and 0° to 90° printing angle.
For upright build orientation, 36% less tensile strength was obtained compared to the flat ones because of the
fracture mode and the loading direction. In terms of build time, build time increased as the build orientation
changed from flat to upright. Therefore, the build orientation had a big impact on the tensile properties and build
time of the parts produced using FDM. The findings of this study will contribute to the literature on proper build

orientations and print angles.

Keywords: Fused deposition modeling, 3D printing, build orientation, build time, tensile strength, PLA

18.INTRODUCTION

Additive manufacturing (AM) creates 3D parts by adding
layer-upon-layer of material for a wide variety of industrial
and other applications. Contrary to the traditional produc-
tion technique in which the material is removed until the de-
sired part is obtained, AM is used in variety applications in
defense, aircraft, medical, automobile industries etc. There
are many different AM techniques, including Stereolithog-
raphy (SLA), Selective Laser Sintering (SLS) or Laminated
Object Manufacturing (LOM), etc. Among these AM tech-
niques, Fused Deposition Modeling (FDM) stands out and
is frequently used around the world [1-3]. A wide variety
of materials are available in the FDM technique which has
low maintenance cost, low fabrication cost even for complex
parts and is environmentally friendly [4]. G-codes files are
generated directly from CAD files, usually in STL format.
In this technique, parts are produced by adding layer upon
layer of material until the shape of the part is formed. Fila-
ment is heated to a semi-liquid state and G-code controls
the movement of the nozzle as shown in Figure 1 [5,6].

Many process parameters in FDM have great influence on
the component properties and production efficiencies. Lay-
er thickness, raster angle, build orientation, infill density,
printing speed, infill pattern, raster width, etc. can be listed
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as some of the important process parameters. Researchers
are still working hard to obtain the best parameter settings.
Therefore, in order to improve the mechanical properties
of the printed parts by setting optimal process parameters,
the FDM process needs to be studied more intensively [1,6].
Build orientation shows how the part is positioned relative
to the three major axes of the 3D printer [6]. For instance,
Feng et al. [7] fabricated PA12 (polyamide 12), and Corapi et
al. [8] fabricated FDM 3D-printed PLA ((polylactide acid)
parts in different directions. Moreover, Ashtankar et al. [9]
showed the effect of build orientation of FDM 3D-printed
ABS (Acrylonitrile Butadiene Styrene) parts and their result
indicated that the compressive strength and tensile strength
decreased when the orientation of the samples was aligned
from 0° to 90°. Thrimurthulu et al. [10] studied optimum
build orientation in FDM. Durgun and Ertan [11] demon-
strated that the samples built with 0° raster angle in the hori-
zontal direction had best mechanical properties and surface
roughness with the optimal build time and cost. Thus, it has
been observed that, the build orientation for the parts pro-
duced using the FDM method has a great effect on the me-
chanical properties of the part [12]. Also, the printing angle
affects the mechanical properties of the FDM 3D-printed
parts because it affects the anisotropy [13].
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3d pro (Figure 2). The nozzle diameter was 0.4 mm. The data
1L — of the specimens were all in STL format and then translated
Filament: into G-code sliced with slic3r. Slic3r is an open source slicer
software. In this study, specimens for each direction (flat, on
edge, upright, and flat-0°,45°, 90° angle-, Figure 3) and have
Coil reel been printed for the tensile test. The process parameters not
Driving___ [ER e only affect the mechanical strength of the parts but also the
motor S B Extruder build time.

X axis
n"cn.fer'r'ent Nozzle

== r'rn:n.fen".ent

The parts were fabricated under the American Society
\‘axis o

movement

Figure 1. FDM process schematic [6

Aim of this study is to investigate the inﬂuence of build ori-
entation on the tensile properties and build time. The effects
of flat and upright build orientations and flat printing angles
on the tensile strength and build time of FDM parts were
examined in this context. In this study, PLA (polylactide
acid) was used due to its interesting properties in terms of
non-toxicity, biodegradability and ease of processing. In or-
der to analyze the impacts of build orientation on the tensile
behavior and build time of the material, three build orienta-
tions and three print angles were examined.

19. EXPERIMENTAL METHODS

Commercial Polylactic acid (PLA) filament with a 1.75 mm

diameter was used on a 3D Printing machine, Creality ender Figure 2. Ender 3 pro 3D printer

Figure 3. Tensile specimen oriented in various build orientations (a) on edge, b) flat 0°, (c) upright, (d) flat 45°, (e) flat 90°
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for Testing and Materials (ASTM) standard D638 type IV
shown in the Figure 4. The dog bone type parts were built
according to the process parameters given in Table 1.

Table 1. Parameters of printer settings.

Items Value

Nozzle diameter [mm)] 0.4

Wall thickness [mm] 0.8
Layer height [mm] 0.2
Wall line count 3

Infill Density [%] 30

Printing Temperature [C] 200
Build Plate Temperature [C] 60
Print Speed [mm/s] 60

The tensile tests are performed on universal testing ma-
chines (Instron 8872) with a load cell of 25 kN at room tem-
perature (Figure 5). The test speed was 1 mm/min.

3.5 - 115 -
6 o
) /R14 19

.r’//. \“‘\7‘

R25-

Figure 4. CAD model of the specimen, dimensions in mm

Grip=75

Figure 5. Tensile test setup

20. RESULTS AND DISCUSSION

The tensile strength, filament spent and build time of the
samples are listed in Table 2. The stress-strain curves of sam-
ples printed in different orientations are plotted in Figure 6.
Build time was taken by the machine to fabricate the parts.

Table 2. The tensile strength, filament spent and build time of the

samples
Build Time | Filament Spent = Tensile Strength

[min] [mm] [MPa]

(a) on edge 59 1846.5 48.18
(b) flat 0° 29 12314 55.49
(c) upright 231 2037.2 35.52
(d) flat 45° 29 1207.9 53.47
(e) flat 90° 29 12314 51.77

In terms of mechanical properties, it can be seen from Figure
6 and Table 2 that the flat 0° orientation reaches maximum
tensile strength (55.49 MPa), while the upright orientation
reaches the minimum (35.52 MPa). Because the tensile
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Figure 6. The stress-strain curves of the samples at different building
orientations

strength of FDM 3D-printed PLA parts becomes optimal if
the parts are fully oriented along the direction of loading
stress [14]. As shown in Figure 7a, the parts that can transfer
the stress at the highest level are the parts oriented along the
loading stress direction. And, as shown in Figure 7b, frac-
ture mode of the upright build orientation differs from the
flat build orientation. There are two types of fracture modes
which are the interlayer fracture and the intra-layer fracture
and the fracture mode affects the mechanical strength of the
FDM 3D-printed PLA parts. The interlayer fracture strength
mainly depends on the interlayer bonding strength, and the
intra-layer fracture mainly depends on the strength of the
extruded material [13]. Obviously, the loading direction of
the upright build oriented part is totally perpendicular to
the direction of the extruded lines, indicating that the bond
between line and line is weak and that interlayer fracture
occurs easily during the tensile test [8,14]. According to the
tensile results listed in Table 2, samples printed in horizontal
directions exhibited higher tensile strength, while samples
printed in vertical (upright) direction exhibited 36% lower
tensile strength.

In terms of print angles, it was seen that the mechanical
properties and build time of the flat 0°, flat 45°, flat 90° parts
were not much different (Figure 6 and Table 2). The print

Fload Fload

a) b)

the intra-layer
fracture

interlayer
fracture
-

orientation

|orientation
B

Figure 7. Tensile failure mechanism at (a) flat (horizontal), (b) upright
(vertical) orientation
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angles can be seen in Figure 8. It has been observed that,
the 0° angle had the maximum tensile strength, followed
by the 45°, and 90° printing angles, respectively. The tensile
strength for the 0°, 45°, and 90° printing angles were 55.49
MPa, 53.47 MPa, and 51.77 MPa, respectively. The reason
the 0° printing angle had the highest mechanical properties
was that the orientation of the structure aligned with the
direction of the loading force in a single slice of the original
filament. Thus, the direction of the loading should be con-
sidered when designing and applying the FDM 3D-printed
PLA parts [15].

90° 45° 0°
Figure 8. Schematic representation of the printed direction in each slice

From the standpoint of build time, as the build orientation
changed from flat to upright, the build time increased. At the
upright build orientation, the required build time increased
because the number of layers for this build orientation was
much higher. Furthermore, it has been known that when the
build time becomes longer and higher amount of material is
used, energy usage increases and this leads to higher energy
costs [16]. Thus, FDM 3D-printed PLA parts can be man-
ufactured with good mechanical properties with minimal
build time at the flat build orientation.

21. CONCLUSIONS

FDM 3D-printed PLA parts were fabricated at different
build orientations to examine the effects of build orientation
on the tensile properties and build time of the material. In
this regard, three build orientations and three print angles
were examined. According to results, tensile strength de-
creased when the build orientation of the parts was aligned
from flat to upright direction and 0° to 90° printing angle.
For upright build orientation, 36% less tensile strength was
obtained compared to the flat ones because of the fracture
mode and the loading direction. It is thus revealed that the
build orientation had a big impact on the mechanical prop-
erties and build time of the FDM 3D-printed PLA parts.
The build orientation and the direction of the loading must
be considered in terms of mechanical properties and man-

ufacturing cost, when designing and applying the FDM
3D-printed PLA parts.

RERERENCES

(]

Altan, M, Eryildiz, M, Gumus, B, Kahraman, Y. (2018). Effects of
process parameters on the quality of PLA products fabricated by
fused deposition modeling (FDM): surface roughness and tensile
strength. Materials Testing, 60(5): 471-477, DOI: 10.3139/120.111178

Srinivasan, R, Ruban, W, Deepanraj, A, Bhuvanesh, R, Bhuvanesh,
T. (2020). Effect on infill density on mechanical properties of PETG
part fabricated by fused deposition modelling. Materials Today:
Proceedings, 27(2):1838-1842, DOI: 10.1016/j.matpr.2020.03.797

Bardiya, S, Jerald, J, Satheeshkumar, V. (2020). Effect of process pa-
rameters on the impact strength of fused filament fabricated (FFF)
polylactic acid (PLA) parts. Materials Today: Proceedings, DOI:
10.1016/}.matpr.2020.08.066

Garg, A, Bhattacharya, A, Batish, A. (2015). On Surface Finish
and Dimensional Accuracy of FDM Parts after Cold Vapor Treat-
ment. Materials and Manufacturing Processes, 31(4): 522-529, DOI:
10.1080/10426914.2015.1070425

Alafaghani, A, Qattawi, A, Alrawi, B, Guzman, A. (2017). Experi-
mental Optimization of Fused Deposition Modelling Processing
Parameters: A Design-for-Manufacturing Approach. Procedia Man-
ufacturing, 10: 791-803, DOI: 10.1016/j.promfg.2017.07.079

Solomon, 1, Sevvel, P, Gunasekaran, ). (in press). A review on the
various processing parameters in FDM. Materials Today: Proceed-
ings, DOI: 10.1016/j.matpr.2020.05.484

Feng, L, Wang, Y, Wei, Q. (2019). PA12 Powder Recycled from SLS
for FDM. Polymers, 11: 727-729, DOI: 10.3390/polym 11040727

Corapi, D, Morettini, G, Pascoletti, G, Zitelli, C. (2019). Character-
ization of a Polylactic acid (PLA) produced by Fused Deposition
Modeling (FDM) technology. Procedia Structural Integrity, 24: 289-
295, DOI: 10.1016/j.prostr.2020.02.026

Ashtankar, KM, Kuthe, A.M, Rathour, BS. (2013). Effect of build
orientation on mechanical properties of rapid prototyping (Fused
Deposition Modeling) made Acrylonitrile Butadiene Styrene (ABS)
Parts. ASME 2013 International Mechanical Engineering Congress
and Exposition, 11: 1-7, DOI: 10.1115/IMECE2013-63146

[10] Thrimurthuly, K, Pandey, P, Reddy, N.V. (2004). Optimum Part

(11

[12

(13]

Deposition Orientation in Fused Deposition Modelling. Interna-
tional Journal of Machine Tools, 44: 585-594, DOI: 10.1016/j.ijmach-
t00l5.2003.12.004

Durgun, I, Ertan, R. (2014). Experimental Investigation of FDM Pro-
cess for Improvement of Mechanical Properties and Production
Cost. Rapid prototyping, 20(3): 228-235, DOI: 10.1108/RPJ-10-
2012-0091

Chaudhari, M, Jogi, BF, Pawade, R.S. (2018). Comparative Study of
Part Characteristics Built Using Additive Manufacturing (FDM).
Procedia Manuf, 20: 73-78, DOI: 10.1016/j.promfg.2018.02.010.

Wang, S, Ma, Y, Deng, Z, Zhang, S, Cai, J. (2020). Effects of fused
deposition modeling process parameters on tensile, dynamic me-
chanical properties of 3D printed polylactic acid materials. Polymer
testing, 86: 106483, DOI: 10.1016/j.polymertesting.2020.106483

Liu, H, He, H, Peng, X, Huang, B, Li, J. (2019). Three-dimensional
printing of poly(lactic acid) bio-based composites with sugarcane
bagasse fiber: Effect of printing orientation on tensile performance.
Advances in Polymer Technology, 30: 910- 922, DOI: 10.1002/
pat.4524

European Mechanical Science (2021), 5(3): 116-120
doi: https://doi.org/10.26701/ems. 881254



Effect of Build Orientation on Mechanical Behaviour and Build Time of FDM 3D-Printed PLA Parts: An Experimental Investigation

[15] Cai, L, Byrd, P, Zhang, H, Schlarman, K, Zhang, Y, Golub, M, Zhang,
J. (2016). Effect of Printing Orientation on Strength of 3D Printed
ABS Plastics. The Minerals, Metals & Materials Society. (Eds.), TMS
2016 145th Annual Meeting & Exhibition. Springer, Cham, p. 199-
204.

[16] Jiang, J, Xu, X, Stringer, X. (2018). Support Structures for Additive
Manufacturing: A Review, Journal of Manufacturing and Materials
Processing, 2(64): 1-23, DOI: 10.3390/jmmp2040064

European Mechanical Science (2021), 5(3): 116-120
doi: https://doi.org/10.26701/ems. 881254



EUROPEAN
MECHANICAL
SCIENCE

a5

e-ISSN: 2587-1110

@ CrossMark

Characterization of Mechanical of CTBN Liquid Rubber-Modified

Epoxy Cured by Anhydride- and Amine-Based Agent

Harun Sepetcioglu™

'Selcuk University, Faculty of Technology, Metallurgical and Materials Engineering Department, Konya, 42030, Turkey

Abstract

The main purpose of this work is to reveal the effects of carboxyl-terminated butadiene—acrylonitrile (CTBN)
rubber particles on the tensile and fracture behavior of CTBN/epoxy blends cured with anhydride-and amine-
based agents. In this study, 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, 10 wt.% and 15 wt.% CTBN were added to two different
epoxy systems. The CTBN/epoxy blends were prepared by ultrasonic mixing device, and curing processes were
determined by DSC analysis. As CTBN fraction by weight increased in both epoxy systems, a decrease in tensile
strength and modulus was detected, but deformation ability improved. The fracture toughness of CTBN/epoxy
blends cured with the amine-based agent increased up to 10 wt.% CTBN addition. However, fracture toughness
decreased when 15% by weight of CTBN was added to the epoxy matrix. The average rubber particle size was
found to have a significant effect on the fracture toughness of CTBN/epoxy blends. Compared to pure epoxy,
fracture toughness was increased approximately 3.5-fold in 10 wt.% CTBN/epoxy blend cured with the amine-
based agent. In CTBN/epoxy blends cured with the amine-based agent, CTBN shifted the reaction rate and thus
it was provided better control over CTBN particle size in the CTBN/epoxy cured. The toughening mechanisms
induced by CTBN, such as rubber cavitation and matrix shear banding, contributed to the enhanced fracture

Research Paper

toughness of the CTBN/epoxy cured with the amine-based agent.

Keywords: Epoxy, CTBN, fracture toughness, tensile properties, curing agent type.

22. INTRODUCTION

Epoxy resins, a member of the thermoset group, have widely
used as matrix materials in the production of polymer ma-
trix composite materials [1]. The high-performance protec-
tive coatings, structural adhesives, structural materials are
other areas of use. Among polymer matrices, epoxy resins
are preferred over other thermoset matrices in terms of their
thermal stability, mechanical properties and processability
[2]. They are commonly cured with amine-based agents to
form rigid network polymers [3]. However, other hardener
groups such as acids and anhydrides are also used for cur-
ing epoxy resins [4]. When epoxy resins are subjected to a
curing process, they form a high cross-linking rate and turn
into an amorphous thermoset material. These cross-linked
structures are majorly brittle. In addition, they are very
poorly resistant to crack formation and growth [5]. This be-
havior limits their use in aerospace, defense, and automotive
applications. It is a common effort to add any rubber type
to the matrix to increase the toughness of the epoxy. On
this topic, controlling the curing reactions to induce phase
separation of the rubber has been extensively studied in the
literature [4, 6-14]. Carboxy-terminated butadiene acrylo-
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nitrile (CTBN) was used in most of these studies to modify
the epoxy. Modification methods of the epoxy matrix tradi-
tionally involve two main steps. Firstly, CTBN and epoxy are
mixed, and a pre-polymer blend is obtained. Secondly, the
curing agent is added to this pre-blend and then carried out
to the curing process. When the toughening rigid CTBN/
epoxy network is examined under a microscope, a distribu-
tion and dispersed rubber phase in the epoxy matrix is seen.
The fracture behavior of final products produced by CTBN/
epoxy blends depends on the size of the rubber particles [12,
15-17].

The Chemical bond formation is required for an efficient
stress transfer between CTBN and epoxy [18]. This bond
formation may occur at low and high temperatures de-
pending on the type of curing agent. During the curing of
the CTBN/epoxy blend, the separation of the rubber phase
from the epoxy matrix occurs. The molecular weight of the
epoxy increases with the decrease of the configurational en-
tropy in the curing process [19-23]. It leads to a decrease in
the solubility of CTBN with the increase of the molecular
weight of the epoxy. Chemical reactions controlling cross-
link density between epoxy and curing agent are effective
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in the precipitation of rubber particles. In addition, the par-
ticle size and distribution of rubbers formed in the epoxy
matrix depend on the curing procedure and the interaction
between the rubber and epoxy resin [24-26].

The epoxy systems are used in the polymer industry. The
mechanical properties of the final product produced with
these systems depend on the nature of the curing agent used,
and anhydride- and amine-based curing agents are widely
used in the composite industry. The aim of the study is to
investigate the tensile and fracture properties of CTBN/ep-
oxy cured with anhydride- and amine-based curing agents.
The mechanical properties of the blends depend on the ho-
mogeneous dispersion of CTBN in epoxy and the curing
and post-curing processes. The fracture tests by using linear
fracture mechanics (LEFM), and tensile tests were carried
out on the blends. Relationships between fracture toughness
and the average rubber particle size have been reported.

23. MATERIALS AND METHODS

23.1. Materials

For this study, diglycidyl ether of bisphenol A resins with
low viscosity in the two different standards (trade name;
EPIKOTE™ 828 LVEL and Laminating resin MGS 1285)
were preferred. Hexahydrophthalic anhydride (trade name;
EPIKURE™ H866) and 3-aminomethyl-3,5,5-trimethylcy-
clohexylamine (trade name; L285) are curing agents of these
€poXxy resins.

Table 1. The properties of the CTBN liquid rubber

Properties Values
Viscosity, (40 °C) Pa.s 7-12
Carboxyl content, mmol/g 0.58~0.65
Nitrile group content, % 8.0~12.0
Water content, % < 0.05
Volatile content, % < 2.0

To modify the epoxy, the liquid rubber used is carboxyl-terminated butadi-
ene-acrylonitrile copolymer (CTBN) purchased from Zibo Qilong, China. The
properties of CTBN liquid rubber given in Table 1.
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Figure 1. The chemical structure of components (a) diglycidyl ether of
bisphenol A (DGEBA), (b) 3-aminomethyl-3,5,5-trimethylcyclohexylamine,
(c) hexahydrophthalic anhydride and (d) carboxyl terminated butadiene

acrylonitrile (CTBN) used in this study.
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23.2. Production of epoxy/CTBN blends

0,1,3,5,7, 10, and 15 wt.% CTBN was added to the MGS
LR285 and the 828 LVEL epoxy resins. The CTBN/MGS
LR285 and CTBN/828 LVEL blends were heated up to 25 °C
and 60 °C, respectively. Afterward, both blends were mixed
together continuously until a clear blend was obtained, then
the blends were degassed at 25 °C by vacuum for about 10
minutes. After, it was used curing processes, offering the
high mechanical properties provided by the resin manu-
facturers for both the blends. A stoichiometric amount of
amine-based L285 and anhydride-based H866 curing agents
were added to CTBN/MGS LR285 and CTBN/828 LVEL
blends, respectively. Both blends containing curing agents
were stirred slowly. The CTBN/MGS LR285/L285 blends
were cured at 60 °C for 1 hour, and then post-cured for 3
hours at 90 °C. Then, the other CTBN/828 LVEL/H866
blends were cured at 120 °C for 3 hours, and then post-cured
for 3 hours at 150 °C. The ratios of components in CTBN/
epoxy blends cured by anhydride- and amine-based were
given in Table 2 and Table 3, respectively.

Table 2. The ratios of CTBN/epoxy blends cured by anhydride-based

Trade Trade name | Bisphenol-A | CTBN*, Al
Sample . . de-based
nameof | ofcuring | Epoxy resin, )
Codes . curing agent
resin agent wt.% wt.%
wt.%
8HO 0
8H1 1
8H3 3
8H5 828 LVEL H866 80 5 20
8H7 7
8H10 10
8H15 15

*0-15 wt.% CTBN was added onto the combination of the curing agent/
epoxy in stoichiometric amount (20/80).

Table 3. The ratios of CTBN/epoxy blends cured by amine-based

* H | -~
Trade Trade i CTBN*, | Amine-ba
Sample name of ; sed
name of ) Epoxy resin, .
Codes . curing curing agent
resin wt.%
agent wt.% wt.%
MLO 0
ML1 1
ML3 3
MGS
ML5 LR2SS L285 60 5 40
ML7 7
ML10 10
ML15 15

*0-15 wt.% CTBN was added onto the combination of the curing agent/
epoxy in stoichiometric amount (40/60).

23.3. Mechanical characterization

The static tensile properties of the composites were deter-
mined at room temperature (24 °C) using a Shimadzu tes-
ter (AGS-X Series) with a crosshead speed of 2 mm/min,
according to ASTM D638. Three samples of each compo-
sition were tested, and the average value and standard de-
viation were reported. The Mode-I critical stress intensity
factor (K ) was measured using single edge notched bend
(SENB) samples of 10x20x88 mm?, which ensures the plane
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strain condition according to ASTM D5045. Dimensions of
tensile and fracture test samples used in mechanical char-
acterization were given in Figure 2. The SENB sample and
three-point flexural test fixture used in the fracture tough-
ness measurements were shown in Figure 3.

a) | 165 mm |
“ N 57 mm } —|

‘ 4

1
b) i 88 mm vi |
| P
S e i

10 mm

Figure 2. Dimensions of tensile (a) and fracture (b) test samples used in
mechanical characterization

Figure 3. Fracture toughness measurements on SENB sample

The sharp crack was generated by a fresh razor blade, which
was fixed to tool holder of universal milling machine, on the
notch in the middle of the rectangular bar. The fracture tests
were conducted on the same Shimadzu tester at a crosshead
speed of 10 mm/min. The K. values were calculated using
the following relationship:

P
Ky = (WQIQJJ”(X) 1
1.99 - x(1-x)(2.15-3.93x+2.7x*
PO L | cunid| R
(1+2x)(1—x)
x=alW (3)
K 2
B,a,W—a>2.5(—Q] )
Oys

where, K, is a provisional fracture toughness, f(x) the shape
factor, P, the peak load, B the sample thickness, W the sam-
ple width, a the crack length, o, the yield strength. Eq. (4)
was satisfied for the dimensions of produced SENB samples.
The SENB samples were loaded up to break on a Shimadzu
tester (AGS-X Series) under a crosshead speed of 10 mm/
min. The value of the strain energy release rate (G,.) was
calculated from the knowledge of the values of K. and E,
using the relationship:

(5)

where v is the Poisson’s ratio and was taken to be 0.35 in
value [27, 28].

23.4. Differential scanning calorimetry analysis

Differential scanning calorimetric (DSC) analysis was em-
ployed to study the curing processes of the pure epoxy and
10 wt.% CTBN/epoxy blend. The DSC measurements were
performed with a METTLER TOLEDO DSC 1-STAR Sys-
tem calorimeter by using a computer for data acquisition.
Isothermal heating measurements were carried out in a ni-
trogen flow of 50 ml/min. The heating was made from 25 °C
to the temperature of the isotherm at a heating rate of 5 °C/
min. The curing process of the pure epoxy and CTBN/epoxy
blends govern the mechanical and thermal properties that
are crucial in applications.

23.5. Examination of Fracture Surfaces

Dispersion and distribution of rubber particles in the frac-
ture surfaces of CTBN/epoxy blends was studied with a
Nikon optical microscope. To obtain microstructures show-
ing the dispersion and distribution of particles, TSView that
is a modular software specialized for image acquisition, pro-
cessing and analysis was used. The fracture surface scrutiny
of samples was achieved with image acquisition and image
processing modules of the software. The average particle
size was defined by measuring the sizes of 20 randomly cho-
sen the rubber particles from acquired the microstructure
images.

24. RESULTS AND DISCUSSION

24.1. Tensile Properties

The stress-strain curves of pure epoxy and CTBN/ep-
oxy blends cured with anhydride-and amine-based curing
agents are shown in Figure 4 and Figure 5, respectively. The
significant tensile properties calculated from these curves
are presented in Table 4 and Table 5. It is well known from
the literature [10, 13, 15, 29, 30] that modification of epoxy
with rubber decreases the tensile strength and elasticity
modulus. Generally, this reduction is attributed to the low
modulus of elasticity of the rubber phase and the reduc-
tion of the crosslink density of the epoxy during curing. As
expected, the tensile strength and modulus of elasticity of
pure epoxy and CTBN/epoxy blends cured with both curing
agents decreased as the rate of CTBN addition by weight in-
creased. As seen from Figure 4, the strain of epoxy increased
with the addition of 7 wt.% and 10 wt.% CTBN/epoxy cured
by anhydrite-based agent.

The inclusion of 1 wt.% and 3 wt.% CTBN in the epoxy
cured by amine-based agent led to increases in the strain, as
shown in Figure 5. Moreover, the tensile strength and elas-
ticity modulus of the CTBN/epoxy matrix slightly decreases
with the addition of 1 wt.% and 3 wt.% CTBN, whereas a
major increase in the strain was observed at the same sam-
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ples. The ductility of the epoxy matrix can be achieved by
reducing the crosslink density [31]. In addition, the crosslink
density is affected by the epoxy equivalent weights of the ep-
oxies. Pearson and Yee [32] examined the effect of the epoxy
equivalent by varying the crosslink density of CTBN/epoxy
blends cured with different DDS. They reported greater
ductility with low cross-linked epoxies.

100 =
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N0 ——sn1 Ny
1——sm Ny
80 N
1 8HS 0,00 025 050
70 8H7 (== S ()
£ ] —sHI0
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0 4= ! I
0 2 4 6
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Figure 4. The stress-strain curves of pure epoxy and CTBN/epoxy blends
cured by anhydrite-based agent

Table 4. Tensile test results of CTBN/epoxy blends cured by anhydri-
de-based agent

Sample Tensile Strength Strain (€), Modulus (E),
Codes (), MPa % GPa
8HO 72.58+3.21 4.06£0.58 3.00+0.05
8H1 66.80+£2.98 3.16+0.34 2.92+0.04
8H3 64.231+4.08 3.93+0.22 2.88+0.01
8H5 63.08+2.87 3.84+0.17 2.69+0.05
8H7 63.77%£1.26 4.37+£0.97 2.52+0.03
8H10 54.13+5.33 4.26£0.55 2.33+0.05
8H15 52.99+2.29 3.88+0.15 2.08+0.05
100 T
{——MLo i
904 ——ML1 Zs /
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Figure 5. The stress-strain curves of pure epoxy and CTBN/epoxy blends
cured by amine-based agent
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Table 5. Tensile test results of CTBN/epoxy blends cured by amine-based

agent

Sample Tensile Strength Strain (€), Modulus (E),
Codes (o), MPa % GPa
MLO 76.89+3.21 6.78+0.78 3.20+0.05
ML1 75.91£1.09 7.54£1.99 3.05+0.01
ML3 69.31£1.30 7.43+£1.28 3.01+0.04
ML5 64.99+0.69 6.28+1.77 2.97+0.02
ML7 64.6310.62 5.93%+1.02 2.96+0.03
ML10 52.86+1.36 5.57+0.75 2.94+0.05
ML15 50.85+0.95 4.33+0.21 2.8610.02

The ductility value increased more in ML1 and ML3 sam-
ples with lower CTBN content than the 8H7 and 8H10 sam-
ples with high CTBN content. It can be said that less cross-
link density occurs at low rubber content in CTBN/epoxies
produced with the amine-based agent. Compared to the
CTBN/epoxy blends cured by anhydrite- and amine-based
agent, the blends cured by amine-based agent presents high-
er tensile strength, strain at break and elasticity modulus.
The mechanical properties of the CTBN/epoxy blends cured
by amine-based agent were found to be more consistent and
higher compared to using an anhydrite-based agents.

24.2. Fracture toughness

For pure epoxy and CTBN/epoxy blends cured with an-
hydride- and amine-based agents, fracture toughness (K.)
and critical strain energy release rate (G ) are given in Fig-
ure 6 and Figure 7, respectively. The 8HO and MLO samples
show low fracture toughness of 1.24+0.05 MPam!? and
0.80+0.30 MPam'” respectively. The addition of CTBN to
the epoxy cured with the amine-based agent significantly
increased the K. to 2.66+0.78 MPam'?, approximately 3.5
times. However, the enhancement in fracture toughness
could not be achieved with CTBN/epoxy blends cured by
the anhydride-based agent. The K . and G,. values gradu-
ally decreased as CTBN was added to the anhydride/epoxy
system. The presence of CTBN in the amine/epoxy system
progressively increased fracture toughness but a decrease
in K. was observed with the addition of more than 10% by
weight of CTBN. The improvement in fracture toughness
has been attributed to matrix shear banding [33], cavitation
[34], and rubber fractures [35]. In addition, the stress dis-
sipation between the rubber phase and polymer chains is
improved due to the percolation of rubber particles in the
epoxy matrix. This improvement restricts crack growth
leading to increased fracture toughness [30]. As shown in
Table 5, the improvements in fracture toughness of CTBN/
epoxy blends were within 70-300% in literature studies [13,
14, 24, 26, 30, 36, 37].

The CTBN modification at rates ranging from 5-15% by
weight has shown remarkable results in terms of increased
toughness. When more than 15 wt.% CTBN is added to pure
epoxy, it was seen a trend for a decrease in the toughness of
the epoxy due to rubber agglomeration and phase inversion
[38]. This demonstrates that the CTBN curing effect reveals
its saturation and reactive rubber types as a liquid rubber
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modifier are a useful method for obtaining polymer blends
with high fracture toughness. The effects of rubber parti-
cle size on the toughness of both epoxy systems modified
with CTBN were analyzed over fracture surface studies and
toughening mechanisms and discussed in the subsequent
section.
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Figure 6. Fracture toughness (K ) and critical strain energy release rate
(G) of pure epoxy and its CTBN blends cured by anhydrite-based agent
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Figure 7. Fracture toughness (K ) and critical strain energy release rate
(G,) of pure epoxy and its CTBN blends cured by amine-based agent

Table 5. The increases in fracture toughness of CTBN epoxy blends accor-
ding to related literature

Fracture tou-  Fracture tough- Incre-

Rubber Rubber ghness of pure | ness of CTBN/ | ase,
References Content
Types epoxy, epoxy blend,
(Ko MPam™ (K ), MPam' | %

Wangetal [13] | CTBN |10 wt.% 0.75 128 70.7
Zhangetal [14] | CTBN |10 wt.% 0.77 1.47 90.8
Tripathi etal [30]  CTBN |15 wt.% 0.90 3.6 300
Chikhi et al [24] | ATBN* |12.5 phr 0.90 15 66.7
Thomas et al [26] HTPB* | 10 wt.% 0.90 2.5 178
Yahyaie et al [37] | ETPB* |7.5wt.% 0.65 1.80 176
Saleh etal [36] | LENR* | 5wt% 0.80 3.1 288
This study CTBN 10 wt.% 0.80+0.30 2.66+0.78 202

*Amine-terminated butadiene acrylonitrile (ATBN), Hydroxyl-terminated
polybutadiene (HTPB), Epoxy-terminated polybutadiene (ETPB), Epoxidized
natural rubber (LENR)

24.3. Effect of Rubber Particle Size

The growth of rubber particles in the epoxy matrix is af-
fected by the curing reaction rate of the epoxy [23]. 10 wt.%
CTBN modified epoxy blend were cured with both amine-
based and anhydride-based agents and analyzed by DSC.
Figure 8 shows the accelerating effect of 10 wt.% CTBN car-
boxyl groups on the curing of amine/epoxy and anhydride/
epoxy. The presence of CTBN in the epoxy matrix shifts
the peak exotherm. With the increased reaction rate, these
peaks are shifted to lower temperatures, while are shifted to
higher temperatures with decreasing reaction rates. It was
found that the peak exotherm did not change in the CTBN/
epoxy blend cured by anhydride-based agent.
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Figure 8. DSC scanning of 10 wt.% CTBN modified and unmodified
anhydrite/epoxy (a) and amine/epoxy (b) systems

It was concluded that the reaction rate in the anhydride/ep-
oxy system was not affected by the presence of CTBN. In the
CTBN/epoxy blend cured by amine-based agent, the peak
exotherm was shifted to a higher temperature. The presence
of CTBN reduced the curing reaction rate in the amine-ep-
oxy system. In the anhydride/epoxy system, the heat of po-
lymerization slightly decreased. This confirms that the final
reaction status for CTBN is not significantly affected by
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the presence of CTBN. It was observed that the heat of po-
lymerization was reduced dramatically with the addition of

CTBN in the amine/epoxy system.

In CTBN/epoxy blends cured with anhydride- and amine-
based agents, the average size (APS) of rubber particles
formed by the phase separation mechanism [22] in the
epoxy matrix was affected by the CTBN ratio by weight.
Figure 9 shows the change of fracture toughness with APS
according to the curing agent type. The APS of 8H1, 8H3
8H5, 8H7, 8H10 and 8H15 samples was obtained in about
0.10, 0.32, 0.53, 0.67, 0.95 and 0.37 micron, respectively. The
APS increased up to 10 wt.% CTBN rate but decreased af-
ter this rate. Figure 10 shows that the rubber particle is ho-
mogeneously distributed in the matrix in the 8H1 and 8H5
samples compared to the 8H10 and 8H15 samples. The APS
in 8H1 and 8H5 samples are close to each other. However,
in the 8H10 and 8H15 samples, the rubber particles were
dispersed in the matrix with different APS. The CTBN ra-
tio in the samples cured by anhydride-based agent affected
the size and distribution of the particles. However, it did not
contribute to increasing the fracture toughness of the epoxy.
As the weight of the CTBN ratio increased in anhydride/
epoxy systems, fracture toughness gradually decreased.

The average particle sizes of ML1, ML3, ML5, ML7, ML10
and ML15 samples were obtained in about 0.12, 0.37, 0.61,
2.7, 7.3 and 4.5 micron, respectively. As with the samples
cured by anhydride-based agent, APS first increased up to
10 wt.% CTBN, but a decrease was detected after this rate.
Figure 11 shows that the rubber particles in ML1, ML5 and
ML10 samples are homogeneously distributed into the ma-
trix, except for the ML15 sample. The CTBN ratio in the
samples cured by amine-based agent affected the size and
distribution of the particles. In contrast to the samples cured
by anhydride-based agent, the rise of the CTBN ratio con-
tributed to increasing the fracture toughness of the epoxy.
As the weight of the CTBN ratio increased in amine/epoxy
systems except for the 15 wt.% CTBN ratio, fracture tough-

ness gradually increased.

5 —&— Amine -cured CTBN/Epoxy, APS

8 q -0~ Amine -cured CTBN/Epoxy, K .

7 _f Anhydride -cured CTBN/Epoxy, APS ®
q Anhydride -cured CTBN/Epoxy, K,

Average Particle Size (APS), um

CTBN ratio, wt.%

172

Fracture Toughness (K, ), MPa.m

Figure 9. Comparison of average rubber particle size versus and fracture

toughness versus CTBN ratios

The effect of CTBN modification had different results on
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fracture toughness of anhydride/epoxy and amine/epoxy
systems. The morphology of CTBN/epoxy blends cured
at different temperatures is shown in Figure 10 and Figure
11. The APS of rubbers formed in CTBN/epoxy blends de-
creased as the isothermal curing temperature increased, and
larger APS of rubber was observed in optical micrographs
of epoxy mixtures cured at a lower temperature. The phase
separation in epoxy/rubber blends occurs at a constant tem-
perature. The rubber phase separation is initiated by the re-
action caused curing agent. The phase separation has been
reported to progress through the mechanism of nucleation
and growth in the epoxy matrix [39, 40]. The curing rate in
epoxy systems cured by anhydride-based agent is extremely
high at elevated temperatures. A high curing temperature
leads to a higher viscosity at the initiating of rubber phase
separation. This leads to the diffusion difficulty required for
the growth of rubber particles [41]. Therefore, in the anhy-
dride/epoxy system, under the effect of a high curing tem-
perature, the degree of phase separation was low, resulting
in a low APS of the rubber formed. The rubber APS in ep-
oxy/rubber blends is determines by the reaction kinetics in
which the curing agent is involved. Therefore, the fracture
behavior of epoxy/rubber blends depending on APS should
be investigated experimentally.

25. CONCLUSIONS

The CTBN modification effect on the tensile and fracture
properties of CTBN/epoxy blends cured by anhydride- and
amine-based agent was investigated, and the results ob-
tained from the study were summarized below:

1. The curing temperature is a necessary procedure for ob-
taining the optimal toughening effect of rubber, particularly
in epoxies cured by anhydrite-based agent. The anhydride/
epoxy systems cured at high temperatures of 120 °C cause
smaller rubber particle sizes compared to amine/epoxy sys-
tems cured at low curing temperatures of 90 °C. Therefore,
the presence of the rubber phase, which has relatively small
particle sizes in the epoxy matrix, decreases the fracture
toughness.

2. The fracture toughness is dependent on CTBN rubber
particle size and distribution.

3. The fracture toughness of CTBN/epoxy blends cured by
anhydride-based agent decreased as CTBN addition in-
creased in the epoxy matrix.

4. In fracture surfaces examination, large rubber particles
have been found to be more effective than small particles in
producing an enriched toughness effect.

5. The microstructure of the dispersed particles in the
CTBN modified anhydrite/epoxy system was not found to
be significantly changed by different CTBN content.

6. In amine/epoxy systems cured at low curing tempera-
tures, CTBN decreased the cross-linking reaction rate by
shifting the exotherm peak to high temperature. This situa-
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tion had a positive effect on the growth of rubber particles.
However, the exotherm peak did not shift in anhydride/ep-
oxy systems, so this effect was not observed.

7. It was found from optic micrographs that the average size
of rubber particles in the 10 wt% CTBN modified anhydrite/
epoxy system was 0.95 um, which is smaller than the aver-
age size of rubber particles for the 10 wt.% CTBN modified
amine/epoxy system (7.3 um).

8. As the CTBN rate increased in anhydride/epoxy and
amine/epoxy systems, a decrease in tensile strength and
elasticity modulus was found. The deformation abilities of
both epoxy systems were improved by the optimized addi-
tion of CTBN.
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Abstract

Today, trailers are the most used vehicles in intercity and international road transport. There are serious
difficulties in the production processes and post-production shipments of these vehicles. Trailer chassis are
generally produced in welded structures. In this study, the trailer chassis produced in welded structure was
transformed into a bolted structure. A nonlinear finite element model was created and static analyzes of the
demountable chassis trailer have been made. In these analyzes, stress and deformation data on the chassis
part of the trailer were observed. It is concluded that the deformation of the chassis under these loads is at an
acceptable level. As a result, it has been shown that welded structures in trailer chassis can be transformed into
bolted structures and there is no problem in terms of safety.

Keywords: Trailer, Finite Element Method, Demountable Chassis, Traverse

26.INTRODUCTION

Road transport constitutes an important part of the logistics
industry in the world. Although different vehicles are used,
trailers are generally used in road transport. Trailer; It is a
road vehicle that is pulled by the truck and connected with
a connection device designed according to the characteris-
tics of the load to be transported. It is commonly used for
the transport of goods and materials. The most important
component of these vehicles carrying the load is the chassis
consisting of a steel construction structure. The production
process of the trailer chassis, which involves a large amount
of welding, poses difficulties for trailer manufacturers in
terms of both cost and time. Besides, manufacturers have
problems in delivering the trailer chassis produced as a
result of the welding process to the customer. In addition,
damage to the structure caused by possible accidents in the
welded structure increases the costs of maintenance repair
and spare parts. Considering the disadvantages of the weld-
ed structure, it is thought that a modular chassis can solve
these problems.

Bolted connections occupy the most important place in
fasteners due to their removable or interchangeable fea-
tures[1,2]. In terms of mechanical elements, considerable
studies have been carried out on the subject in the post-
2000s period[3—8], as many academic resources have come
to the present day[9-14]. Since bolt safety is extremely
important, especially when exposed to static and dynamic
loads, the work in this area should be adequately examined.
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In the study of Jianhua Liu et al., The dynamics of a bolt-
ed connection under torsion were examined both experi-
mentally and numerically[15]. In these studies, it has been
revealed that there are relative shifts between the clamped
parts and between the contact thread.

The stiffness of the connection, which is one of the most
important issues in the design of bolted connections, was
studied by M. Ozkan and K. Diindar[2]. They presented a
general solution for element stiffness and pressure propaga-
tion angles for bolting the same type of materials and bolting
different types of materials and developed an artificial neu-
ral network model in this regard. In this study of M. Ozkan
and K. Diindar, the notch factor required for the strength
calculations of bolted connections exposed to variable load-
ings was taught to the artificial neural network and it was
stated that the notch factor value was determined by the
user without the need for any table or equation.

On the other hand, in the study on the forces coming to the
fasteners in automotive chassis assemblies and the effects of
these forces[16], the tightening torque values that form the
basis of the joining processes in the chassis joints and the
lower and upper limits expressing the tolerances to be ad-
dressed in the application of these values were determined
within a calculation method. In order to see the accuracy of
the method and calculated values, critical connections on a
vehicle that was sent to a 30,000 km long-distance test on all
road conditions and the route were examined. As a result of
the study, it was stated that an approximate calculation was
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put forward in which road test costs were eliminated.

The contact stresses occurring in the bolt-nut connection
system were studied by Kubilay Aslantas et al[17]. A 3D
model was developed for the contact stresses occurring in
the bolt-nut system exposed to axial load and the study was
detailed with the finite element analysis method. It is con-
cluded that the stress values occurring at the thread bottoms
of the bolt under the same loading conditions are higher
for the nut model and the maximum stresses occur at the
thread bottoms where the nut and bolt contact occurs first.

In another study, the behavior of multiple bolt connections
under shear and bending loads were determined by Filiz
L.H. and Kanber B.[18]. In the study, a symmetrical connec-
tion with 6 bolts was considered and subjected to shear and
bending loads. In analytical solutions, the elements tight-
ened by the bolts were assumed to be rigid and their effect
on bolt deformations was considered to be zero. Two dif-
ferent solutions are made in finite element solutions. In the
first, as in analytical solutions, all the elements tightened by
the bolts were accepted as rigid and their compatibility with
analytical solutions was checked. In the second solution,
bolts and connected elements are considered elastic and the
differences with the previous solutions have been investi-
gated. Thus, the effect of the rigid assumption in analytical
solutions on the results is shown. Infinite element solutions,
the preloading effect in connections is also investigated. It
has been shown that assuming the elements in analytical
solutions to be rigid causes an error of 20% in the results.
Also, it has been reported that the tightening of the bolts
shifts the center of rotation upwards.

In a study on the risk of loosening of bolts under vibra-
tion[19], the loosening mechanism was modeled with nu-
merical simulation method, an experiment set was prepared
within the parameters that were seen to affect the process,
and simulations were run. In this study, in which regression
analysis and genetic programming were compared, it was
reported that the genetic programming method gave more
effective results.

Since the transition from welded structure to the bolted
structure is in question in demountable chassis studies, a
literature study is given on the issues that should be con-
sidered in the use of bolts in this section. In the trailer area,
there are of course studies such as the use of composite ma-
terials and ultra-strong steel to lighten[20]. Besides, life tests
are also available, especially in welded structures[21].

Within the scope of the demountable chassis trailer manu-
facturing, it is essential to transform a welded structure into
a bolted structure. On this occasion, the most fundamental
content of the study is to reduce the assembly times arising
from the welding process, eliminate structural disadvan-
tages arising from the stresses, and most importantly, the
transportation of more than one product at a time in terms
of logistics. Considering their mounting capabilities, weld-

ed and bolted structures have advantages and disadvantag-
es compared to each other. The especially bolted assembly
stands out as a fastening technique that does not require
qualified personnel, is fast, easier to control and repair, and
is not affected by environmental weather conditions during
assembly.

In this study, the trailer chassis produced in welded struc-
ture was transformed into a bolted structure. A nonlinear
finite element model was created and static analyzes of the
demountable chassis trailer were made. In these analyzes,
stress and deformation data on the chassis part of the trailer
were observed. It was concluded that the deformation of the
chassis under these loads was at an acceptable level. As a
result, it has been revealed that the welded structures on the
trailer chassis can be transformed into bolted structures and
there are no problems in terms of safety.

27. MATERIAL AND METHODS

In Trailer Research & Development processes, design and
design verification capabilities are required. Vehicles are
constantly under dynamic and static loads and the trans-
portation time of this load is very long. For this purpose,
the structure should be examined in detail using the finite
element method in the development processes. Static analy-
sis, dynamic analysis, fatigue analysis, thermal analysis, and
modal analysis are at the top of the analysis performed by
applying the finite element method. In this study, static and
analyzes of the demountable chassis trailer under different
loading conditions were run to examine and simulate large
deformations, high-stress rates, and complex contact inter-
actions that occur in a short time. The commercial finite el-
ement program ANSYS Workbench / Static Structural and
Modal analysis programs were used for these analyzes.

27.1. Numerical Model

The model used in the study was created by converting
the already existing welded trailer chassis into a demount-
able chassis. The demountable chassis was designed by
the Koluman Automotive Industry R&D department. The
detailed model is shown in Figure 1. The analysis model is
modeled as symmetrical (half) because the geometry and
loading have a symmetrical structure (both physically and
geometrically symmetrical). Thus, the solution time was
gained. The analysis model was prepared by simplifying it
with SpaceClaim Direct Modeler (SCDM) included in the
ANSYS software. The detailed model is shown in Figure 2.
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Figure 2. Demountable trailer chassis analysis model (half)

The simplification process is the deletion of parts, sharp
corner chamfers and relatively small fillets, fasteners such as
bolts and nuts that have no effect on the analysis or are neg-
ligible, and the negligible thin sheet metal parts are trans-
formed into 2-dimensional surface elements. This process
is done to obtain fast solutions by creating a small number
of numerical solution elements. Instead of the deleted bolts
in the system, one-dimensional beam elements were placed
to represent the bolts. With these elements, shear and axi-
al forces can be read on the analysis result. In this context,
various modifications have been made to the holes where
the bolts are connected. In order to obtain a more realistic
solution, the surfaces of the shell elements are divided to the
required size (twice the diameter) to create the cone effect
that the bolts create. The same geometry was used in all an-
alyzes.

27.2. Material Selection

The raw material generally used in the trailer chassis is
S355J2.The number in the name of the structural steel,
namely 355 yield strength. It shows the maximum load in
MPa that does not end with plastic deformation. S355]J2 (St-
52) steel is a readily weldable low carbon manganese steel
with good impact resistance (including in sub-zero tempera-
tures). This material is commonly supplied in untreated or
normalized conditions. The machinability of this material is
similar to that of mild steel. The chemical composition and
mechanical features of S355]2 (St-52) material are shown in
Tables 1 and 2.
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Table 1. 5355J2 (St-52) Mechanical Features
$355)2 (St-52) Mechanical Features

Material Density Poisson Elastic Modulus | Yield Strength
[kg/m*] | Ratio[-] [GPa] [MPa]
St-52 /5355 | 7850 03 210 355

Table 2. 5355J2 (St-52) Mechanical Features
$355J2 (St-52) Chemical Composition
C Si Mn P N Ni Cr Fe

0.2 % 055% | 1.60% | 0.02% @ 0.025 0.3 % 0.3% remain-
(max) (max) % (max) | (max) der

27.3. Meshing Model

In order to obtain accurate results in analysis, it is necessary
to choose the appropriate mesh method. A suitable mesh
structure was created in the simplified and ready-for-analy-
sis model. A total of 688,266 nodes and 667,636 items were
used in the created solution network. This network struc-
ture is shown in Figure 3.

Figure 3. The mesh structure of the analyses model

28.RESULTS AND DISCUSSION

Since the part exposed to the greatest load on the demount-
able chassis is the I-profile, the analysis was applied to this
profile. The analysis results are given in detail below. In the
analysis, 15000 N loads were applied to both sides of the
connections. In addition to these loads, standard gravity is
also included in the analysis. These boundary conditions are
shown in Figures 1 and 2.

Figure 4. The welding boundary conditions

Figure 5. The assembly boundary conditions
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As a result of the loads applied in the analysis, the stress in
the welded structure I-profile traverse is 404 MPa and the
deformation is 20 mm. The stress resulting from the loads
applied on the demountable I-profile traverse is 420 MPa
and the deformation is 10 mm. According to the results of
this analysis, while the stress at the connection points in-
creased by 3.96%, the amount of deformation decreased by
50 %. Stresses and deformations of structures are shown in
Figures 6,7, 8, and 9.

<

Figure 4. The welding boundary conditions
Figure 7. The assembly deformation
Figure 8.The welding stress

Figure 9. The assembly stress

In addition to the comparisons of the I-profile traverses
given above, the U-profile traverse analyzes, which are the
main form, were also performed. In the following table, the
stress and deformation comparisons of welded structure
U-profile traverse, welded structure I-profile traverse, and
assembled structure I-profile traverse are given.

As can be seen in Table 3, as a result of the transformation
of the welded structure U-profile traverse to the assembled
structure I-profile traverse, the deformation decreased by
approximately 52% and the stresses increased by 18%. It is

evaluated within the framework of the safety factor that this
increase in stress will not cause any problems in terms of

safety.

Table 3: Stress and Deformation According to Travers Type

Types of Traverse Structure Stress Deformation
The Welded Structure U-profile Traverse 355 MPa 19 mm
Welded Structure I-profile Traverse 404 MPa 20 mm
The Assembled Structure I-profile Traverse | 420 MPa 10 mm

When the data obtained are evaluated in terms of produc-
tion;

e It has been observed that the assembly time of the
trailer chassis produced with the assembled I-pro-
file traverse structure is 10% less than the assem-
bly time of the chassis produced with the welded
U-profile traverse structure.

e Due to the use of traditional production methods,
it has been observed that the cost of the chassis
produced with the assembled I-profile traverse
structure is lower than the cost of the chassis pro-
duced with the welded U-profile traverse structure.

e While the chassis produced with welded U-profile
traverse structure is a single piece, there is a prob-
lem in transportation, it has been observed that
the chassis produced with the assembled I-profile
traverse structure provides ease of transportation
since it has three parts by demountability.

29. CONCLUSION

In this study, the welded U-profile traverse structure was
transformed into an assembled I-profile traverse structure.
As aresult of the study, it was seen that the assembled struc-
ture has a 51% advantage over the welded structure in terms
of deformation. However, it was observed that the assem-
bled structure did not cause any problems in terms of safe-
ty in the stress data obtained. It is predicted that it will be
widely used in the coming years due to its advantages such
as short assembly time, low production cost, ease of trans-
portation, and demountability.
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Abstract

Many applications and regions of observe require information on solar radiation. Several mathematical models
were proposed to forecast worldwide sun radiation in Turkey and different international locations to do this.
Some of meteorological information, along with worldwide sun radiation, sunshine period, temperature, air
pressure, wind speed, and relative humidity, among January 1, 2011 and December 31, 2014 were measured.
These outcomes have been used to create mathematical models to degree the monthly mean daily global solar
radiation at the horizontal surface over Eskisehir. The new analytical models have been tested the usage of 9
generally used statistical techniques, along with the relative percentage error (E), the mean percentage error
(MPE), the mean absolute percentage error (MAPE), the sum of squares of relative errors (SSRE), the relative
standard error (RSE), the mean bias error (MBE), the root mean square error (RMSE), the t-statistic method
(t-stat) and coefficient of determination (R?). The new version is predicted to advantage all people concerned or
interested by the layout and observe of sun strength packages which include sun furnaces, timber drying, stoves,
concentrating collectors, indoors illumination, and thermal load reading of buildings, along with sun engineers,

architects, agriculturists, hydrologists., photovoltaics, and meteorological forecasting.

Keywords: Global solar radiation, empirical models, statistical analysis, Eskisehir city.

30.INTRODUCTION

In this period, the increased decline of power supplies, grow-
ing power consumption, and lack of ecological values neces-
sitate a direct response. As the maximum important power
fuel, sun power has been part of the answer to the world's
power problems. Solar radiation information is wanted for
the use, preparation, and creation of sun strength plant life
as it tells us how a good deal power moves the earth. Owing
to the complexity of sun radiation calculations in phrases
of preliminary and restore costs, information on sun radia-
tion is handiest to be had in some geographic locations. As
a result, sun power modeling strategies have become an in-
creasing number of applicable because the marketplace for
sun power software design, overall performance assessment,
and enhancement increases [1-2]. For the improvement and
operation of the inexperienced power program, excessive
high-satisfactory sun radiation information is wanted to
reduce monetary risks. To now, the maximum dependable
information have come from a combination of information
from ground solar measurement stations and information
extracted from satellite TV for PC images [3, 4].
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For correct evaluation of sun energy capacity, the use of em-
pirical models is vital for the improvement of sun energy
generation and the long-time period survival of natural re-
sources [5]. Long-time period worldwide sun radiation re-
cords and different meteorological parameters are regularly
used to set up mathematical models for month-to-month
implies every day worldwide sun at the horizontal surface
prediction. The models are categorized into 3 categories:
(1) Only function of sunshine duration; (2) Function of sun-
shine duration as well as relative humidity and ambient tem-
perature; (3) Independent of sunshine duration and function
of relative humidity, ambient temperature and its maximum
and minimum.

Several empirical models have been suggested to predict
the global solar radiation over Turkey and other countries.
Khorasanizadeh and Mohammadi [6] used the eleven em-
pirical models to test for prediction of monthly mean daily
global solar radiation over six major cities of Iran, named
Isfahan, Karaj, Mashhad, Shiraz, Tabriz and Tehran. Yaiche
et al. [7] have used the hourly sunshine duration to develop
a global solar irradiation map for all types’ of the sky. Robaa
[8] reviewed and tested the validity of the existing models
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available for computing the monthly average daily global
radiation on a horizontal surface over Egypt. Manzano et
al. [9] investigated the performance of Angstrom-Prescott
linear equation models to estimate the global solar radia-
tion on horizontal surface at daily and monthly mean daily
time over Spain. The existing solar radiation models were
analyzed with hourly global solar radiation data measured
from January 2009 to December 2011 on Jiading Campus,
Tongji University by Yao et al. [10]. The results of this study
showed that the existing models established in the form of
a Gaussian equation were comparatively accurate, followed
by models adjusted or modified from the Whillier — Liu &
Jordan models, and the Newell model was of the lowest ac-
curacy.

On the other hand, Mesri [11] showed and evaluated the
performance of the most appropriate models used to recov-
er solar components at ground level, via confronting meteo-
rological techniques to selected semi empirical methods. An
innovative approach was tested by the numerical simulation.
An adaptive neuro-fuzzy inference system (ANFIS) was ap-
plied to develop a model for estimation of daily horizontal
global solar radiation by Mohammadi et al. [12]. Long-term
measured data for Iranian city of Tabass was used to train
and test the ANFIS model. The statistical results verified
that the ANFIS model provides accurate and reliable pre-
dictions.

The artificial neural network (ANN) techniques have been
used in diverse applications in control, robotics, pattern
recognition, forecasting, medicine, power systems, manu-
facturing, optimization, signal processing, and social/ psy-
chological sciences. In the last years, neural network meth-
ods have been employed for the prediction of global solar
radiation both in time and space. Linares-Rodrieguz et al
[13] predicted the solar radiation values in locations with-
out ground measurements, by using the reanalysis data as
an alternative to the use of satellite imagery. The model was
validated in Andalusia (Spain), using measured data for nine
years from 83 ground stations spread over the region. The
geographical location (latitude, longitude), the day of the
year, the daily clear sky global radiation, and the four me-
teorological variables was used as input data while the daily
global solar radiation was the only output of the ANN in
this study. Benghanem et al. [14] used the ANN methods
models to estimate and model of daily global solar radiation
in their study. The available data such as the global irradia-
tion, diffuse irradiation, air temperature and relative humid-
ity available from 1998 to 2002 at the National Renewable
Energy Laboratory (NREL) website were used. It was found
that the model using sunshine duration and air tempera-
ture as inputs, presented the good accurate results since the
correlation coefficient is 97.65%. Sahin et al. [15] tested the
estimation capacities of ANN techniques to predict month-
ly-average daily solar radiation over Turkey. According to
results of the study, the satellite-based solar radiation map
for Turkey was generated. On the other hand, Koca et al.
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[16] suggested the ANN model to estimate the solar radia-
tion parameters for seven cities from Mediterranean region
of Anatolia in Turkey. The obtained results indicated that
the method could be used by researchers or scientists to
design high efficiency solar devices. Additionally, the ANN
techniques were employed for designing solar systems and
predicting solar radiations by Qazi et al. [17]. This study in-
dicated that ANN network gave good accuracy in terms of
prediction error of less than 20%. Therefore, ANN method
as compared to other empirical models was capable to deal
with many input meteorological parameters, which made it
more accurate and reliable.

Spatial variation of incoming radiation is mainly influenced
by topographical and atmospheric features whereas lati-
tudinal gradient is almost insignificant. Park et al. [18] in-
vestigated the spatial distribution of solar radiation using
topographic factor and sunshine duration in South Korea.
Hassan et al. [19] suggested the new ambient-tempera-
ture-based models for estimating global solar radiation as al-
ternatives to the widely used sunshine-based models owing
to the unavailability of sunshine data at all locations around
the world. Seventeen new temperature-based models were
established, validated and compared with other three mod-
els proposed in the literature (the Annandale, Allen and
Goodin models) to estimate the monthly average daily glob-
al solar radiation on a horizontal surface.

In this study, several empirical correlation models for esti-
mating the monthly average daily global solar radiation on
the horizontal surface were developed in connection with
the measured solar radiation, sunshine duration and ambi-
ent temperature. These models were applied to Eskisehir
City of Turkey. The results of empirical models were com-
pared using the statistical evaluation methods as the relative
percentage error (E), the mean percentage error (MPE),the
mean absolute percentage error (MAPE), the sum of the
squares of relative errors (SSRE), the relative standard er-
ror (RSE), the mean bias error (MBE), the root square error
(RMSE), and correlation coefficient (R?) .

31. DATA AND METHODOLOGY
31.1. Data set

The data set of the solar radiation, the wind velocity, the
wind direction, the ambient temperature and pressure, and
the relative humidity were measured by the measuring sta-
tion at Eskisehir City of Turkey. The measuring data had
been collected between 01 January 2011 and 31 December
2014. The latitude, the longitude, and the elevation of mea-
suring station location is 39° 44’ 49'-N, 30° 28 49-E, and 853
meters, respectively. The photographs of the measuring sta-
tion [20] are illustrated in Fig.1 and Fig.2.

31.2. Astronomical parameters
2.2.1. Declination angle (5 )

The angle between the earth-sun line and the equatorial
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Figure 1. The measuring station at Eskisehir of Turkey [20].

Figure 2. Measurement system parts (a) 110S Temperature sensor with radiation shield for temperature measurement and Li-Cor Li-200R Pyrometer for
solar radiation measurement. (b) relative humidity sensor (c) RNRG 40 Anemometer for wind velocity measurement . (d) RNRG 200P Wind vane for wind
direction measurement [20].

plane is named the declination angle. It varies over the year
from -23.45° at the winter solstice to +23.45° at summer sol-
stice. The declination angle can ve estimated the following
equation [21-24];

(360
5= 23.45sm(g (284+n,, )J 1)
where n,_is the number of the day corresponding to a given
date starting from 1 on 1 January to 365 on 31 December.
2.2.2. Sunset hour angle(w,)

The sunset hour angle in degrees can be calculated from
[21-24];

o, =cos”' (~tan g tan &) @)

2.2.3. Number of daylight hours (daylight duration)

The number of daylight hours (daylight duration) is based on
the hour angle and obtained the following equation [21-24];

S =£a)

15 3)
2.2.4. Extraterrestrial radiation(G,)

The amount of solar energy that would be received in the
absence of the atmosphere is called the extraterrestrial radi-
ation. The change in the extraterrestrial radiation is caused
by two sources, i.e., variation in radiation emitted by the sun
and variation of earth—sun distance. This change is consid-
ered taking into account the astronomical factors according
to the following relation [21, 23-24];
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G, =G, |1+0.034 360 e,
- +o. 200 Moy
on = e % 36525 (4)

The monthly average daily extraterrestrial radiation on a
horizontal surface (Ha) was obtained from the following
equations [8, 21-24],

o

H, =gGm, cos¢coséisinwx+wa.sin¢.siné'
T 180

(5)
2.3. Global solar radiation models

The most well-known models, Angstrém-Prescott model,
express the monthly average daily global solar radiation as
a function of the monthly average daily measure sunshine
duration as the following [25- 26];

.~ '[ssi ] (6)
where H is the monthly average daily global solar radiation
(MJm~), H, is the monthly average daily extraterrestrial ra-
diation (MJm?), S is the monthly average daily measured
sunshine duration (#) and § is the monthly average daily
daylight duration (4).

The first mathematical expression of this type was the linear
regression equation developed by Angstrom and modified
by Page, and was between the global solar radiation and the
sunshine duration, which is the most convenient and widely
used as given by [27]:

?“:(HbST (7)

In the course of time, the nonlinear polynomial relation
models derived from Angstrom linear regression equation
were suggested for increasing the accuracy of models at
extreme points [22, 28]. After that, many researchers have
done a large number of modifications on this model to im-
prove accuracy. Several typical models based on sunshine
duration are given below [18, 29-36],

A oearniod$ (8)
et f] (3] g
fzmlog[si’] (10)
ek a
fzwxp(g] (12)
e w
s o
Hib[gjd[gj(zg],[zgj (15)

where a,b,c,d,e, f are the correlation coefficients.

The strong relation between solar radiation and ambient
temperature can be explained by the behavior of the earth’s
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surface towards the radiation received from the sun. The so-
lar energy that reaches the atmosphere in the form of short-
wave electromagnetic radiation is absorbed by the earth’s
surface, causing the earth to warm up. The warm earth’s
surface reemits a part of the absorbed energy in the form of
long wave radiation to heat up the surrounding ambient air.
The ambient air is not directly heated by the solar radiation
but is heated by the contact with the hot earth’s surface. In
general, the fluctuation in air temperature can be affected
by radiation balance and air mass advection. The local am-
bient air temperature and radiation balance are affected by
cloud cover and the nature of surface coverage as well as the
time of day and day of the year. The systematic variation in
incoming solar radiation over the course of a year can be
reflected in the annual temperature cycle in which a strong
relation between solar radiation and ambient temperature is
noticed [36]. Several typical models based on ambient tem-
perature from are given as following [19, 29, 37-41] ;

[’Z:awr (16)

H£o=a+bT+cT3 (17)
I~1£0=a+bT+L‘T2+L‘T3 (18)
frma s explp) (19)
H

=a+bT+cT* +cT?

S
~
e

=aAT’ +c

=
—
[\

—_
~

A =aT'H,
H, (22)
o al’H, +c

(23)
a (a+bAT)AT®
. (24)
B (a4 AT+ cAT? AT
ol » (25)
A (4 AT + AT AT +d
H, o pr s (26)
H 2 d
H—”:(a+hAT+cAT W +e (27)
H 2 3 e
H—”:(qubATJrcAT +dATP AT + f (28)
H

=(a+bT)AT" +d

SIS
=
2

=(a+bT)AT®

S
®
2

=(a+bT+cT3)AT" +e

SRS
®
=

=(a+bT+cT? AT

=
—
W
®
=

=(a+bT+cT? +dT* AT*

&
g
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Hﬁo =afl+2.7x107 Z)AT**

Hi(] p{b%}] (35)

where Z is the elevation of site from the sea level.

While the solar radiation (H), sunshine duration (S) and
the ambient temperature(7') are measured by the measur-
ing station, the daylight duration (S, ) and the extraterrestri-
al radiation (H, ) are calculated from the eqn. (3) and (eqn.
(5), respectively.

32.STATISTICAL ANALYSIS METHODS

A number of statistical analysis methods have been used to
evaluate the accuracy of the models of solar radiation esti-
mations. Some of these, the relative percentage error (E), the
mean percentage error (MPE), the mean absolute percent-
age error (MAPE), the sum of the squares of relative errors
(SSRE), the relative standard error (RSE), the mean bias er-
ror (MBE), the root square error (RMSE), and correlation
coefficient (R?) are the most commonly used to compare the
results [5, 8-10, 18, 22, 28, 42-45]. In all the above statistical
tests of accuracy, except R? the smaller the value, the better
is the model performance. The statistical performance met-
rics are given in Table 1.

33. RESULTS AND DISCUSSION

The monthly average daily values of the global solar radia-
tion (H ), sunshine duration (S ), wind velocity (V), ambient
temperature (7), ambient pressure (p), relative humidity
(RH), the extraterrestrial radiation (A ), daylight duration
(S,), solar radiation fraction % and sunshine duration
fraction % were calculated from the 10-secondly mea-
suring data and given in Table 2. The monthly average daily
values of the solar radiation and the sunshine duration were
illustrated in Fig. 3 and Fig.4. Using the data mHTable 1 and
Minitab™ program; the varlatlons between || and
between || and (T), between ) and (), between Lf;
and (RH), and between A and PSwere analyzed and indi-
cated in Fig.5. Minitab™ is a statistical package that provides
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Figure 3. The annually distributions of the monthly average daily global
and extraterrestrial solar radiations

a broad range of basic and advanced data analysis tech-
niques. It includes regression techniques, analysis of vari-
ance experimental design and control charts, quality tools,
survival analysis, multivariate analyses, time series, descrip-
tive and non-parametric statistics exploratory data analysis,
power and sample-size calculatlon The results of analysis,
the sunshine duration fraction || and the ambient tem-
perature (T') were determined to be more impressive on the
solar radiation fraction| ;- - After that, the new twelve em-
pirical models relating to H, 5 and T were suggested as
fitted to experimental data. The regression graphs, the cor-
relation coefficients (a, b,c,d,..... ) and coefficient of determi-
nation(Rz) obtained from Minitab™ were demonstrated in
Fig.6-17. The obtained equations for new models are given
as the following;

Model-1:

H i ,

E—0.1761+0.6021S07 (R* =0.935) (45)
Model-2:

A =0.1640+ 0.6529i —0.0482
H S

o o

SSJ o (R =0935) (40

o

Model-3:

H s sY sY

E:°‘0315+1'528§_1‘835(?J “‘144[?0] ;R =0936) (47)
Model-4:

3140011787, (g2

a7 =" : » (R =0.814) (48)
Model-5:

o 03620+0.014787 ~0.0001287* .

7 =0 : : » (RP=0817) (49)

o

Model-6:

Hi =0.3364-+0.029117 ~0.00166877 +0.0000437°, (R =0.827) (50)

3

16
14 -
12

10

Sunshine daylight duration (h)
]

==g==Sunshine duration (S)

=== Daylight duration (So)

>
)
>

January
February
March
April
June
July
August
September
October
November
December

Months

Figure 4. The annually distributions of the monthly average daily sunshi-
ne duration and daylight duration.
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Table 1.The performance tools for statistical analysis

Metrics Relations Explanation Eqn.
No.
The E provides the percentage deviation data between
. _ the calculated and measured. The ideal value of E equals
Relative percentage E=| 5™ Yoo (36)
E . . . . .
error (E) " to zero. here C; is the ith calculated value, 777; is the ith
measured value
Mean percentage n The mean percentage error is explained as the average
error ZE value of percentage deviation between estimated and 37)
(MPE) MPE == — measured solar radiations. Where n is the number of
2 measured and estimated values
Mean absolute if The mean absolute percentage error is expressed as the
percentage error MAPE = ABS| 5 — absolute average value of percentage deviation between (38)
” . o
(MAPE) estimated and measured solar radiations
The SSRE give us the positive value of sum of squares of
Sum of the squares o 2 ; . .
. c—m; relative deviations throughout the year. The ideal value of
of relative error SSRE = Z SSRE equals to 3610 (39)
(SSRE) =AY 4 :
Relative standard RSE = SSRE The RSE provides thecc(i)eri;ee:et i(:); e;ccuracy of estimation “)
error (RSE) N\ )
The mean bias error is the average difference between
measured and estimated values. The MBE gives some
Mean bias error 1 information on the long-term performance of correlati-
(MBE) MBE = *Z(Ci - m,) ons. The positive MBE indicates an overestimation, whilea | (41)
nia negative MBE shows an underestimation. The ideal value
of MBE is zero.
The RMSE provides a general indicator about on the
Root mean square | ) short-term performance of correlations. The RMSE is
error (RM;IE) RMSE = 72(0‘- —-m, ) always positive. Because the lower of RMSE values shows (42)
e the more accurate model, the ideal value of RMSE equals
to zero and is always positive
The correlation coefficient is used to analyze for deter-
(¢;=c,)m,—m,) mining the relation between estimated and measured
Correlation coeffi- | g2 = il (43)
cient (R?) < ) [ < 2 values. Where C = and M expressed the average of the
(ci_(‘n) Z(mi_mn) @ a &P . g
P = calculated and measured values, respectively.
S To determine whether or not the equation estimates are
tstatistic method |, . _ (n - I)MBE statistically significant, i.e,, not significantly different from (44)
(t-stat) RMSE?* — MBE? their actual counterparts, at a particular confidence level,

it is proposed the t-statistic as the correlation.

Model-7: The measured and estimated values of H were given in Ta-

H = 19814 2.4965 (R =0.979) ble 3 and shown in Fig.18-21. By using the statistical analy-

sis methods, the values o in lable 5 estimated from new
G1) s methods, the values of H in Table 3 estimated f
Model-8: models were compared with the measured values and tabu-
H = —1.717 +2.4025 + 0.006835%> (Rz _ 0.979) (52) la‘ted in Table 4. "H}e main remarkable statistical results are
given as the following;
Model-9: (i) Between the new models, Model 1(eqn.(45))
H =2.086+0.2385 +0.36165” —0.017445", (&° =0.%) (53) has the best MAPE value with 4.52 between
Model-10: the new models.
, (54) (ii) Model-3 (eqn.(47)) has the best MPE, SSRE,
H = 4959+ 088477 ,(R* =0.910) RSE, RMSE and R? values with 0.22, SSRE=
Model-11: 0.00257, RSE= 0.01463, RMSE=0.77312 and
H =5.018+0.86697 +0.000767", (R2 = 0.910) (55) 0.99457.
Model-12 (iii) Model-11 has the best MBE and t-stat values
odet-1 with 0.00022 and 0.00034 between the new
H =54.617+1.091T —0.0234T" +0.00068T° , (R* =0.910) (56) models.
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Figure 19.The annually distributions of the monthly average daily
solar radiation estimated from Model-4, Model-5 and Model-6.
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Figure 20.The annually distributions of the monthly average daily
solar radiation estimated from Model-7, Model-8 and Model-9.
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solar radiation estimated from Model-10, Model-11 and Model-12.
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Table 2. Measured and calculated metrological data for Eskisehir City.

Measured values Calculated Values

Months
H S \% T P RH Ho So H/Ho S/So
January 5.11 2.72 3.50 1.29 907.41 60.89 15.57 9.56 0.328 0.285
February 10.27 4.75 3.58 273 902.91 53.48 20.87 10.55 0.492 0.450
March 13.43 5.7 397 6.14 920.32 43.00 27.70 11.73 0.485 0.486
April 16.75 6.95 4.05 11.24 907.68 42.56 34.77 13.05 0.482 0.533
May 19.96 8.75 3.75 15.75 904.44 41.88 39.71 14.17 0.503 0.618
June 24.66 10.4 4.02 19.73 910.98 39.77 41.71 14.74 0.591 0.706
July 25.24 11.2 4.60 22.82 910.17 39.24 40.64 14.48 0.621 0.774
August 23.63 10.1 4.39 21.73 911.33 40.18 36.61 13.51 0.645 0.747
September 19.06 8.55 3.75 18.42 912.01 39.54 30.20 12.24 0.631 0.698
October 12.62 6.68 3.37 11.87 912.84 47.14 22.83 10.93 0.553 0.611
November 7.03 4.35 3.11 6.29 912.50 48.55 16.79 9.82 0.419 0.443
December 5.05 2.63 3.58 139 910.69 50.78 14.12 9.27 0.357 0.284
Average 15.23 6.90 3.81 11.62 910.27 45.58 28.46 12.00 0.509 0.553
Table 3. The monthly average daily global solar radiation values estimated from the developed models.
Months | Measured | Model-1 | Model-2 = Model-3 | Model-4 = Model-5 ' Model-6 = Model-7 = Model-8 | Model-9 | Model-10  Model-11 ' Model-12
January 511 5.41 539 5.36 6.03 593 578 4.81 4.87 5.06 6.10 6.13 5.98
February 10.27 9.34 9.36 9.43 8.44 8.38 8.44 9.88 9.85 9.51 737 7.39 7.43
March 13.43 12.98 13.01 13.07 12.31 12.41 12.80 12.25 12.20 11.96 10.39 10.37 10.59
April 16.75 17.28 17.32 17.31 17.54 17.80 17.87 15.37 15.31 15.35 14.90 14.86 14.89
May 19.96 21.76 21.80 21.63 22.14 22.36 21.80 19.86 19.82 20.17 18.89 18.86 18.65
June 24.66 25.07 25.05 2494 25.21 25.18 24.67 23.98 24.00 24.05 22.41 22.41 22.25
July 25.24 26.08 26.02 26.21 26.04 2571 26.13 2597 26.04 25.61 25.15 25.20 25.41
August 23.63 2292 22.88 2292 2299 22.80 22.79 2323 23.24 23.41 24.18 24.21 24.25
September 19.06 18.02 18.01 17.92 17.79 17.84 17.38 19.36 19.32 19.65 21.25 21.24 21.02
October 12.62 12.42 12.44 12.35 11.69 11.86 11.85 14.69 14.63 14.61 15.46 15.41 15.40
November 7.03 7.44 7.45 7.52 7.49 7.55 7.79 8.88 8.86 8.53 10.53 10.50 10.73
December 5.05 4.90 4.88 4.85 5.48 5.40 528 4.58 4.65 4.90 6.19 6.23 6.09
Average 15.23 15.30 15.30 15.29 15.26 15.27 15.22 15.24 15.23 15.23 15.23 15.23 15.22
Table 4. The statistical analysis results of the new developed models
Months Relative Percentage Error (E)
Model-1 | Model-2 = Model-3 | Model-4 | Model-5 | Model-6 | Model-7 | Model-8 | Model-9 = Model-10 | Model-11 | Model-12
January 593 5.46 491 18.06 16.09 13.16 -5.86 -4.71 -0.97 19.38 20.11 17.15
February -9.10 -8.90 -8.15 -17.85 -18.43 -17.84 -3.86 -4.13 -7.45 -28.20 -28.05 -27.61
March -3.33 -3.08 -2.65 -8.32 -7.60 -4.65 -8.80 -9.17 -10.92 -22.64 -22.80 -21.15
April 3.1 3.38 3.29 4.69 6.24 6.65 -8.29 -8.64 -8.37 -11.05 -11.32 -11.14
May 9.01 9.19 8.38 1093 12.00 9.23 -0.51 -0.69 1.04 -5.37 -5.54 -6.58
June 1.66 1.61 1.15 224 2.12 0.07 -2.76 -2.66 -2.45 -9.11 -9.10 -9.76
July 333 3.06 3.83 3.18 1.84 3.52 2.90 3.17 1.45 -0.38 -0.19 0.65
August -3.00 -3.16 -3.00 -2.69 -3.52 -3.55 -1.70 -1.65 -0.94 235 2.48 2.64
September -5.49 -5.51 -6.01 -6.68 -6.40 -8.85 1.56 1.35 3.11 11.50 11.44 10.28
October -1.60 -1.43 -2.14 -7.40 -6.05 -6.15 16.39 1593 15.77 22.45 22.09 22.04
November 5.80 6.03 6.98 6.61 7.49 1091 26.30 26.08 21.35 49.80 49.47 52.63
December -2.93 -3.37 -391 8.69 6.96 4.57 -9.16 -7.89 -2.97 22.67 2338 20.72
MPE 0.28 0.27 0.22 0.95 0.89 0.59 0.52 0.58 0.72 4.28 433 4.16
MAPE 4.52 4.52 4.53 8.11 7.90 7.43 7.34 7.7 6.40 17.08 17.16 16.86
SSRE 0.00265 0.00264 0.00257 0.00913 0.00868 0.00770 0.01051 0.01013 0.00815 0.04628 0.04643 0.04637
RSE 0.01485 0.01482 0.01463 0.02759 0.02690 0.02532 0.02960 0.02906 0.02607 0.06210 0.06220 0.06216
MBE 0.06611 0.06655 0.05849 0.02936 0.03310 -0.01882 0.00311 -0.00199 -0.00006 0.00074 0.00022 -0.00928
RMSE 0.78383 0.78677 0.77312 1.12130 1.14694 1.09609 1.03032 1.02927 0.99493 2.13984 2.13959 2.13369
t-stat 0.28073 0.28156 0.25163 0.08686 0.09576 0.05695 0.01000 0.00642 0.00021 0.00115 0.00034 0.01443
R? 0.99447 0.99439 0.99457 0.98835 0.98765 0.98845 0.98945 0.98948 0.99017 0.95368 0.95369 0.95395

doi: https://doi.org/10.26701/ems.797177
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34. CONCLUSIONS

Solar energy occupies one of the most important places
among the various possible alternative energy sources not
only in Turkey but also in the other countries in the sunny
belt. Solar energy technologies suggest a clean, renewable
and domestic energy source, and are essential components
of a sustainable energy future. In the design and study of
solar energy, information on solar radiation and its compo-
nents at a given location is very essential. In this regard, so-
lar radiation models are of big importance.

The review and classification of the published works in es-
timation of solar radiation shows that sunshine duration,
relative humidity, air temperature and geographical param-
eters such as longitude, altitude, and latitude are the most
correlated parameters and the solar radiation estimation
methods can be classified as linear, nonlinear, artificial in-
telligence modeling and fuzzy logic modelling techniques.
In this study, twelve empirical models were developed to
predict the monthly average daily global solar radiation over
Eskisehir city of Turkey based on the measured data. The
results of statistical analyzing methods indicate that all of
the new developed empirical models are more suitable for
Eskisehir City. However it is concluded that proposed Mod-
el-4 can be used to calculate the global solar radiation with
good accuracy based on the statistical error tests. Model-4
is given as follows;

2 3
T 0315415285 1835 5| +1.144 S
H s s, S

o 3

o

Turkey lies in a sunny belt between 36° and 42° N latitudes
and is geographically well situated with respect to solar ener-
gy potential. If the information of solar radiation potential is
very limited, the temperature based models are an essential
and economical tool for estimating solar radiation. In this
regard, the solar radiation potential can be easily estimated
from Model-10/-11/-12 for Eskisehir and neighboring cities
in the similar region and climate. Model-11 is statistically
best temperature based model and given as follows;

H =5.018+0.8669T +0.000767>

NOMENCLATURE

a,b,c,d coefficients in empirical relationship(-)

c, average of calculated value

¢, i’th calculated value

E relative percentage error (%)

G, extraterrestrial radiation %)

G, solar constant (: 1367 %)

H monthly average daily global solar radiation kmz“i[day)

H, monthly average daily extraterrestrial solar radiation o —day
. average of measured value

m ith measured value

MBE  mean bias error (%day)

MPE  mean percentage error (%)

MAPE mean absolute percentage error (%)
My number of days of the year starting from fist January
R? correlation coefficient (per %)

RMSE root mean square error (m% day)

RSE relative standard error (%)

S day length (h)

S, daylight (bright sunshine) duration (h)
SSRE  sum of squares of relative errors (%)
t—stat t-statistic (-)

Z altitude (elevation) (m)

Greek letters

o solar declination angle (0)

1 latitude of site (0)
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Abstract

In this experimental study, a composite structure was obtained by combining apple pulp wastes with slag wastes.
Electromagnetic field characteristics of test samples have been determined. In the scope of the study, dry apple
pulp and slag wastes were transformed into square plate form using a specially designed mold and a pressing
bench with a capacity of 50 tons. The measurements were carried out in the 3-18 GHz frequency band in the
microwave laboratory. In the measurements, five different measurement results were obtained: air, high quality
commercial absorber, pure apple pulp, 50 g apple pulp with slag and 150 g of slag added apple pulp. The results
of the measured samples were compared and interpreted with the results of air and high quality commercial
absorber material. As a result, the samples formed by pure apple pulp, 50 g slag-added sample and 150 g slag-
added sample in terms of electromagnetic permeability similar results were obtained. The slag-added sample of
50 g performed better absorption in certain frequency regions than the slag-added sample of 150 g. In addition,
it produces close transmission values in three samples in the 8-12 GHz X-band frequency range. In addition,
considering the absorption values of the slag-added structures, it was determined that they absorb signals 90%
on average in the frequency regions of 8 GHz and above.

Keywords: Organic waste, blast furnace slag, absorber, electromagnetic conductivity.

35.INTRODUCTION

Due to the increasing consumption trend with the devel-
oping technology, environmental pollution and dramatic
waste formation occur on a global scale. This situation pos-
es a great threat to the environment and human health [1].
On the other hand, considering the limited raw material re-
sources and the increase in raw material needs, the idea of
meeting the raw material need from waste arises [2].

Waste recovery is very important for economic sustainabil-
ity. Therefore, developed and developing countries tend to
work on the recovery and efficient use of waste [3]. Waste
can be classified according to many parameters such as eco-
nomic values, amount of formation, recovery conditions.
However, they are classified as waste, organic waste, met-
al waste, plastic waste, electronic waste, paper-cardboard
waste according to the amount of formation. When evalu-
ated to its formation, most waste generation is observed in
organic waste [4].
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Increased waste generation for waste recovery is also asso-
ciated with increased energy demand. Converting waste to
energy has great advantages in terms of economic condi-
tions and environment. Therefore, encouraging decisions
have been taken in various countries around the world to
provide energy recovery from waste [5-7]. The Government
of India has seen agricultural waste as a significant income
potential. In this context, studies have shown that farmers
gain high income from biogas production and worm fertil-
ization [8]. On the other hand, considering the dependence
on fossil fuels, the fact that fossil fuels are exhaustible and
pose an environmental threat reveals results that support
the idea of using organic wastes as energy and raw materials
[9-10]. If organic wastes are not utilized, their storage poses
a problem. In addition, during traditional disposal methods,
problems such as the inadequacy of the lands, the emission
of greenhouse gases and the spread of harmful substances
to the environment arise [11-13]. When organic wastes are
integrated into recovery; it is possible to gain energy and raw
materials. Organic wastes can be used as an energy source,
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especially in obtaining biogas and using it in electricity gen-
eration [14-16].

Organic wastes, which are generally used for energy produc-
tion, can also be used as a raw material source. In some stud-
ies, it is seen that it is appropriate to use agricultural wastes
in animal feed production [17]. In another study conducted
for the evaluation of food wastes, the chemical properties
of some food wastes were examined. These wastes found
that they have the potential to be reused in the production
of products such as drugs and food supplements [18]. In a
study conducted on the determination of some mechanical
properties of organic wastes, the electromagnetic field and
thermal properties of pomegranate seed wastes were tried
to be determined and it was mentioned that these wastes
could be added as additives to the compositions of thermal
insulation, electromagnetic absorber, etc. [19-20]. In addi-
tion, absorber and radome applications have an important
place in electromagnetic field applications [21].

In this study, it was tried to determine the electromagnet-
ic field properties of the sample obtained by steel powder
(slag) wastes used in the iron and steel industry with organic
wastes. Within the scope of the study, the experimental re-
sults of pure apple pulp and slag-added apple pulp were ex-
amined in detail. The comparisons of both samples in terms
of cutting or not affecting the signals on the electromagnetic
field permeability are presented by graphical analysis.

36. MATERIALS AND METHODS

In this study, apple pulp wastes and metal wastes (slag) were
selected as samples in experimental studies. First of all,
the algorithm that enables organic wastes to be converted
to sample format is shown in Figure 2.1. The waste prod-
uct to be recycled is determined from organic wastes with
a wide product potential. In the ongoing process, the de-
termined waste product must be separated into structures
such as water, shell and pulp. Decomposed waste structures
are subjected to dehumidification and dried in the oven in
order to prevent decay. Then, in order to determine the elec-
tromagnetic properties of the samples, the test samples are
made ready by a press bench with a capacity of 50 tons and a
specially produced square plate production mold.

| Reference sample determination |

32

Decomposition
45
I_Drying and sample preparation |
o >
Measurement applications

S
Deciding on the application feature

Figure 2.1. Wastw recovery agorithm

The slag used in the study was purchased from Iskenderun
Demir ve Celik Company and its specific gravity is 2.89 g

/ cm3 and Blaine fineness is 540 m2 / kg. In addition, the
chemical properties of the slag are shown in Table 2.1.

Table 2.1. Chemical properties of blast furnace slag [22].

Chemical composition Analysis results of slag (%)

CaO 36.25
Sio, 34-36
SO, 0.60
Na,0 0.28
K,0 0.75
S? 0.51
ALO, 11.34
Fe,O, 0.74
MgO 6.10
Loss of glow 0
Free Lime 0

The drying oven shown in Figure 2.2 is an oven with a ca-
pacity of 300 ° C, powered by electricity and generating heat
with the resistances inside. The waste samples laid on metal
plates are dehumidified for 4 hours at 82 ° C in this oven and
converted into a form suitable for pressing.

Figure 2.2. Drying oven

The dried organic waste samples and slag wastes are con-
verted into sample format with a specially designed mold
and pressing bench.

Figure 2.3. Square Plate Production Mold Parts

As shown in Figure 2.3 the mold pressing block, designed
to produce samples with a surface area of 16x16 cm® and a
thickness of 5 mm - 50 mm, consists of a total of four main
elements: lower table, female mold and sample extraction
legs. Here, the thrust block is made of 1050 steel and is resis-
tant to high pressures. The mold cavity is worked with 10-
*cm measurement accuracy. The lower table is the part on
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which the sample is pressed and it is made of st-37 steel. The
female mold serves as the filling chamber of the sample and
is the most important part of the mold. This part is made of
2040 manufacturing steels and the working gap is designed
with 10-® cm precision.

Figure 2.4. Pressing Bench

The pressing bench shown in Figure 2.4 is a bench with a
maximum capacity of 50 tons and can be operated manually.
A specially produced mold is placed between the upper and
lower jaws seen on the counter. After the mold cavity and
compression blocks are fixed, pressing at the desired value
can be applied to the sample in the mold cavity through the
control screen of the device. With the help of the screen on
the pressing machine unit, the applied pressure value is ob-
served and can be adjusted to the desired values instantly.

Two-port Agilent N5234A PNA-L Microwave Network An-
alyzer was used to determine the properties of the prepared
samples.

[} Network Analyzer ®

Hom Antenna-1 Horn Antenna-2

Sample

Figure 2.5. Schematic view of Agilent N5234A PNA-L Microwave Network
Analyzer

The schematic view of the test setup established to deter-
mine the electromagnetic behavior of the samples is as
shown in Figure 2.5. Testing is carried out by placing sam-
ples at the midpoint of two broadband linearly polarized
horn antennas. Network analyzer is used to measure the pa-
rameters S11, S12, S21 and S22 for a two-port system called
scatter parameters (S-parameters). Here, S11 and S22 rep-
resent the amount of power reflected back from the first and
second ports, respectively, while the parameters S12 and
S21 show the power transferred between the two ports. As
a result, the parameters S11 and S22 selected as reflection
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parameters are equal to each other, and in the same way, the
parameters S12 and S21, which are evaluated as transmis-
sion parameters, are equal to each other.

Figure 2.6. Electromagnetic test setup and test application

While performing the measurements, firstly, the calibration
process of the device is performed in three conditions, open,
closed and short circuit. Then the measurement for air is
taken as a reference. Finally, produced samples are subjected
to the measurement process as seen in Figure 2.6. The sam-
ples are made by placing the samples vertically between two
antennas at a distance of 10 cm from each antenna.

37.RESULTS AND DISCUSSION

In this section, reflection and transmission values of samples
prepared by experimental studies in the microwave laborato-
ry have been obtained. As is known, empty air environments
do not affect electromagnetic signals in terms of reflection
or transmission parameters. Therefore, the air environment
reflection and transmission parameters were determined in
the device first, and other measurements were interpreted
according to the air reference. In addition, measurement
results were obtained for a professional absorber material
currently in use, and electromagnetic characteristics were
obtained for pure apple, 50 g slag-added sample and 150 g
slag-added sample according to their close behavior to air
and absorber material.
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Figure 3.1. Reflection parameters of samples after electromagnetic field
test
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The reflection values obtained with five different setups are
as shown in Figure 3.1. These five different mechanisms are
described in the following order;

o Air

+ Electromagnetic absorber

+ pure apple sample

« 50gr Slag and Apple combination

+ 150gr Slag and Apple combination
Here, when the reflection values are compared with air, the
retro reflection values of the combinations of slag and apple

samples occur in a multi-band fashion, which supports the
idea that the signals are not reflected back.
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Figure 3.2. Transmission parameters of samples after electromagnetic
field tests

Transmission values between two antennas have been mea-
sured with five different setups and are given in Figure 4.2.
As shown in Figure 4.2, compared to air, the combination
of apple and slag-apple structures reduce the transmission
value in the 3-18 GHz range. The structure using 50gr slag
in the 6-8 GHz and 13-16 GHz bands reduces the transmis-
sion value by approximately 10 dB compared to the struc-
ture using 150 gr slag. Remarkably, when the slag addition
is increased, the transmission values decrease. In addition,
when the frequency range of 8-12 GHz is examined in trans-
mission parameters, it is seen that transmission losses at the
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Figure 3.3. Signal absorption characteristic of 50 g slag-added sample
and 150 g slag-added sample

same levels are observed in pure apple, 50 g slag-added ap-
ple and 150 g slag-added apple structures. In this case, it
was determined that the slag addition does not provide great
advantages to the pure apple pulp structure in terms of elec-
tromagnetic permeability in some frequency regions.

S11 (reflection values) and S12 (transmission values ob-
tained as a result of electromagnetic field tests can be cal-
culated with the help of the formula shown in Eq.1 for each
sample.

Absorption =1-([S11")~([st2f ) (1)

The reflection and transmission values obtained by using the
absorption equation were converted from decibels to linear.
The graph given in Figure 4.3 gives the electromagnetic sig-
nal absorption characteristic of both slag combinations. The
developed samples perform excellent signal absorption in
the 10.25 GHz and 15.8 GHz frequency regions. In addition,
there is an average of 90% signal absorption in the 8-17 GHz
range.

In the light of the results obtained, it is predicted that the
proposed sample can be used in communication systems
such as radar. In addition, these frequency regions have a
wide range of applications.

38. CONCLUSION

In general, millions of tons of waste derivatives are dys-
functional worldwide and pose problems for the environ-
ment and public health. In this study, by approaching waste
recovery with an innovative perspective, a new structure
was obtained by combining apple pulp, an organic waste,
and slag samples with metal waste, and the electromagnetic
absorption characteristic of this samples was examined in
detail. In this context, it has been proved that it is possible
to develop absorber materials that are economically used in
high value-added technologies in the study conducted on
recycling waste.

With the samples proposed in the study, it has been shown
that it is possible to obtain absorption with high efficiency,
especially in high frequency regions. Considering the gener-
al findings, it has been determined that studies on the physi-
cal combination of slag wastes and apple pulp wastes need to
be deepened and the results change negatively when a cer-
tain amount of slag additions are exceeded in terms of elec-
tromagnetic field permeability. Ensuring improvements in
combining two waste structures with each other during the
sample preparation process and determining the optimum
slag amount in a more convergent result between these two
reference measurements can be a source for future studies.
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