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Sogutma cevriminde en 6nemli faktorlerden biri olan sizdirmazligin saglanmasi igin kuvvetli aliminyum
bakir baglantilarinin olusturulmasi gerekmektedir. Titresimli bir ortamda ¢alisan bu baglantilar ayni

zamanda uzun sireli kullanimlar sonucunda meydana gelebilecek sizintilardan kaynakli gaz kagaklarina
Anahtar Kelimeler engel olmahdir. Bu galismada o6tektik kaynagl ve otektik Gzeri sert lehim yontemi ile birlestirilmis
Aliminyum boru; Bakir  3jiiminyum ve bakir borular incelenmis, baglanti mukavemetinin artirilmasi ve sizdirmazligin saglamasi
boru; Sogutma sistemi; jcin by iki ydntem tek bir baglanti noktasina beraberce uygulanmistir. Tim numune cesitlerine patlatma
Sert lehimleme; Otektik testi, cekme testi, sizdirmazlik testi uygulanmis olup, taramali elektron mikroskobu altinda baglanti ara
bag; Sizdirmazlik. yuzeylerindeki mikroyapilari incelenmistir. Yapilan deneysel ¢alismalar sonucunda &tektik Gzeri sert
lehim baglantisindan kesme gerilmesinin diger baglantiya goére %15.32 daha ylksek sonug¢ elde
edilmistir. Otektik tzeri sert lehim baglantisi ile baglanan numunelerin, 6tektik baglantiya gére %4,76
oraninda basinca daha dayanikli oldugu gorilmistir. Sizdirmazlik testleri sonucunda ise % 1 oraninda

olan sizdirmazligin % 1 den % 0 oranina disUrildiuga tespit edilmistir.

Investigation Of Mechanical Properties And Microstructures Of Al-Cu
Pipe Joints With Eutectic Welded And Brazed Over Eutectic

Abstract
In order to ensure tightness, which is one of the most important factors in the refrigeration cycle,

strong aluminum-copper connections must be formed. These connections, which operate in a vibrating

Keywords environment, should also prevent gas leaks caused by leaks that may occur as a result of long-term use.

Aluminum tube;
Copper tube; Cooling

In this study, aluminum and copper pipes connected by eutectic and brazing method were examined,
and these two methods were applied together to a single connection point in order to increase the joint

system; Brazing; strength and provide sealing. Explosion test, tensile test and leak test were applied to all sample types,

Eutectic bond; Sealing. and their microstructures at the junction interfaces were examined under scanning electron

microscope. As a result of the experimental studies, the shear stress of the eutectic brazed joint was
15.32% higher than the other connection. It has been observed that the specimens connected with the
eutectic braze connection are more resistant to pressure by 4.76% than the eutectic joint. As a result of
the tightness tests, it was determined that the tightness, which was 1%, was reduced from 1% to 0%.

Afyon Kocatepe Universitesi
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1. Introduction

Copper pipes, which are widely used in heating and
cooling in the white goods industry, have been
replaced by lower cost aluminum pipes due to
copper pipe
methods are used in heating and cooling system

rising costs. Aluminum joining
products such as evaporators, condensers, dryers,
assembly kits. Secure connections are required for
refrigerants to work and seal. Leaks occurring in
aluminum copper connections used in products
that have become a part of our lives such as air
conditioners, tumble dryers and refrigerators that
we use industrially or in our homes both prevent
the products from fulfilling their functions and
create formations that will endanger human health
by the release of gases circulating in the system to
the environment. Brazing welding methods are
used alone for aluminum copper joints with
additional connections so that the refrigerant gases

do not leak out of the cooling system.

After the welding process, gas leaks may occur at
the junction points of aluminum copper welds due
to process, parameter, operator, environment or
material. Keeping the flame long or short during
the connection and applying the flame to the same
point all the time may damage the connection
area. The amount of humidity in the environment
and dusty can be listed as environmental factors.
Although the materials have been subjected to leak
tests in the production lines where these
connections are produced, leaks may occur in the
connections during transportation, transportation
and over time. During transportation, vibrations
caused by loading can damage the joint points.
Along with the

manufacturing companies are working on the

developing  technologies,
parameters that affect the welding quality and
in the
connection points

work to solve the sealing problems
aluminum copper welding
(Ambroziak and others, 2020).

In this study, the application of eutectic and
brazing welding together in order to prevent gas
leaks in aluminum copper pipe connections used in
the refrigeration sector has been studied. In both
the aim

methods, is to provide sealing by

combining aluminum and copper pipes at the

connection point. In order to increase the strength
and life of the connection area, two methods were
applied to a single connection.

In the studies of Watanabe T. and Hiroshi K. we see
that such sources are expressed as eutectic sources
instead of diffusion sources.

It is thought that this study will be beneficial
especially for the companies that produce for the
white goods sector or have gas leakage problems
by joining aluminum copper pipe welding in their
products.

2. Material and Method

In this study, eutectic and brazing joint method
were applied together to reduce leakage problems
and increase joint strength. By designing a blow-
flaring form at the end of the aluminum pipe,
eutectic connection was made first and brazing was
applied on it. Experimental study results were
compared with currently used eutectic and brazing
connections.

2.1 Material

In the experimental studies, aluminum pipe
material with the commercial name '1070 A (ASTM
B 209)' was used. The chemical properties of 1070
aluminum material are given in Table 1 and
mechanical properties of 1070 aluminum material

are given in Table 2.

Table 1. Chemical properties of 1070 aluminum material
(Nazari and others, 2016).

International

Standard Chemical Composition (%)
Number

Al si Fe oz T
1070 A (min) ~ (max) ~ (max) (max) (a0
(ASTM B
209) 99,7 0,20 0,25 0,07 0,03
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Table 2. Mechanical properties of 1070 aluminum
material (Yilmaz N. 2012).

the copper pipe are given in Table 3 and the
mechanical properties are given in Table 4.

International  Tensile Yield % Hardness bl ive chemical

Standard Strength Strength Elongation HBW Tah r 3. Cu-DHPdcophper pipe chemical components

Number (MPa (MPa (min) (Shalaeva M. and others 2021).

min) min) Trade Name Chemical Composition (%)
1070 A
Cu P

(ASTM 60 23 25 18
B 209) Cu-DHP 99 0,015-0,040

Figure 1. Flat end aluminum tube dimensions.
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Figure 2. Flared end aluminum tube dimensions.

In Figure 1, the dimensions of the aluminum pipe
with the eutectic connection are given. In Figure 2,
the dimensions of the aluminum pipe with braze
applied on the eutectic connection are given. In
order for braze welding to be applied, a pool must
be created for the filler metal to fill. In order to
combine these two methods, the dimensioning of
the pipe end countersunk details in Figure 5.2 has
been made. Copper pipe with 'Cu-DHP' (Deoxidized
high phosphorus residue copper) was used in
experimental studies. The chemical components of

Table 4. Cu-DHP copper pipe mechanical properties
(Shalaeva M. and others 2021).

Tensile Yield %
Trade Strength Strength Elongation
Name (MPamin)  (MPamax) (min)
Cu-DHP 220-260 140 33
B P

8,00
[T +———gp—————————- —_——- @ 0,60

Figure 3. End shrink treated copper pipe dimensions.

Figure 3 shows the copper tube dimensions used in
brazing application on the eutectic connection.

In the experimental studies, a self-flux ring form
filler metal with the code 'A5.8-BAISi-4' according
to AWS standards was used. Chemical components
of A5.8-BAISi-4 filler metal are given in Table 5 and
physical properties are given in Table 6. Filling
material with the code AL 4047 was preferred
because it is compatible with the area to be
bonded due to the aluminum and silicon elements

20
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it contains, and because silicon increases the
fluidity.

Table 5. Chemical components of A5.8-BAISi-4 filler
metal.

AWS Code Brazing Chemical
Temperature Composition (%)
(°C)
0,01 Cu, 0,20 Fe, 0,01
A5.8-BAISi-4 582-604 Mn, 0,01 Mg, 12,08 Si,

0,05 Ti, 0,01 Zn, 88 Al

Table 6. Physical properties of A5.8-BAlSi-4.

AWS Code Coler Melting Yield Density
Degree Degree (Lbs/in®)
(°Q) (°C)
Grimsi
A5.8-BAISi-4 577 582 0,096
Beyaz

R4,00

210,40 i R1,00

oz

Figure 4. Dimensions of A5.8-BAlSi-4 brazing filler
material.

In Figure 4, the dimensions of the self-fluxing filler
metal in the form of a ring used during the
application of brazing on the eutectic connection of
the aluminum and copper pipe are given.

2.2 Method

2.2.1 Aluminum and Copper Tube Eutectic
Connection Method

The aluminum pipe given in Figure 1 and the
copper pipes given in Figure 3 were joined in the
eutectic joining machine as shown in Figure 5. In
the measurement made, the temperature of the
connection point at the time of joining was

measured as 563.7 °C. The aluminum and copper
pipes, which were compressed with the molds of
the eutectic connection machine, were heated and
the connection was ensured by placing 10 mm into
the aluminum pipe at 563.7 °C with the pressure
applied to the copper pipe. After this temperature
value was reached and the connection was made,
the heating was cut off and the molds were opened
(Yue and others, 2011). Eutectic connection was
completed by melting the aluminum pipe and
joining the copper pipe by pushing it into the
aluminum pipe under pressure. (Ambroziak and
others, 2020).

The welding surfaces of the aluminum and copper
pipes were brought up to the eutectic temperature
and immediately after the liquefaction occurred,
they were pushed into each other under pressure
and welded.

Figure 5. Combination of aluminum and copper tube
and temperature measurement.

2.2.2 Brazing Application of Aluminum and Copper
Pipe on Eutectic

Aluminum and copper pipes to be brazed on the
eutectic connection were cut with a pipe cutting
machine in the desired sample sizes. The copper
pipe end was swaging with a pipe end swaging
machine. In order to apply the eutectic connection
inside the aluminum pipe and on the brazing, the
tip detail form, the dimensions of which are given
in Figure 2, is designed. In order to obtain this
form, the punch, whose dimensions are given in
Figure 9, is connected to the aluminum pipe end
blowing machine and by entering 22 mm into the
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aluminum pipe end, the desired aluminum pipe
end form is obtained (Hazawil and others, 2017).

51,00

|
_________ e e
2450 26,60
8,00 —4,21
12,79

Figure 6. Brazing application punch on the eutectic
junction.

The aluminum pipe given in Figure 2 and the
copper pipe given in Figure 3 were first combined
with the aluminum and copper pipe eutectic
coupling machine. Eutectic connection was
achieved by pushing the copper tube into the
aluminum tube with a distance of 10 mm at 560 °C
measured with a laser temperature measuring
device. The aluminum copper tube obtained as
shown in Figure 7 is placed at the junction point by
passing an annular brazing phenomenon from the
copper end of the eutectic connection joint (Jung

and others, 2018).

Figure 7. Applying brazing on the eutectic junction.

The application was carried out with the help of a
blower. The brazing application was carried out
with a mixture of natural gas at 1 bar and oxygen at
10 bar. The connection point was heated, allowing
the brazing filler to reach its melting temperature.

In the measurement made with the laser

temperature measuring device, the brazing
application on the eutectic connection was
completed with the melting of the brazing filler at
590 °C (Oguz B. 1988).

2.2.3 Images and Technical Dimensions of

Connections

Figure 8. Image of aluminum-copper pipe eutectic
connection.

28,00——

—@8,00

Figure 9. Dimensions of aluminum and copper pipe with
eutectic connection.

Figure 10. Image of brazing application on eutectic
connection of flared aluminum-copper tube.

80

Figure 11. Dimensions of flared aluminum and copper
pipe with brazed on the eutectic joint.
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2.2.4 Tests and Reviews

2.2.4.1 Pressure Burst Test

Eutectic bond

Brazing on
eutectic
bond

Figure 12. Explosion test result sample images and burst
values.

The pressure burst test was carried out according
to the ASTM f1387-99 standard. Average pressure
test results and burst points are shown in Figure
12. According to these data, the sample to which
the eutectic connection was made exploded from
the aluminum pipe body point at 210 bar, and the
brazing application on the eutectic exploded from
the aluminum pipe body, not from the connection
point at an average pressure of 220 bar. It has been
observed that the specimens connected with the
eutectic braze connection are more resistant to
pressure by 4.76% compared to the eutectic joint.

2.2.4.2 Tensile Test

eutectic bond

brazing on eutectic bond

Figure 13. Breaking damage of samples in tensile test.

The samples for the tensile test were prepared
according to the TS EN ISO 6892-1 standard. Figure
13 shows the deformation and rupture points that
occur as a result of the tensile test applied to the
samples. Ten samples were tested at a tensile test
rate of 10 mm/min. In the data obtained from the
tensile test device, the maximum shear force in the
average eutectic connection was measured as

1108.59 N, and the average maximum shear stress
amount was measured as 22.33 N/mm?2. The
average maximum shear force measured in the test
performed on the brazing application on the
eutectic joint was 1257.66 N, and the average
maximum shear stress amount was measured as
25.75 N/mm?. In all tensile tests, all sample types
were broken by the aluminum tube, not the
connection point.

2.2.4.3 Leakage Test

Figure 14. Connecting the samples to the leak tester.

The samples given in Figures 9 and 11 were
connected to the leak test device shown in Figure
14. A total of 400 samples were tested, 200 of each
of both types. One end of the samples was
connected to the device and the other end was
closed with clamps in order to blind them to
complete the test. As soon as the lid of the test
device is closed, the device automatically presses
10 bar helium gas into the samples. Samples were
tested for 60 seconds at 10 bar helium gas
pressure. Leakage tests of the samples were
carried out according to the TS EN ISO 2048
standard.

The device checks whether there is helium gas
emission to the environment with helium gas
detectors in the closed cabin during the test
period. The device gives an audible warning in case
of leakage in the materials and lights up the red
warning lamp on it. If there is no leakage, it
indicates that there is no leakage in the materials
by turning on the green warning lamp. In the
tightness test, 2 (1%) leaks were detected from the
eutectic connected samples. It was determined
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that there was no leakage (0%) from the sample
that was brazed on the eutectic.

2.2.4.4 Investigation of Microstructures

In order to examine the microstructure of the
adhesion surfaces at the connection interfaces of
the test specimens, sections were taken from the
connection points of the specimens and examined
under scanning electron microscopy (SEM). In
order to examine the microstructures, all the
connected samples were cross-sectioned with a
circular saw before the connection area to examine
the internal structure of the connection, then the
samples were prepared by reducing them to a
length of 15 mm.

Figure 15. Microstructures of eutectic bond.

In Figure 15, microstructure images of the cross-
sectional surface of the eutectic junction are given.
The copper and aluminum sides are indicated in
the images. The connection area and line are
clearly visible in a and b views. In b and ¢ images
the dissolution of aluminum and copper in each
other are shown. When SEM images are examined,
aluminum and copper structures that melt into
each other are seen. These structures are formed
during coalescence when the eutectic temperature
is reached.

Figure 16. Microstructure images of braze bond on
eutectic.

In Figure 16, the microstructure images of the
brazed joints on the eutectic connection are given.
Aluminum, copper, eutectic connection and braze
filling regions are seen in the connection images of
the microstructures. In images a and b, it can be
seen that the brazing filler material is filled
between the aluminum and copper. Images c and d
show the eutectic bond and brazing filler together.
The interfaces and boundary lines of the
connecting regions are observed. Images of the
filler metal on the surface held by the eutectic
connection from the copper tube shrinkage point
are observed. It has been observed that braze filler
metal is located on the surfaces that the eutectic
connection cannot fill. The gaps where the eutectic
connection does not take place are filled with filler
metal. Except for the eutectic joint gaps filled with
filler, it was observed that the braze filler applied
on the eutectic joint was homogeneously
distributed and a second layer of protection was
provided.

W —Eutectic

Figure 17. Connection lengths of samples.

As given in Figure 17, in the measurements made
on the sample connection surfaces with the
camera microscope, the connection length of the
eutectic bonded aluminum and copper pipe was
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3.37 mm, and the aluminum-copper connection
length on which the eutectic was brazed was 10.19
mm.

3. Results

250 210 220

Bar

Eutectic Brazing on eutectic

Figure 18. Burst test average results.

When the blast test results given in Figure 18 are
evaluated, it has been seen that the test results of
the eutectic and braze-on-eutectic test results are
close to each other. When the blast zones were
examined, it was observed that eutectic and
eutectic samples were brazed on the eutectic, and
the blast points occurred from the regions close to
the aluminum tube body midpoints. According to
these values, 4.76% better results were obtained
from brazing onto eutectic than from eutectic
connection.

22 : .
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Figure 19. Eutectic junction stress-strain plot.
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Figure 20. Brazing stress-strain plot over eutectic.

According to the tensile test results given in Figures
19 and 20, the average maximum shear stresses
were obtained as 22.33 N/mm? for eutectic joint
and 25.75 N/mm? for braze-on-eutectic joint. Both
types of samples did not break from the

connection area, they were completely broken
from the aluminum pipe. According to these
values, approximately 14.34% higher results were
obtained from the brazing-on-eutectic connection
compared to the other connection.

As it can be seen in Table 6, 2 (1%) leaky samples,
ie leaky samples, were detected among 200
samples tested, each with eutectic connection. No
leaks were detected (0%) in the tightness test of
the specimens with brazed connection on the
eutectic. It is thought that the gaps that may occur
in the eutectic connection are filled with brazing
filler, thus preventing sealing.

Table 6. Sealing test results.

Feature Eutectic Braze On
Eutectic
Number of Tests 200 200
Number of Leaks 2 0
Leakage
Percentage %1 %0

Sections were taken from the samples that did not
leak from the tightness test and examined under a
scanning electron microscope.

When the connection points of the eutectic
connected sample were examined under the
microscope, it was seen that aluminum and copper
dissolved in each other and formed a bond at the
junction boundary line. The bond surface is
between the angled surface of the copper tube and
the surface where the aluminum contacts this
point.

When the connection points of the sample on
which brazing is applied on the eutectic bond are
examined under the microscope, a eutectic bond
that dissolves in each other is formed between the
angled surface of the copper pipe and the
aluminum in contact. In addition, the observation
of the molten filler metal between the eutectic
structures serves as a second protection layer for
sealing by filling the gaps formed during the
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eutectic bond by the brazing filler, completing the
connection as a whole.

Table 7. Bond lengths of the samples.

Feature Eutectic Braze On
Eutectic
Bond Length 337mm  10.19 mm

In Table 7, the bond lengths of the connections
measured under a microscope with a camera are
given. According to the results obtained, the
longest connection line was obtained by brazing on
eutectic with a length of 10.19 mm.

4. Conclusions

e Burst test results were close for ETC (Eutectic
joint) and BETC (Brazing on eutectic joint).

e According to the tensile test results, 13,33%
higher results were obtained from the BETC
connection in shear stresses compared to the other
connection.

e When we examine the leak test results, the
leakage rate in BETC samples was completely
eliminated in the test study with 200 samples each.
It has been determined that there is a 1% leakage
in the ETC.

¢ When we examined the connection points under
the scanning electron microscope, it was seen that
OTSL filled all the gaps and formed a longer
connection line than ETC. It has been shown that
filling all the gaps and interfaces gives better
results in terms of sealing.

e With BETC connection, a connection length of
202.37% longer than ETC was obtained. In this
case, it is thought that the samples produced with
BETC can give longer-lasting and durable responses
to vibrations in the system.
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0z
DA motor endistride ve gilinlik yasantida en g¢ok kullanilan elektrik motorlarindandir. Bu tip
Anahtar kelimeler motorlarin hiz ve konum kontroll 6zellikle hassas Uretim, glivenli haraket saglanmasi ve verimlilik
Pargacik Suri bakimindan 6nem tasimaktadir. PID, DA motor kontroliinde en sik kullanilan kontrol yéntemlerinden
Optimizasyonu; birisidir. Bu ¢alismada gercek DA motor parametreleri Uzerinden, Pargacik Sirli Optimizasyonu

Ziegler-Nichols; PID algoritmasi ve Ziegler-Nichols yontemi kullanarak DA motor hiz kontroliinde PID kontrolcl katsayilari

kontrol; DA Motor. belirlenmis ve bu iki yontemin karsilastirmasi yapilmistir. Calismada g¢ikis sinyaline giriilti eklenmis,
gercek sistem degerlerine yakin ¢ikis degerleri elde edilmistir. Boylelikle test sonuglarinin gergege
daha yakin bulunmasi amaglanmistir.

The Effect of Noise on System Performance in DC Motor Control

Abstract
DC motor is one of the most used electric motors in industry and daily life. The speed and position
Keywords control of this type of motor is especially important in terms of precision production, safe movement
Particle Swarm and efficiency. PID is one of the most commonly used control methods in DC motor control. In this
Optimization; Ziegler-  study, PID controller coefficients were determined in DC motor speed control by using Particle Swarm
Nichols; PID control; Optimization algorithm and Ziegler-Nichols method over real DC motor parameters and these two
DC Motor. methods were compared. In the study, noise was added to the output signal, and output values close

to the real system values were obtained. Thus, it was possible to obtain test results that can
approximately represent real conditions.

Afyon Kocatepe Universitesi

1. Giris kullanilan  kontrol ydntemlerinden birisi PID

Elektrik motorlari arasinda en cok tercih kontroldiir. Klasik ve wuyarlanmis PID kontrol

edilenlerden  birisi DA motorlardir.  Kullanim endistriyel kontrolcillerin yarisindan fazlasinda

_ kullanilmaktadir. Bunun nedeni PID kontrolciilerin
alaninin olduk¢a fazla ve c¢esitli olmasi, bu

. ayarlanabilirlik agisindan kolayhk saglamasidir.
motorlarin yer aldigi uygulamalarin sayisini oldukga

Parametreleri ayarlayamak icin ¢ok c¢esitli
yontemler kullanilabilir (Ogata 2010). PID kontrolde

kontrol katsayilarinin belirlenmesi blyik ©6nem

arttirmistir. Bu uygulamalar arasinda en ¢ok DA
motorun hiz ve konum kontroli yer tutmaktadir.

Bu amagla birgok kontrol sistemi gelistirilmis, bu

sistemlerin  optimizasyonu  icin  cok  cesitl tasimaktadir. Gokge vd. (2022) yaptiklari calismada,

algoritmalar uygulanmis ve test edilmistir. En cok kontrol katsayilarini belirlemek icin PSO algoritmasi
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ve ZN yontemlerini uygulamis ve sonuglarini
karsilastirmistir. Basamak referans ve basamak yik,
sintsoidal referans ve sinlisoidal yik altinda sistemi
test etmistir. Sinlisoidal referans ve yik altinda,
farkl PSO ve ZN

yontemlerinin belirlemedeki

yik frekanslari uygulamis,
katsay!

performanslarini karsilastirmistir. Calisma
sonucunda PSO algoritmasinin daha iyi bir sonug
verdigi gozlemlenmistir. Idir vd. (2018) yaptiklar
calismada optimizasyon tekniklerine dayal bir
Kesirli-Dereceli  PID  kontrolor  tasarlamistir.
Katsayilari ayarlamak icin Diferansiyel Evrim ve
Parcacik Surl Optimizasyonu (PSO) algoritmalarini
kullanmis ve sonugclarini karsilastirmistir. Hasan ve
Rashad (2019) yaptiklari ¢alismada sabit miknatisli
PID kontrolor

tasarlamis ve parametreleri ayarlamak icin PSO

DC motor icin Kesirli-Dereceli
algoritmasi kullanmistir. Calisma Simulink Gzerinde
deneysel olarak gergeklestirilmistir. Dis bozucularin
etkisi altinda referans takibi ve sistem saglamligi
konusunda sonuglar paylasiimistir. Yazgan vd.
(2019) yaptiklari calismada PSO, Genetik Algoritma
(GA) ve Ziegler-Nichols (ZN) yontemini DC motor
hiz kontroliinde PID parametrelerini ayarlamak igin
kriter altinda

uygulamistir.  Yontemler bes

degerlendirilmis ve PSO algoritmasinin
digerlerinden daha iyi bir performans ortaya
koydugu gosterilmistir. Ma’arif vd. (2022) yaptiklari
calismada PID parametrelerinin optimizasyonu igin
Simulink Gzerinde PSO algoritmasi kullanmis ve
optimum parametre degerlerini elde etmistir. Daha
sonra arduino Uzerinde kurduklari sistemde bu
parametreleri  kullanmis, ylikselme slresi ve
yerlesme siiresi agisindan sonuglari gézlemlemis ve
degerlendirmistir. DA  motorlar glinimizde
kuadkopter gibi multikopterler, robotik gibi genis
kullanim alanina sahip sistemlerin temel pargasidir.
stabil

kabiliyetlerinin

Bu nedenle kuadkopterlerin uguslari,

robotlarin  hareket ve donls
durumu onemli 6lclide kontrol sistemine baghdir.
Gokce vd. (2021) vyaptiklari ¢alismada tarimda

kullanilmak Uzere hazirlanan dort tekerli bir

robotun  kinematik ve sistematik analizini
gerceklestirmek  igin matematiksel model
olusturmustur.  Kontrol icin PID  kontrolci

kullanilmis ve parametreleri optimize etmek icin
PSO algoritmasi kullanilmistir. Bu calismada ¢ikis

sinyaline Gauss glriltisi  eklenmis ve PID
parametrelerini belirlerken kullanilan hata verisinin
garaltali sinyal Gzerinden hesaplanmasi
saglanmistir. Ayrica sistemin cikis sinyaline glirtlti

eklenerek sonuglar gozlenmistir.

2. Materyal ve Metot

Calismada DA motor parametreleri olarak gercek
degerler kullanilmistir (IntKyn. 1).

2.1 DA Motor

endustriyel sistemler ve giindelik hayatta siklikla
kullanilan DC motorlar, bir dogru akim elektrik
kaynagindan beslenen elektrik motorlaridir.

Ra La Tm Td
/\/‘\/\ 228
I, + J
€p <
. Doéniig
Yéni b
onu
Sekil 1 DA Motor Elektriksel Modeli
Sekil 1'de DA motorun elektriksel modeli
gosterilmistir. Elektriksel devrenin analizi

sonucunda elde edilen kontrol algoritmasinin blok

semasi Sekil 2’de verilmistir.

Va '@ 1 Iy g T #, 1 W
Les + R, mn Js+b
[® ]

Sekil 2 DA Motor Blok Semasi

Bu calisma baglaminda olgllen hiza glralta

eklenmis ve kontrolore o sekilde girilmistir.
w6|gu|en=w+g[]r[]|t[]

Ayrica dis bozucu sinisoidaldir. Yiik frekansindan
kasit bu sintisoidal dis bozucunun frekansidir.

2.2 PID Kontrol

Sistemlerin giris ve ¢ikis durumlarini kontrol eden

sistemlere  kontrol sistemi denir. Kontrol

sistemlerinden en Onemli parametrelerden birisi
geri besleme sinyalidir. Geri besleme sinyali ile giris
alinir ve

ve cikis degerleri arasindaki fark
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olusturulan  kontrol algoritmalari  bu farki

degerlendirerek parametreleri belirler.

u(t)

+ t
/Z\ 0 ¥ Sistem

P
I

Giris — Cikis
D

Sinyali Sinyali

Geri Besleme

Sekil 3 PID Kontrol Blok Semasi

Sekil 3’te PID kontrol sistemi icin blok semasi
gosterilmistir. Dogada, toplu hareket ederken zeki
davranislar sergileyen canlilar vardir. Bu siriye ait
bireyler sadece kendi tecrlbeleri degil sirideki
diger bireylerinde tecribelerinden vyararlanarak
problemler karsisinda Uretmektedir.

(Akyol ve Alatas 2012).

¢ozlimler

2.3 Pargacik Siirii Optimizasyonu

PSO, siri halinde hareket eden hayvan tirlerinin

yemek, su gibi temel ihtiyaglarini ararken
sergiledikleri  davranistan etkilenerek ortaya
atilmistir.

Konum

Sekil 4 PSO Calisma Mekanizmasi (Gokge vd. 2022).

Her parcacigin bir hizi vardir. Bu hiz anlik konum ve
bir sonraki konumu belirler. Her adimda pargacigin
anlik hizi ve bir 6nceki adimda hesaplanan hizi
toplanarak yeni konum elde edilir.

Xn= Xn—1+vn (1)

Xy : Pargacik konumu

Vi 1 Parcacik hizi

V= Cy Vo FCo(X,m 4= Ppe4)FC3( Xm 1~ G 4

(2)

Parcacik Momentumu (son adimdaki hizi): V-1

Parcacigin anlik buldugu en iyi noktanin

konumu: Pn-1

TUm pargaciklarin anlk buldugu en iyi noktanin

konumu 9n-1

Parcacigin yeni hizi, €15 C25 C3 belirli katsayilar
olmak Uzere esitlik (2) ile hesaplanir.

2.4 Ziegler-Nichols Yéntemi

“Yontemde integral zaman sabiti ve tlirev zaman
sabiti sifirlanir. Kontrol edici kazanci (K. sistem
cikisi stirekli salinim yapana kadar arttirilir. Strekli
salinim gozlendiginde salinim periyodu (T,) ve
kontrol edici son kazanci (K,) kaydedilir. Kaydedilen
bu degerlerden yararlanilarak,

tablodan

kontrolor icin degerler belirlenir.” (Durusu, 2022).

Ziegler-Nichols

metodunda  kullanilan kullanilacak

Cizelge 1 Ziegler-Nichols Metodu Tablosu (Ziegler ve
Nichols 1993)

Kontrol
el K, T T, K, K,
0.5
P KU
0.45 0.80 0.4 Ku/
Pl KU Tu
o %% 0125 0.10K, 1
Ku
0.6 o5 012571 1.2K,/T 0.075K,
PID K, T,

Cizelge 1'de ZN vyonteminde PID katsayilarini
tablo verilmistir.
Kullanilan yontemlerin karsilastiriilmasi sonucu elde

belirlemek i¢cin  kullanilan

edilen bulgular B6lim 3’te paylasiimistir.
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3. Bulgular

Farklh frekansa sahip ylkler altinda sistem test

edilmis ve Sekil (5-7)’'de sistem ciktilari

gosterilmistir.

System Response on Disturbance Frequency = 75.0

1009

v
t=]

o

Angular Velocity(rad/s)

—50

Referance
Ziegler-Nichols
Particle Swarm Optimization

-100

0 200 400 600 800 1000
Time(s)

Sekil 5 75 Hz yik altinda sistem tepkisi

Sekil 5’te gorildigu tzere PSO algoritmasi referans
takibi konusunda ZN yonteminden ¢ok daha Ustlin
bir performans sergilemistir.

System Response on Disturbance Frequency = 150.0

80

60 1

40 4

204

Angular Velocity(rad/s)

-204

Referance
Ziegler-Nichols

~601 Particle Swarm Optimization

0 200 400 600 800 1000
Time(s)

Sekil 6 150 Hz yUk altinda sistem tepkisi

Sekil 6’da goruldugi lzere yuk frekansi iki katina
cikarilmis ve sistem test edilmis ve yine PSO
algoritmasinin  ¢cok daha
sergiledigi gbzlemlenmistir.

Gstlin  performans

System Response on Disturbance Frequency = 300.0

60 1

40

201

Angular Velocity(rad/s)

—204

=40 Referance
Ziegler-Nichols

Particle Swarm Optimization

0 200 400 600 800 1000
Time(s)

Sekil 7 300 Hz yik altinda sistem tepkisi

Sekil 7'de goruldiigu Uzere sistem tepkisi yine
belirtilen frekansa sahip yik altinda ¢ok daha Ustiin
performans sergilemistir.

4, Tartisma ve Sonug

DA motorun hiz kontroli icin kullanilan PID kontrol
sisteminin parametrelerini belirlemek icin PSO ve
ZN yontemleri kullanilmis ve karsilastirmalari
yaptmistir. Bolim 1’de belirtildigi gibi Gokce vd.
(2022) yaptiklar galismada yéntem sonucu elde
edilen cikis sinyallerini ideal sartlar kabul ederek
olusturmustur. Bu c¢alismada sistem tepkisine
gercek verilere daha vyaklasik degerler elde
edebilmek icin Gauss glrtltisi eklenmistir. Elde
edilen sonuglar, bahsedilen calismalarda oldugu
gibi yine PSO algoritmasinin ZN yontemine gore ¢ok
daha iyi bir performans sergiledigini ortaya
koymustur. Elde edilen veriler, sistemin gercek
zamanli uygulamasinin yapilarak deney sonuglari ile

karsilastirilmasina da imkan saglamaktadir.
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Termoset regine matrisli cam fiber takviyeli kompozitler istenilen mekanik &zellikleri karsilamalari,
hafiflikleri, korozyona karsi direngli olmalari, kolay Uretilebilirlikleri, esnek tasarim 6zellikleri ve gevresel
etkilere karsi dayanikli olmalari gibi avantajlari nedeniyle tim diinyada glin gectikge artan alan ve
miktarlarda kullaniimaktadir. Termoset reginelerin igerdikleri yogun ¢apraz baglar nedeniyle 1si ile
yeniden sekillendirilmesi mimkin degildir. Bu 6zellikleri nedeniyle termoset regine matrisli kompozit
malzemeler kullanim 6miirleri sonunda ekolojik ve ¢evresel agidan sorun olusturmaktadir. Bu ¢alismada
endlistride yaygin olarak kullanilan TsGFRP (Cam Elyaf Takviyeli Termoset Polimer) kompozit
malzemelerin servis omidrlerini tamamladiklarinda olusan atiklarin geri dondsim ozellikleri
incelenmistir. GunUmuzde farkh ihtiyaglarin karsilanmasina yonelik ¢ok farkli &zelliklere sahip
malzemeler tasarlanmakta ve bliyik miktarlarda tretilmektedir. Bununla birlikte artan atik yUkinidn
bertarafi konusunda siirdUrilebilir ¢oziimler Uretilmesi vazgegilmez bir gereklilik olarak karsimiza
¢tkmaktadir. TsSGFRP kompozit malzemelerin geriddnlisimi konusunda ¢esitli ¢alismalar yapilmistir.
Ancak bugiline kadar yapilan galismalar maliyet ve kazanim agisindan degerlendirildiginde etkin ve
sirdurilebilir bir yontem olusturulabilmis ve yaygin bir kullanim alani saglanabilmis degildir. Bu
baglamda yeni arastirmalar yapilarak servis émirlerini tamamlamis TsGFRP kompozit malzemelerin
yeniden kullanimlari ve geridénisimlerine yonelik strdirilebilir ¢ozim yontemlerinin arastiriimasinin

oncelikli bir gereklilik oldugu anlasiimistir.

An Investigation on Recycling of the Glass Fiber Reinforced

Thermoset Composite Wastes
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Abstract

Thermosetting resin matrix glass fiber reinforced composites are used in increasing areas and quantities
all over the world due to their advantages such as meeting the desired mechanical properties,
lightweight, resistant to corrosion, easy production, flexible design features, and resistant to
environmental effects. However, it is not possible to reshape thermoset resins with heat due to the
cross-linked networks. Due to these properties, composite materials with thermo-setting resin matrix
cause ecological and environmental problems at the end of their life of usage. In this study, the
recycling properties of end-of-life TSGFRP (Glass Fiber Reinforced Thermoset Polymer) composite waste
materials, which are widely used in the industry were investigated. Today, materials with different
properties are designed and produced in large quantities to meet advanced needs. However, it is an
indispensable necessity to produce sustainable solutions for the disposal of the increasing waste load.
Various studies have been carried out on the recycling of TsG-FRP composite materials. Unfortunately,
the studies carried out so far, evaluated in terms of cost and gain, an effective and sustainable method
has not been established and a widespread usage area has not been achieved. In this context, it has
been understood that researching sustainable solution methods for the reuse and recycling of end-of-
life TSGFRP comosite waste materials is a priority requirement in new studies

Afyon Kocatepe Universitesi
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1. Introduction

GFRP1 Composite materials are design materials
produced for achieving different properties and
functionality. While fiber is used as a reinforcing
element in these materials, thermosetting resins
are used as matrix material in larger quantities
than the reinforcing element in volume. Various
fillers and dyestuffs can be added to the matrix
according to the properties desired to be achieved
in the designed material. The matrix also contains
substances that require a chemical reaction. Glass
fibers in the composite can exist in either a
continuous or discontinuous phase (Demirel2008).
While glass fiber is used for
mechanical strength in composite materials in

increasing the

general, matrix materials play an important role in
increasing the corrosion resistance, distributing the
incoming load and the integrity of the structure,
while also playing an important role in determining
the physical, chemical, thermal properties, and
strength of the structure (lanasi2020, Kaya2016)

GFRP composites can be produced with various
production techniques that made them preferred
Thanks to the wide
advantages they provide, they are used in a very

for different purposes.

wide area and scale all over the world. The first use

of glass-reinforced composites was seen in
hulls.  Fiber

Composite materials first started with the use of

airplanes and boat Reinforced
aircraft and boat hulls in the field of transportation,
and then with the development of different
production techniques over time, the usage area

has increased and continues to expand (IntKyn.1).

The size of the global composite market has
reached 88.4 billion dollars as of 2019. Even though
the composite market shrank to 74 billion dollars in
2020 due to the global economic crisis caused by
the COVID-19 epidemic, it is estimated that the
demand will revive and reach 112.8 billion dollars
by 2025 with the recovery in the supply chains.
Today, the Turkish composite material market has

reached 1.5 billion Euros and a volume of 280,000
tons. The sector is growing in the range of 8-12% in
Turkey, above the growth rate of Europe and the
World (IntKyn.2).

Fiber Reinforced Composite materials are used all
over the world in the fields of aviation, wind
energy, consumer goods, marine, sports and
entertainment equipment, transportation, defense
industry, electrical electronics, pipes, tanks, and
Fiber

materials are used for many different purposes in

infrastructure. Reinforced = Composite
the field of transportation due to their lightweight,
superior resistance to water, corrosion, different
weather conditions, and self-colouring abilities.

Construction and  sub-sectors related to
construction are the areas where fiber reinforced
composite materials are used the most, due to
their advantages such as strength/weight ratio,
design flexibility, high resistance to weather
conditions, and non-flammability. In the
construction industry; It finds use in applications
such as infrastructure (piping systems), structural
parts, cladding panels, cladding panels (e.g. for
prefabricated buildings), roofing tiles, pipes as well
as bathroom furniture (e.g. bath and shower trays).
Many decorative details such as columns and
balustrades are carved from rigid foam, then
coated with glass fiber and polyester resin,
strengthened, and made resistant to weather

conditions (IntKyn.1).

The size of the global composite market has
reached 88.4 billion dollars as of 2019. Even though
the composite market shrank to 74 billion dollars in
2020 due to the global economic crisis caused by
the COVID-19 epidemic, it is estimated that the
demand will revive and reach 112.8 billion dollars
by 2025 with the recovery in the supply chains.
Today, the Turkish composite material market has
reached 1.5 billion Euros and a volume of 280,000
tons. The sector is growing in the range of 8-12% in
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Turkey, above the growth rate of Europe and the
World (IntKyn.2).

Fiber Reinforced Composite materials are used all
over the world in the fields of aviation, wind
energy, consumer goods, marine, sports and
entertainment equipment, transportation, defense
industry, electrical electronics, pipes, tanks, and
Fiber

materials are used for many different purposes in

infrastructure. Reinforced  Composite
the field of transportation due to their lightweight,
superior resistance to water, corrosion, different
weather conditions, and self-colouring abilities.

Construction and  sub-sectors related to
construction are the areas where Fiber Reinforced
Composite materials are used the most, due to
their advantages such as strength/weight ratio,
design flexibility, high resistance to weather
conditions, and non-flammability. In the
construction industry; It finds use in applications
such as infrastructure (piping systems), structural
parts, cladding panels, cladding panels (e.g. for
prefabricated buildings), roofing tiles, pipes as well
as bathroom furniture (e.g. bath and shower trays).
Many decorative details such as columns and
balustrades are carved from rigid foam, then
coated with glass fiber and polyester resin,
strengthened, and made resistant to weather

conditions (IntKyn.1).

Fiber Reinforced Composite materials are preferred

in  many furniture and various household
appliances, including water-contact dishwashers
and washing machines, due to their light strength,
very good waterproofing, and electrical and

thermal properties.

Fiber Reinforced Composite materials are preferred

in  many furniture and various household
appliances, including water-contact dishwashers
and washing machines, due to their light strength,
very good waterproofing, and electrical and

thermal properties.

MalladeX  Uiffel Tower
12 MW

Advanced Componites

Figure 2. Materials of an airplane (IntKyn.2)
The benefits of GFRPs are listed below;

. Strength/weight ratio advantage and

hardness,

. Easy and numerous production techniques,
at low cost.

. Few production possibilities at low cost,
(hand layup method) and unlimited moulding sizes

. Self colouring possibility and design flexibility
and opportunity to harmonize with other materials

. Resistance to water, many chemicals,
weather conditions, UV rays

. Good electrical and thermal properties

. Possibility of producing materials in different

layers and in different combinations to obtain
different mechanical properties

. In the volumetric phase, less energy is
needed for the production of GRP than metals
(Demirel2008).
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Despite all advantages of GFRP composites, which
are increasingly used in very large areas, end-of-life
composite wastes pose a problem. With the
developing technology, the increasing production
amount of GFRP composite materials that meet
different needs in the industry also causes a great
increase in the waste load.

The ecological problems caused by the depletion of
natural resources and the increasing waste load
increase the importance of developing sustainable
waste management solutions all over the World
Commission on Environment and Development,
published "Our Common Future Report", in April
1987.
"development that meets the needs of the present

Sustainable development is defined as

without compromising the ability of future
generations to meet their own needs" on that
report. Therefore, environmental protection
requirements should be considered manufacture
and design of materials and taking into account
future generations.  Adopting  sustainable
development to industrial production has become
one of the greatest challenges of the century. For
this reason, there has been an increasing global
trend in waste disposal. Designing and production
plans should be done by considering waste disposal
and environmental effects (Ming et al. 2021,

Ulewics 2021).

Various studies have been carried out for years on
the recycling properties of thermoset composites.
The descriptions related to the technologies
regarding the potential recycling and/or reusing
methods for end-of-life composites including,
thermal, material, a chemical recycling are given in
the literature (Cunliffe and Williams 2003, Oliveux

et al.).

Nouigues et al. evaluated the thermo-mechanical
behaviours of composites to understand their
recycling properties. Various static and dynamic
tests at different temperatures (ambient-150°C)
were applied over glass transition temperatures
(Tg). Higher resistance results were obtained in
static flexion and traction from woven glass fibers
reinforced unsaturated polyester composites than

mixed chopped and woven glass fibers. Results
revealed that in the case of the end-of-life wastes
total
composites) is higher than production wastes

degree of deformation (hydrolyzed
(virgin composites), recycling end-of-life wastes
would be easier than production wastes (Nouigues

et al. 2020).

Re-using potential of Glass Reinforced Polyester
(GRP) pipe dust, which is a waste that occurs
during the manufacturing process, in GRP pipe
production has been investigated by Memioglu et
al. GRP pipe dust, was used as 2.5%, 5%, 7.5% and
10% of the total amount of silica sand that is used
for pipe producing. It has been determined that the
manufacturing of GRP pipe, which has better
mechanical properties, fulfil the required values
defined in standards and can be designed for
different kind of projects can be done by using
waste pipe dust. Also, it has been presented that
the integration of waste dust in production is a
useful approach in terms of waste management
(Memioglu and Dagh 2019).

A study of using Grp pipe production wet cutting
stage wastes in situ CaCO; which is used as filler in
PVC pipe production proposed by Oziiyagl et al.
Wet cutting stage wastes consist of silica,
unsaturated polyester resin, and glass fiber. It has
been presented that using GFRP waste powder in
PVC production as a filler result in high flexure and
tensile strength and hardness while thus lowering

the density of composite (Oziiyagli et al. 2016).

Beycioglu et al. evaluated using the GFRP pipe
production wastes powders as a filler in asphalt
mixes by a lab test. Positive results were obtained
from applied tests from 4.5% binder content,
3.75% GRP-WP, and 1.25% limestone filler content
samples. Utilizing GFRP production waste powders
in hot mix asphalt production is a good solution for
GFRP waste powder recycling (Beycioglu et al.
2020).

In another study, Cunliffe et al., evaluated mass
balance, pyrolysis gas, and condensable products
pyrolyzing  GRP/styrene

properties  through
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copolymer waste in a fixed-bed reactor. Re-using
recovered glass fibers from pyrolyzing was also
considered in this study. It is presented that it is
easy to obtain glass fibers from the mixture. It was
found that glass fibers can be used in test plaques
and sample pieces as DMC in polyester composites
(Cunliffe and Williams 2003).

Sabau et al. studied determining new composites
that consist of recovered waste glass fibers. The
polyester was used as a matrix and waste glass
fibers were used as reinforcement and sand as filler
in this new composite. It is mentioned that the
satisfying mechanical properties have been
gathered from new composite materials (Sabau et

al. 2012).

Machinability of GFRP Khan et al. evaluated the
composite material using alumina cutting tools.
The performance of the SiC whisker reinforced
alumina cutting tool is better than that of the
Ti[C,N] mixed alumina cutting tool on machining
GFRP composite (Khan and Kumar 2010).

Yildiz et al. applied various lab tests on composites
to evaluate the utilizing properties of GRP wastes.
Mechanical size reduction was applied to GRP
wastes and the obtained three different grain sizes
were used as filler in the production of new
composites. The hand lay-up moulding technique
was recommended as a production method since it
allows adding wastes during the production and
thus it is easy to apply gel-coat. Lower linear
shrinkage and mechanically derived from the
applied tests. It is also observed that using higher
grain sizes rises glass transition temperature. It is
recommended as an environmental solution that
utilizes the reduced wastes particles in composites'
structure (Yildiz et al. 2020).

In another study implemented by Ribeiro et al.,
utilizing GFRP pultrusion production end-of-life
wastes in new composite production possibilities
was investigated. GFRP grinded wastes are utilized
in the polyester matrix as filler and reinforcement
at various size distributions and loads. It is

presented that using GFRP wastes as filler material

rises the flexural and compressive behaviour of the
composites (Ribiero et al. 2014).

2. TsGFRP Composite Waste Management

Polymers and composites are divided into two
different groups as thermoset and thermoplastic.
Thermoplastics soften and melt with the effect of
heat, they can be reshaped. They are easily soluble
in suitable solvents. These features allow the
development of various solutions for the recovery
of thermoplastic composites. Thermoset resins, on
the other hand, cannot be melted or reshaped by
heat due to the intense cross-linked network. At
high temperatures, they decompose as a result of
chain and bond breaks. Thus covalent cross-linked
networks limited TsGFRP composites' recyclability.

The European Parliament and the Council Waste
Management Hierarchy;

1 - Prevention should be preferred as the first
application. This part consists of the precautions
taken before

that can be the product is

manufactured. Just as re-designing product
content. Thus maybe using environmental friendly,
sustainable raw materials aiming to produce easily

recyclable and re-usable products.

2 -Reusing the waste should be the second
preference. Reusing the tolerable damaged GFRP
pipes in irrigation and drainage lines can be given
as an example.

3 - Recycling is the third preference of the waste

management hierarchy. The most preferred
method of recycling is grinding the wastes in
different sizes and utilizing these particles in other
material production. It is difficult to find effective
usage ara for that kind of production and the

energy demand of grinding should be considered.

4 - Since the incineration process has its own
wastes needed to be managed on account of
"incineration" is

environmental concerns

considered as the last preference.
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5 - The disposal method is used when it is not
possible to use other options and it should be
mentioned that landfilling is not legal in some
countries.  Unfortunately, limited recycling
structure of GFRP composites typically comes out
with landfilling (Bernates et al. 2021, Post et al.

2020).

PRODUCT
(NON WASTE)

RECYCLING

PREVENTION

RECOVERY

Figure 3. Waste management hierarchy (Bernates et al.)

3. TsGFRP Composite Waste Management

Mostly used TsGFRP composite waste recycling
methods are chemical, thermal, and mechanical.

3.1. Chemical Methods

Chemical recycling can be defined as a dissolving
matrix of composite waste materials in solvent or
with heated water (<400°C) to recover valuable
fillers and fibers or resin used as a matrix or
monomers. This method is especially suitable for
long fibers (Oliveux et al. 2012, Shuaib and
Mativenga 2016).

3.2. Thermal Methods
Composite materials exposed with temperature
treatment for intended

leading recovery of

reinforcement materials or energy sources.

3.2.1. Conventional Pyrolysis

Pyrolysing method depends on thermally degrading
thermoset polymer with oven heating in an inert
atmosphere. Recovered oil and gas from the
pyrolyze process can be used as an energy source.
Additionally, fiber sizing should be needed for use
in other composites (Oliveux et al. 2012, Shuaib
and Mativenga 2016).

Gas
—

Gas,

N,Gas \Waste
eacto]
I I ’:[ oi

L] L

Figure 4. A diagram of the bench-scale pyrolysis reactor
(Shuaib and Mativenga 2016).

3.2.2. Microwave Pyrolysis:
Microwave pyrolyzing method depends on
degrading thermoset polymer with microwave
heating in an inert atmosphere. Fastly heating
process and low energy demand considered as a
benefit but being is applicable in laboratory scale is
a handicap of this method. Obtaining cost-effective
products from the pyrolysis process (Shuaib and

Mativenga 2016, Akesson et al. 2013).

Sensor

— !!)
:' ‘;

NoGs Reactor

W% ]

Microwave Oven

Figure 5. Schematic outline of the experimental set-up
for micro-wave pyrolysis (Shuaib and Mativenga 2016).

3.2.3. Fluidized Bed:

The process depends on (450-650 °C)

composites on a silica bed with an airstream for

heating

dissolving the matrix of composite materials for gaining
reinforcement or fillers (Shuaib and Mativenga 2016).

Clean flue gas

ﬂ Cyclone —_—
[ ;
Afterburner ” ‘ -
0 Fluidised Bed
Recovered| O“ 0
Induced Draught Fan Fibres |5 o
°o o Air distributor
Air Preheating Elements ” ﬂ plate

Air Inlet

]

Figure 6. Schematic diagram of a fluidized bed thermal
process
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3.2.4. Incineration

TsGFRP composite wastes are valuable fuel sources
such as coal because of their heating value. It is
possible to reduce the waste volume by about 90—
95% after incineration. Nonetheless, this process
has residues such as fly ash and bottom ash which
require treatment or disposal. This process occurs
another wastes problem and this made it a

noneffective method for recycling TsGFRP

composite wastes (Kutluata 2009).

3.3. Mechanical Methods

The Mechanical recycling method depends on
reducing the size of composite wastes to utilize
recycles in another composite production as partial
reinforcement or fillers.

Material sizes that are less than 100 mm in size are

considered powder-rich and sizes around 5-10 mm
in length are considered fiber-rich. It is applicable
on an industrial scale. Limited secondary market
values are a disadvantage of this method (Oziiyagli
et al 2016, Shuaib and Mativenga 2016).

4. Conclusion and Recommendations

Composite  materials are  high-performance
products produced with the latest technologies.
They consist of many different fibers and fillers
used in matrices with different properties for
gaining the desired properties. That matter
complicates the recycling properties of TsGFRP
composite wastes. In addition to providing superior
performance to the materials, the recycling
properties of end-of-life TSGFRP composite wastes
are very limited due to their intense covalent
crosslinked bonds. Recycling methods of TsGFRP
composite  waste disposal methods have
advantages and disadvantages, but the most
important issue of these methods is being low
value-added and typically requiring a high energy
input and requiring additional costs to the
manufacturers.

Since recycling and recovery infrastructures for
TsGFRP composite end-of-life wastes have not
been established yet, it is widely used as a
landfilling and incineration disposal method. These
methods, which are used because they are easily
applicable and low-cost solutions, are not
considered sustainable practices due to economic,
social, and environmental concerns.

In the studies carried out to find solutions in this
regard, it is aimed to use TsGFRP composite wastes

as reinforcement and/or filling material in other
composite structures by reducing the size of the
wastes after mechanical processes, such as
crushing, shredding, and grinding. In the literature,
there are many studies on the use of TSGFRP
composite wastes, which are reduced in size, as
reinforcement or filling material. Among the
recycling applications applied to TsGFRP composite
waste, mechanical processes are accepted as the

most effective and efficient technique with
commercial potential. It also provides an
advantage in terms of not having a direct

environmental impact. Despite all its advantages
and studies in the literature, its industrial potential
is limited due to the limited availability of easy-to-
apply and cost-effective end-uses and the lack of a
secondary market for recycled materials.

Despite all the advantages of TsGFRP composite
materials, the recycling of end-of-life TsGFRP

composite  wastes become challenging for

manufacturers. For this reason, designing the
composites to be produced as the raw material of
another product at the end of their service life, and
prioritizing recycling technologies with advanced
separation and cleaning methods will be the best

solution to the problem.
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