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ABSTRACT

Landfill leachates are complex wastewater which has high pollution and their biological degradability is also
difficult. Landfill leachate with high concentrations of contaminants must be pretreated. For this reason, the
ammonium stripping process is an effective method for ammonium removal, especially for landfill leachate. With
the ammonium stripping process, the ammonium and organic matter removal increases. This study aimed to
investigate the applicability of the ammonium stripping process as remove ammonium (NH4*) and chemical
oxygen demand (COD) from raw leachate. A new system has been designed which is called ammonium stripping
tower. During this study, the ammonium stripping process was operated temperature (30-40-60°C), aeration rate
(HH, HL, LL mdair/min), and hydraulic retention times (6-12-24-48 h). System performance was evaluated by
ammonium, and COD parameters. The optimum conditions of the ammonium stripping process were determined at
60°C temperature, HH(1m?3air/min aeration rate), and hydraulic retention time (48h). The corresponding ammonium
and COD removal efficiencies were about 88% and 79% respectively. The results of this study suggest that the use
of an ammonium stripping process is an effective way to remove ammonium and COD concentration from raw
landfill leachate.

Keywords: Physicochemical treatment, landfill leachate, ammonia removal, ammonia stripping proces

OZET

Diizenli depolama sahalarindaki sizinti sulari, yliksek kirlilige sahip karmasik atik sulardir ve biyolojik olarak
parcalanabilirlikleri de zordur. Yiiksek konsantrasyonlarda kirletici madde igeren deponi sahasi sizint1 suyuna 6n
aritma yapilmalidir. Bu nedenle, amonyum siyirma islemi, 6zellikle sizint1 suyunun amonyum giderimi i¢in etkili
bir yontemdir. Amonyum siyirma iglemi ile amonyum ve organik maddelerin giderimi artar. Bu calismada,
amonyum styirma isleminin ham sizinti sularindan amonyum (NHs;") ve kimyasal oksijen ihtiyact (KOI)
giderilmesinin uygulanabilirligi arastirildi. Amonyum siyirma kulesi adi verilen yeni bir sistem tasarlanmistir. Bu
calisma sirasinda amonyum styirma islemi, sicaklik (30-40-60°C), havalandirma orani (HH, HL, LL m?Zair / dak) ve
hidrolik bekletme siireleri (6-12-24-48 saat) olarak gergeklestirildi. Sistem performansi amonyum ve KOI
parametreleri ile degerlendirildi. Amonyum siyirma isleminin optimum kosullari 60°C sicaklik, HH (1m*hava/
dakika) havalandirma hizi ve (48 saat) hidrolik bekletme siiresi belirlenmistir. Karsilik gelen amonyum ve
KOlgiderim verimleri sirasiyla yaklagik% 88 ve % 79’dur. Bu c¢alismanin sonuglari, bir amonyum styirma
isleminin kullanilmasinin, ham depolama sahasi sizint1 sularindan amonyum ve KOI konsantrasyonunu gidermek
i¢in etkili bir yontem oldugunu gostermektedir.
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INTRODUCTION

The regular storage method is cheaper and easier to maintain than other technologies. Therefore, it is generally
used for garbage treatment and disposal. However, the major environmental concern of this method is the
generation of large quantities of liquid leachate, which may cause serious pollution to groundwater aquifers as well
as adjacent surface waters (Calace, N., et al., 2001).Because the landfill leachates treatment is very complex and
expensive, it often needs a variety of applications in terms of high COD, ammonium concentrations and color.
Various aerobic and anaerobic treatment systems have been applied to the treatment of leachate and high treatment
efficiency has been achieved. However, with these systems, various problems have occurred depending on the age
of the landfill.leachate (Ledakowiwicz S., & Kaczorek, K., 2001). Landfill leachate contaminant contents depend
upon the landfill age, the quality. Since the wastes coming to the storage area may contain many types of
pollutants, if these wastes are not properly collected, treated and disposed of safely, they can cause serious
environmental hazards. Biological treatment systems are no longer available alone and refractory organic materials
are not sufficient to go through, so additional purification is needed.Physico-chemical systems are widely used as
pretreatment and these systems; ammonium stripping, ion exchange, chemical precipitation, coagulation-
flocculation, flotation and adsorption. Ammonium stripping is the most common purification system used to
remove ammonia from landfill leachate (Collivignarelli, C., et al., 1998); (Marttinen, S., et al., 2002). In the
ammonium stripping process, the transition from the liquid phase to the gas phase depends on a mass transfer. That
is, the ammonium ions (NH4") in the liquid phase are in equilibrium with ammonia (NHs) in the gas phase and
hydrogen ions (H*). Briefly, ammonium stripping can be expressed by the following equation (Hossini, H., et al.,
2016).:

NHs* < NH3 + H* (1)

When the pH of the wastewater rises above 7, the balance shifts to the right. When the pH rises above 10, the
ammonium ions turn into ammonia gas under the influence of air and separate from leachate.In the ammonium
stripping process, volatile organic compounds are separated from the aqueous solution by maximum specific
contact between liquid and air in a specially designed column (Hossini, H., et al., 2016).The landfill leachate must
have a pH above 10 to achieve maximum ammonium removal efficiency. Here, Ca(OH). is preferred because it is
an alkali that is both economical and effective in increasing pH. Advantages of using Ca(OH); include the removal
of heavy metals and colors caused by co-precipitation of organic macromolecules, such as humic acids in the
leachate (Renou, S., et al., 2009). It can also be said that high temperatures are used as an alternative method of
providing high ammonium removal in the ammonium stripping process.

The objective of this paper was to investigate the pretreatment of landfill leachate physicochemical stage. Four
experimental parameters have been tested during the study: (i) the reactor design and supply of the necessary
consumables have been provided. (ii) the effect of different temperature parameters (30,40,60°C), (iii) the effect of
high((HH)1m?3air/min), medium((HL)0,85m3air/min) and low((LL)0,75 mair/min) aeration rate and (iv) different
hydraulic retention times(HRT) (6, 12, 24 and 48 h) on ammonium stripping. As a result of these studies, optimum
conditions have been obtained by examining the ammonium and COD removal efficiencies and this study will help
the projects on the future ammonium stripping processes.

MATERIALS AND METHODS

Characterization of Landfill Leachate

The landfill leachate from the municipal sanitary landfill of Kahramanmaras that has an average 1.127.623
inhabitants and productions 2,23 kg/person of municipal solid waste per day. Samples were monthly taken from
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aeration lagoon all samples were instantly stored at 4°C before applying ammonium stripping. The landfill leachate
characterization shown in Table 1.

Table I. Characterization of Landfill Leachate

Parameter Concentration (mg/L)
pH 8,87
COD 7500
Color (Pt-Co) 8380
Color (436) 297
Color (525) 88
Color (620) 37
Ammonium 2215
Nitrate 410
TOC 4432
TN 2506
SS 800

Experimental Plan

Ammonium stripping processes were performed using ammonium stripping towers. This ammonium stripping
tower has been designed by choosing Plexiglass material for its resistance to temperature, impacts and various
adverse conditions. The dimensions of the ammonium stripping tower with 3 L internal volume are designed as
10x8x40 cm. The interior design of the reactor consists of three compartments. The sieves consisting of two
plexiglass materials at a certain distance between each other were placed and filled with 400 K3 sized caldnesses
which were determined as filling materials. Air ports, one of the operating parameters, are installed in each
chamber of the three chambers, which play a role in determining the airflow. Ammonium stripping experiments
were carried out under various temperature (30, 40 ve 60°C), aeration rate (1m3air/min(HH(high)-
0.85m3air/min(HL)-0.75m3air/min(LL)) and hydraulic retention time (6,12,24,48 h) values in order to determine
optimum temperature conditions. In the first period, the effect of temperature was evaluated on ammonium
stripping. Then, the performance of aeration rate was investigated during period Il and determined to hydraulic
retention time. The operational conditions of ammonium stripping tower were given in Table Il. The most
appropriate methods have been established in the direction of the operational optimum condition.

Table I1. Experimental Plan

AERATION RATE
0,
PHASE PERIODS TEMPERATURE (°C) (mair/min) HRT(h)
1. Phase
Reactor design
| 30
11. Phase
Optimization of different temperature 1 40 HH 48
values
11 60
v HH
111. Phase
Optimization of different aeration rates \ Opt. HL 48
\Y| LL
VIl 48
VI 24
IV. Phase
Optimization of Different Leachate Opt. Opt.
IX 12
X 6
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The reactor has been placed on the kaldnesses worked with 1.65L landfill leachate. High, medium and low flow
rates are provided between each chamber with the help of oxygen pumps. The ammonium stripping tower used in
the study is shown in Figure I.

= i

1.Heater

2.Inffluent

3.Ammonium Stripping Tower
4.K3 Kaldness

5.0xygen Pump

6.Effluent

Fig. I. Schematic diagram of Lab-scale ammonia stripping tower

Analyses

Before all analysis, liquid samples were centrifuged (Eppendorf Centrifuge 5415R, Hamburg, Germany) at 4000
rpm for 5 min and then supernatant was filltered through a 0.45-um pore size syringe filter. The COD analysis were
performed by the dichromate closed reflux method in accordance with Standard Methods 5220D. pH was measured
with a multimeter (340i, WTW, Oslo, Norway). The concentrations of ammonium, nitrate ions were determined by
an ion chromatography (Dionex ICS-3000, Sunnyvale, CA, Japan) with lonPac AS19 analytical and lon-Pac AG19
guard columns. Eluent was prepared from 9 mM sodium carbonate and 20 mM methane sulfonic acid and was
pumped at flow rate of 1 ml/min.

RESULTS AND DISCUSSION

Ammonium Removal Performance

Ammonia stripping is the most common process for eliminating NH4* involved in leachate wastewater treatment
technologies. The process involves the passage of large quantities of air over the exposed surface area of leachate,
thus causing the partial pressure of the ammonia gas within the water to drive the ammonia from the liquid to the
gas phase. The value of temperature, retention time and aeration rate are the main parameters effected on the NH,*
removal ratio in this process. The effect of these parameters on ammonium removal during pre-treatment of LFL is
demonstrated in Figure I1.
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Fig. Il. The effect of NH4" concentration removal by ammonium stripping: (A) Temperature, (B) Aeration rates
and (C) Hydraulic retention times

Figure I1A shows the effect of temperature on NH.* removal efficiency. The removal ratio increased significantly
with increases in the temperature. NH4* removal was about 75, 68 and 88 % at 30, 40 and 60 °C, respectively
(Goger, S., et al., 2018). reported the removal efficiency of NH4* at 60°C as 80%. Higher removal efficiency has
been achieved in the study conducted with the ammonium stripping tower. As a result, the temperature of 60 °C
should be the optimum because the removal efficiency is significantly increased. Figure 11B shows the effect of
high, medium, and low aeration rates on NH4* removal efficiency. The highest NHs* removal efficiency was
obtained at the high air rate corresponding to 88% (Cheung, K., et al., 1997). investigated airflow rate and pH as
critical parameters for the optimization of ammonia stripping in a stirred tank. After one day, they achieved
significant ammonia removal efficiency between 86 and 93% at the aeration rate of 5ml/min and pH greater than
11. Figure 11C shows the effect of hydraulic retention time on NH4* removal efficiency. Under optimum conditions,
6, 12, 24 and 48 h retention times have been tested and NH4* removal efficiencies have been respectively 40%,
54%, 75%, and 88%. Optimum retention time has been determined as 48 h.

COD Removal Performance

The value of temperature, aeration rate and retention time are the main parameters affected on the COD removal
efficiency in the ammonium stripping process (Figure Il1). The effect of temperature (30-40-60 °C) on the
efficiency of COD removal was investigated (Fig I11A). The removal efficiency has increased considerably with
increasing temperature.An increase in temperature to 30-40-60 °C, had a positive effect on COD removal efficiency
which was approached to 33%, 55% and 79% respectively. Therefore, the optimum temperature was 60°C. Figure
I1IB shows the removal of COD by different aeration rates at ammonia stripping process. The COD removal
efficiency increased significantly with increases in the aeration rate. The increasing aeration rate from LL to HL
and HH (m?2air/min) increased COD removal which approached to 79%, 44% and 20% respectively. The maximum
COD removal efficiency of 79% was obtained in the aeration rate HH (m?2air/min). Fig. 111C shows the effect of
COD removal by ammonium stripping processes at different HRT (6-12-24-48 h). The effect of hydraulic retention
time on COD removal efficiency is shown in Figure 111C. The highest COD removal efficiency has been reached in
48 hours and the removal efficiency has been 79%. Increased hydraulic retention time has decreased COD
concentration (Hanira, N., et al., 2017).
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Fig. I11. The Effect Of COD Concentration By Ammonium Stripping: Temperature(A),
Aeration Rates(B) And Hydraulic Retention Times(C)

CONCLUSION

Ammonium stripping process in terms of physicochemical treatment of LFL performance was investigated.The
following conclusions are drawn based on the results of the study:

-A new system (ammonium stripping tower) has been designed under laboratory conditions.

-The optimum conditions for the ammonia stripping process are determined as temperature (60°C), hydraulic
retention time (48 h) and high aeration rate (1 m3 air/min).

-In optimum conditions, the highest removal efficiencies have been 88% for NH4* and 79% for COD.

-This study presents an alternative treatment technique for physicochemical treatment.
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OZET

Bu calismanin ana amac1 farkli fotosentez tiplerine sahip bitkilerde (C3, C4 ve CAM) civa (Hg) izotop davraniglarinin
belirlenmesi ve bitkilerin farkli kisimlarinin Hg izotoplart agisindan farklilik gosterip gostermediginin
incelenmesidir. Bu amagcla, bitkilerin karbon izotoplar1 analiz edilmis ve boylece fotosentetik tipleri belirlenmistir.
Daha sonra bitkiler yaprak, sap ve kdk olarak fakli kisimlara ayrilmis ve bu kisimlarin Hg izotoplari analiz edilmistir.

C3 ve C4 bitkilerinde cift kiitle numarali civa izotoplar kiitleye bagimli (MDF), tek kiitle numarali izotoplar ise
kiitleden bagimsiz ayrimlilasma (MIF) gostermisti. Hem C3 hem de C4 bitkilerinin hafif Hg izotoplarinca
zenginlestigi fakat kiitleye bagli ayrimlilasmanin C3 bitkilerinde C4 bitkilerinden yaklasik 3 kat fazla oldugu
belirlenmistir. Hem C3 hem C4 bitkileri negative MIF gostermistir. Calismada sadece 1 adet CAM bitkisi analiz
edilmis ve bu CAM bitkisinin agir Hg izotoplarinca az miktarda zenginlesme gosterdigi ve belirgin bir negative MIF
gostermedigi belirlenmistir. Bu bulgular, Hg izotop bilesimi ve bitkilerin fotosentez tipi arasinda bir iliski olduguna
isaret etmektedir.

Ek olarak, bitkilerin yapraklarinin koklerine kiyasla biraz daha fazla ayrimlilastigi bulunmus ve bu farkin yaprak ve
koklerin Hg kaynaklarinin farkli olmasindan kaynaklandigi 6ne stiriilmiistiir.

Anahtar Kelimeler: Civa izotoplari, kiitleden bagimsiz ayrimlilasma, fotosentez tipleri, izotop ayrimlilagmasi

ABSTRACT

The overarching aim of this study is to define mercury (Hg) isotopic features of plants which have different
photosynthetic pathways (C3, C4 and CAM) and to understand if different parts of the plants have different Hg
isotopic fractionation behavior. For this, carbon isotopic values of terrestrial plants were analyzed which were used
to determine the photosynthetic pathways of plants. Plants were sub-sampled into leaves, stems and roots and their
Hg isotopic values were analyzed.

Results showed that C3 and C4 plants exhibit mass dependent (even Hg isotopes) and mass independent Hg isotope
fractionation (odd Hg isotopes). Both C3 and C4 plants are enriched in light isotopes, but the degree of mass
fractionation is approximately three times greater in C3 plants, than in C4 plants. Hg in both C3 and C4 plants exhibit
negative MIF isotope effect which reported as depletion “and no clear MIF effect. These findings suggest a
connection between the Hg isotopic composition and the photosynthetic pathway.

In addition, the leaves are slightly more fractionated than the roots. Differences in the degree of MIF between roots
and leaves suggest that they obtain Hg from different sources.

Keywords: Mercury isotopes, mass independent fractionation, photosynthetic pathways, isotope fractionation

*Sorumlu Yazar / Corresponding Author: Ayca DOGRUL SELVER, aycaselver@ksu.edu.tr
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INTRODUCTION

Mercury (Hg) is a toxic global pollutant and it can be emitted to the atmosphere by natural and anthropogenic
processes (Driscoll, Mason, Chan, Jacob, & Pirrone, 2013; Lamborg et al., 2002; Pirrone, Keeler, & Nriagu, 1996;
Schroeder, 1998). The elemental gaseous form of Hg has long residence time (~1yr) in the atmosphere (Schroeder,
1998) therefore it can be transported long distances before being oxidized or deposited (Durnford, Dastoor, Figueras-
Nieto, & Ryjkov, 2010; Lindberg et al., 2007). In addition when Hg is methylated, it becomes bioaccumulative which
then poses a serious health problems. Therefore, to gain understanding of the source, fate and transformation of Hg
in the environment is important. Studies to date showed that different natural samples vary in their Hg isotope
compositions which suggest the use of Hg isotopes for source fingerprinting and for understanding transformation
reactions.

Hg has seven stable isotopes whose relative abundances are " Hg (0.15%), '*Hg (9.97 %), "’Hg (16.87 %), **°Hg
(23.1 %), **'Hg (13.18%), **Hg (29.86%), and ***Hg (6.86%) (Zadnik, Specht, & Begemann, 1989). Hg isotopes
have been extensively used to understand fractionation behavior of different Hg isotopes in various natural samples
(Biswas, Blum, Bergquist, Keeler, & Xie, 2008; Cai & Chen, 2016; Das, Salters, & Odom, 2009; S Ghosh, Xu,
Humayun, & Odom, 2008; Zheng, Obrist, Weis, & Bergquist, 2016) and to trace Hg contaminant sources (Hintelmann
& Zheng, 2011; Yin, Feng, Li, Yu, & Du, 2014). On the other hand, studies on Hg isotopes in terrestrial and aquatic
vegetation is limited (Carignan, Estrade, Sonke, & Donard, 2009; S Ghosh et al., 2008; Sulata Ghosh, 2010; Yin,
Feng, & Meng, 2013).

Mercury isotopes show both mass dependent (MDF) and mass independent isotope fractionation (MIF). Among
seven Hg isotopes, even numbered Hg isotopes (especially §?°?Hg) show MDF .On the other hand, odd isotopes of
Hg (8'°Hg and 3*°'Hg) usually undergo MIF and produce negative isotopic anomalies (expressed as A!*’Hg and
A*"Hg). A™Hg and A**'Hg are a measure of the deviation from predicted MDF line. In 2007, Bergquist and Blum
reported MIF of Hg isotopes in fish samples and reported up to 2.5%o fractionation in odd Hg isotopes. Following to
this study, MIF of odd Hg isotopes has been found in many natural samples such as sediments (Donovan, Blum, Yee,
Gehrke, & Singer, 2013; Foucher, Hintelmann, Al, & MacQuarrie, 2013; Gehrke, Blum, & Marvin-DiPasquale,
2011), atmospheric samples (Sulata Ghosh, 2010; Yin et al., 2013; Yuan et al., 2015), lichens and mosses (Blum et
al., 2012; S Ghosh et al., 2008; Sulata Ghosh, 2010). Photodegradation, photochemical reduction, abiotic reduction
and evaporation are the mechanisms which are suggested to cause MIF (Bergquist & Blum, 2007; Sanghamitra
Ghosh, Schauble, Lacrampe Couloume, Blum, & Bergquist, 2013; Zheng & Hintelmann, 2010).

The magnetic isotope effect (MIE) and the nuclear volume effect (NVE) are the most probable mechanisms causing
MIF of odd isotope.

NVE is related with the nuclear volume and radius which is not proportional to the mass number. Isotopes have same
charge but different neutron numbers and therefore a change in the neutron number result in the change in nuclear
charge distribution which ultimately result in NVE. For heavier isotopes (lower nuclear charge density), the nuclear
charge is distributed over a bigger volume while for smaller isotopes it is distributed over a small volume (higher
nuclear charge density). On the other hand, odd isotopes have different behaviors, because of the nuclear energy
splitting in the spectral lines. The MIE occurs when there is a spin-selective chemical reaction and it sorts nuclei
according to their spins and magnetic moments (Buchachenko et al, 1976, Buchachenko, 2000). Among seven
isotopes, even isotopes are spinless and non-magnetic but odd isotopes (**’Hg and 2°'Hg) have non zero nuclear spins
and magnetic moments therefore MIE only affects the odd isotopes. The result of magnetic isotope effect is
fractionation of magnetic and non-magnetic isotopes in a chemical reaction (Buchachenko, 2000) and this depends
on nuclear spin quantum number.

In this study, carbon and Hg isotope ratios of terrestrial plants were analyzed and interpreted together to understand
(a) if there is any difference in Hg isotope signatures of plant samples which have different photosynthetic pathways
(b) if there is a difference in the Hg isotopic fractionation in different parts of plants (mainly roots and leaves) (c) if
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MDF and MIF occurs in terrestrial plants.

METHOD
Sampling and Sample Preparation

Plant samples were collected in St. Marks Wildlife Refuge, Florida and in Black Water River State Park, Pensacola,
Florida. Identification of plant samples were done by Dr. Loren Anderson in the Department of Biology at FSU and
by experts in Tallahassee Nurseries (Table 1).

Plants were divided into three sub-samples: leaves, stems and roots if available. Some of the plants were trees, and
tree roots could not be collected in St. Marks Wildlife Refuge. Upon arrival to laboratory, each part was cleaned with
Kimwipes to get rid of dust, soil and other particles. After being freeze dried, plant samples were ground into powder
for further sample preparation.

For the carbon isotopic measurements, approximately 100 micrograms of ground plant samples were put in tin
capsules.

For the mercury isotopic measurement, 2-3 grams of ground freeze dried sample was dissolved in aqua regia (3:1
14 N HNO;s to 12 N HCI) and left on the hot plate (~50°C) for 8 hours and at room temperature for 7 days. At the
end of 7 days, this solution was filtered through 100 micron filter paper. After filtering the samples, concentrated
NaOH is added to solutions to reduce the acidity.

Table 1. Numbers, Names and Photosynthetic Pathways of Samples (PB: Pensacola Blackwater River Park
Samples, SM: St. Mark’s Samples)

SAMPLE SAMPLE PHOTOSYNTHETIC
NUMBER NAME PATHWAY
PB1 Ambrosia Artemisiifolia c3
PB2 Panicum Virgatum Ca4
PB3 Chasmanthium Laxum C3
PB4 Grass C3
PB5 Vaccinium Corymbosum C3
PB7 Vaxxinium Elliottii C3
PB9 Clerhra Alnifolia C3
PB10 Chamaecyparis Thyoides C3
PB11 llex Opaca C3
SM-1 Quercus virginiana C3
SM-2 Myrica cerifera C3
SM-3 Opuntia Stricta CAM
SM-4 Lipidium Virginicum C3
SM-6 Juniperus Virginiana (Red cedar) C3
SM-7 Similax Sp. C3
SM-8 Salt Bush C3
SM-9 Grass C4

Instrumental Analyses

Mercury Isotopic Analyses

Mercury isotopic analysis methodology is developed by Ghosh, 2008. The sample solution was introduced to
Thermo Finnigan Neptune multi collector inductively coupled plasma by a CETAC HGX-200 cold vapor hydride
generator (in NHMFL, Florida State University). Sample solution is introduced into the hydride generator along with
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1-2 % SnCl, in a IN HCI matrix to reduce the divalent mercury (Hg"?) in the solution and releases elemental mercury
into gaseous phase. This cold vapor is introduced into the MC-ICP-MS to measure mercury isotopic ratios.

The 1 ppb mercury standard which was diluted from the 10 ppm standard reference material of National

Institute of Standards and Technology (NIST SRM 3133) was used during analysis.

Seven adjustable Faraday cups were used for mercury isotope ratio measurements for mass numbers of 198, 199,
200, 201, 202, and 204 and also 2**Pb interference on 2** Hg was monitored at 206. Raw isotope ratios of *®*Hg/*®Hg,
19 g/20Hg, 1Hg/*Hg, 2°2Hg/*®Hg and ***Hg/*“Hg were calculated from the respective ion currents. For
minimizing effects of instrumental fractionation, isotope ratios were determined by sample standard bracketing
technique. Hg isotope ratios are reported relative to NIST-3133 Hg standard in 6 (%o) notation (Eq.1);

* Hg SAMPLE _ 1

A

Hg
Wy

NIST 3133

x1000 (1)

where A is the mass of each Hg isotope between 199 and 204 amu.

Carbon Isotopic Analyses

For the carbon isotopic measurements, ground plant samples are put in tin capsules and loaded in the auto-sampler
of a Carlo Erba Elemental Analyzer (EA) that is interfaced to a Finnigan MAT delta Plus XP stable isotope ratio mass
spectrometer (IRMS). The sample is first introduced into the combustion column of the EA to produce a gas mixture
of CO», N», SO3, SO,, NxOx and etc. The gas mixture is transported in ultra-pure He (as a Carrier gas) through the
reduction column in the EA which is packed with copper as a reducer. In the reduction column, gases that are
transferred from combustion column are converted into a mixture of CO,, N», H>O, and SO,. The gas mixture is
passed through a water trap to remove water. After removal of water, the gas mixture is transported through a GC
(Gas Chromotography) column to be separated into its molecular components and the separated CO, molecules
(eluted after N) are transferred into the IRMS for C isotope measurements. The results are reported in the standard
d in reference to the international VPDB standard (Eq.2).

13C
lZC
O C =| ~—LSAMPLE _ 1 1%1000 )
( 13C ]
12C STANDARD
RESULTS AND DISCUSSION

14 of the samples are C3 plants having 8'*C value of -30 to -26 %o. The 8'*C values of one CAM and two C4 plants
ranges between -14 to -15%o (Table 2). The difference in the 3*3C values of above and below ground parts is 1%o or
less which does not make any difference in the photosynthetic type of plants.

C3 and C4 type of plants are enriched in light isotopes and depleted in heavy isotopes and have small difference in
magnitude of fractionation. On the other hand, the flower and the main body (SM-3-F and SM-3-L respectively) of
one CAM plant are enriched in heavy isotopes and therefore different from the rest of the plant samples. There is big
analytical uncertainty associated with sample SM-3 but the data appear to best indicate an absence of any isotope
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fractionation effects relative to the standard. (Table 3 and Figure 1).

As mentioned in the sampling part, it was not possible to obtain roots of all the samples and low ion currents (<150-
200 milivolts) caused inaccurate isotopic measurements for stems of the samples therefore it was not possible to
report all parts of the plant samples. In general, the highest signal intensities were obtained from leaves following
by roots. There is just one stem sample that ran well.

When different plant parts are compared (roots and leaves of C3 plants), it was observed that both leaves and roots
are enriched in light isotopes and depleted in heavy isotopes but the roots show slightly higher fractionation than the
leaves (Table 4 and figure 2).

Previous studies gave similar results. For example; (Yin et al., 2013) reported average 52°?Hg value of -3,28 %o for
rice plant which is much more depleted than the leaves used in this study (-0,61 %o for leaves of C3 plants). Similarly,
8292Hg values reported to be around -2,0 to -2,6 %o for leaves of deciduous and coniferous trees (Demers, Blum, &
Zak, 2013; Jiskra et al., 2015; Yin et al., 2013). this negative §°?Hg values observed is possibly due to photochemical
reduction and loss of Hg from the surface of the leaves (Yin et al., 2013). Indeed, other studies also showed MDF of
even isotopes during biological processes such as photoreduction, methylation and volatilization.

Table 2. 3*3C Values of the Plant Samples

SAMPLE 3B C

NUMBER (%)

PB1 -30.45
PB2 -15.28
PB3 -30.41
PB4 -28.22
PB5 -30.96
PB7 -30.02
PB9 -28.72
PB10 -30.22
PB11 -28.72
SM-1 -28.74
SM-2 -27.51
SM-3 -13.94
SM-4 -27.78
SM-6 -26.91
SM-7 -28.36
SM-8 -29.02
SM-9 -14.46

Taking all the samples and plant parts together, it can be said that even mass

number isotopes indicate mass dependent fractionation while odd isotopes show mass independent fractionation. In
all the measured samples, the delta values plotted against the respective isotope masses define a linear line. The odd
isotopes deviate from this line and show negative anomaly. This deviation is expressed as A Hg and A”'Hg. In
other words, the degree of mass independent fractionation is indicated by A*'Hg and A**Hg values and these are
calculated as follows (Eq.3);

AAHg = SAHg measured — SAHgMDF 3)
where 8*Hgwor is calculated by using slope and interception of the mass dependent line.

In all the samples, A'**Hg values range between -0,09 and -0,60 %o and A?**Hg values are between -0,03%o and -



KSU Miihendislik Bilimleri Dergisi, 23(4), 2020 202 KSU J Eng Sci, 23(4), 2020
Arastirma Makalesi Research Article
A. Dogrul Selver

0,49 %o with average values being -0,28 and -0,22 respectively (Table 3). It is clear in the Figure 3 that C4 plants
have the highest negative MIF degree (especially A'*Hg) compared to C3 and CAM plants. In contrast, CAM plant
have slightly positive A?'Hg deviation however considering the number of CAM plant samples (only 1) and the
analytical uncertainty associated with this sample, this interpretation is open to discussion. Taking these into
consideration, it can still be suggest that the degree of MIF of odd Hg isotopes can be related to the photosynthetic
type of plants. For comparison, Hg isotopic data of rice plants taken from Yin et al. (2013) were used, A*®Hg and
A®™Hg values (average of leaves and roots) was plotted on the diagram (Figure 4). It is clear that rice plant, which is
also a C3 plant, plots close to C3 plant data point however they are not clustered.

Table 3. 5*Hg/**"Hg Values (%o), A”*Hg and A Hg Values and A/A Ratios of Different Parts of the Plants (L:
leaves, R:roots, S: stems, B: berries).

8198Hg 8199Hg 8201Hg 8202Hg 6204Hg A199Hg AZOng

(%0) (%) (%) (%) (%) Go)  (h ATHE/ATHG
PBL-R 0,62 0,23 0,54 0,72 11,02 0,47 03 0,64
PB1-L 0,78 01 -0,65 -0,89 -1,66 017 022 1,33
PB2-R* 0,46 -0,06 0,58 0,21 0,87 04 039 0,97
PB2-L 0,89 0,13 -0,69 0,75 -1,43 057 037 0,65
g PB3R 0,53 0,13 0,7 0,79 -1,55 012 025 2,07
2 pB3-L 0,79 0,06 0,53 -0,68 11,33 032 022 0,68
3 PB4-L 1,22 0,38 0,55 0,73 -1,59 022 0,28 1,27
S PB5-L 0,98 0,19 07 0,78 -1,68 033 035 1,03
2 PB5-R 0,52 -0,11 -0,67 0,74 11,32 035  -024 0,69
& PB6-L 0,22 -0,48 -0,26 0,08 -0,34 0,6 -0,24 0.4
PB7-R 0,82 0,12 0,58 0,73 -1,26 051 026 0,51
PBY-R 0,92 0,26 0,78 -1,02 2.1 021 023 1,1
PB10-R 0,84 0,22 0,71 0,87 1,01 021 0,22 1,09
PB11-R 0,68 -0,06 -0,69 0,83 -1,16 037 036 0,99
SM-1-L 0,38 -0,05 0,33 0,4 -0,86 0,22 01 0,46
SM-2-S 0,19 -0,28 -0,29 0,12 0,42 0,17 01 0,57
o SM-2-L 0,31 -0,06 03 0,23 -0,62 013 011 0.8
S SM-3-F* 0 -0,08 0,05 0,03 -0,07 009 007 -0,81
& SM-3-L 0,4 0.4 0,07 0,2 0,63 017 003 0,2
L smaL 1,55 0,69 -1,0 -1,59 -2,94 011 0,22 2,01
S sMm6-B 0,23 0,14 0,4 -0,09 -0,35 013 026 1,96
E smeL 0,78 0,2 0,66 -1,01 -2,04 012 -0,086 0,53
P SM-7-L 017 0,18 -0,39 0,22 -0,42 0,15 02 1,29
SM-8-L 0,02 -0,49 0,67 0,26 -0,56 049 049 1,00
SM-9* 0,03 -0,32 -0,02 0,27 -0,06 034 014 0,41

* indicates C4 and CAM plants
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Figure 1. SAHg (%0) vs Atomic Mass Number Plots of C3, C4 and CAM Plants

Table 4. Average 8"Hg/*Hg values (%o), A?*’Hg and A'Hg values and A/A ratios of All Samples, Pensacola
Samples, Saint Mark’s Samples, Different Parts of the Plants and of C3, C4 and CAM Plants

5'%Hg 8'%Hg 5%91Hg 592Hg %Hg A%Hg  A®'Hg
(%) (%) (%) (%) (%) (%) (%)
Average all 0,53 -0,04 -0,50 -0,51 -1,04 -0,28 -0,22
0,61 0,002 -0,57 -0,62 -1,21 -0,27 -0,24

Average C3
Average C4 0,46 -0,17 -0,43 -0,23 -0,78 -0,44 -0,30
Average CAM -0,2 -0,24 0,06 0,12 0,28 -0,13 0,02
1,0
&
0,5
0.0 9 &
o) 196 198 200 202 204 206
F -0,5 & &
7o) (<]
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Figure 2. The Fractionation Difference Between Roots and Leaves of C3 Plants
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Figure 3. Average A?!Hg vs A®*Hg Plots of C3, C4 and CAM Plants. Rice Plant (Leaves And Roots Average)
Results Are Taken From Yin et al. (2013)
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Figure 4. Average A?!Hg vs A®**Hg Plots of C3 Plant Parts. Rice Plant Data are Taken from Yin et al. (2013)

To understand the possible cause for MIF observed in plants, A??Hg/A'Hg ratios produced by the effects of
magnetic isotope effect (MIE, blue lines) and nuclear volume (NV, red lines) were plotted on the A Hg vsA?**Hg
diagram, with A?'Hg/A*°Hg ratios of 1.11 and 0.457 respectively (S Ghosh et al., 2008). Figure 5 and 6 indicate
that MIF in these plant samples cannot be solely explained by either MIE or NV effect. A combination of both effects
is likely responsible for the negative A??Hg and A!*’Hg values observed.

In addition, using MIF and NV effect lines it can also be suggested that MIF differences between roots and leaves
(Figure 5) cannot be accounted for by either the NV or the MIE. The most simple explanation is that leaves and roots
have acquired some of their mercury from different sources that already had been isotopically fractionated
independent of their masses. In 2010, Ghosh found large differences between the A*°*Hg and A*Hg values of
epiphytes (negative deviations) and the atmosphere (~0 or slightly positive deviations) and suggested that MIF effects
can be produced within plants (Ghosh, 2010). Therefore, the isotopic differences in root-leaf pairs found in this study
may also be due to in vivo effects as well.
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Figure 6. A'™Hg vs. A%'Hg Plot for C3 and C4 Plants (Blue Line A?'Hg/ A Hg =1.11, Red Line A%'Hg/ A Hg
=0.457).

CONCLUSION

In the present study, Hg and C stable isotopic compositions of terrestrial plants were analyzed to understand if the
Hg isotopic features of plants differ with different photosynthetic pathways and to understand the possible differences
between above and below ground parts. Results showed that both C3 and C4 plants showed light Hg isotope
enrichment, with mass dependent fractionation being approximately 3 times greater in the C3 plants than in C4 plants
(-0.29%o/amu) compared to (-0.09%o/amu). The Hg isotopic signature of the single CAM plant is different than that
of the C3 and C4 plants and showed light-isotope depletion. Together, these findings may suggest that there is a
relationship between Hg isotopic composition in plants and their photosynthetic pathways.

Hg isotopic signatures of leaves and roots showed that both parts are enriched in light isotopes however roots
fractionated slightly more than the leaves. In both parts of the plants odd isotopes of Hg showed negative MIF but
the degree of MIF is different which cannot be explained only by known processes, if both roots and leaves obtain
their mercury from same source. Considering the previous studies showing no MIF in atmospheric samples but
negative MIF in leaves, it can be suggested that in vivo reactions in plants contribute to Hg isotopic fractionation in
plants.

As a conclusion, this study provides an important step toward understanding biogeochemical cycle of Hg and
improves our understanding of Hg isotope fractionation behavior in different plant types and in different organs of
plants however there is a need for additional focused sampling and experiments on plants grown in controlled
environment.
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OZET

Glutensiz bir diyet ¢olyak hastaliginin tedavisinde etkin bir rol oynamaktadir. Bu ¢aligsmada, zengin fenolik madde
icerigi ve yliksek antioksidan 6zelliklerine ragmen gida endiistrisinde atik olarak nitelendirilen nar kabugu tozunun
glutensiz fonksiyonel gida iretiminde kullanim olanaklari arastirilmistir. Bu amagla glutensiz biskiivi
formiilasyonuna %0, %4, %8 ve %12 olmak iizere 4 farkli oranda nar kabugu tozu bugday unu ile ikame edilmistir.
Nar kabugu tozunun biskiivilerin renk, nem, kiil, yag, protein, diyet lif, toplam fenolik madde, antioksidan aktivite
degerleri ile tekstiirel ve duyusal 6zellikleri iizerine etkisi incelenmistir. Biskiivi formiilasyonuna nar kabugu tozu
ilavesi, antioksidan aktivite, toplam fenolik madde ve diyet lif iceriklerinde istatistiksel olarak 6nemli diizeyde artig
saglamistir (p<0.05). Biskiivi hamurunun ve biskiivilerin tekstiirel 6zellikleri de nar kabugu tozu ilavesinden
istatistiksel olarak dnemli diizeyde etkilenmistir. Biskiivi formiilasyonundaki nar kabugu tozu orani arttik¢a duyusal
panelden alinan puanlarda diisiis goriilmiistiir. Ancak duyusal panelden alinan puanlarin hepsi duyusal panel i¢in orta
deger olarak belirlenen 3 puanin iizerinde oldugundan biskiivi formiilasyonuna %12 diizeyine kadar nar kabugu tozu
ilavesinin duyusal olarak kabul edilebilir bir iiriin elde edilmesine olanak sagladigi ortaya ¢ikarilmstir.

Anahtar Kelimeler: Biskiivi, Punica granatum, diyet lif, antioksidan aktivite, duyusal analiz

ABSTRACT

A gluten-free diet plays an active role in the treatment of celiac disease. In this study, the possibilities of using
pomegranate peel powder, which is considered as waste in the food industry despite its rich phenolic content content
and high antioxidant properties, in gluten-free functional food production were investigated. For this purpose, the
gluten-free wheat flour was substituted by pomegranate peel powder at levels of 0, 4, 8 and 12%. The effect of
pomegranate peel powder on color, moisture, ash, oil, protein, dietary fiber, total phenolic content, antioxidant
activity, textural and sensory properties of biscuits was investigated. The addition of pomegranate peel powder to the
biscuit formulation provided a statistically significant increase in antioxidant activity, total phenolic substance and
dietary fiber content of biscuits (p<0.05). The textural properties of biscuit dough and biscuits were also significantly
affected by pomegranate peel powder substitution. As the rate of pomegranate peel powder in the biscuit formulation
increased, the scores obtained from the sensory panel decreased. However, since the scores obtained from the sensory
panel were all above 3 point determined as the middle value for sensory panel, it was revealed that the addition of
pomegranate peel powder to the biscuit formulation up to 12% enables acceptable product in terms of sensory
properties.

Keywords: Biscuit, Punica granatum, dietary fiber, antioxidant activity, sensory analysis
*Sorumlu Yazar / Corresponding Author: Sibel BOLEK, sibel.bolek@sbu.edu.tr
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GIRiS

Firincilik iirlinleri nispeten uzun raf Omiirleri, lezzetleri oluslari, ucuz oluslari, kolay tasinabilir olmalar1 gibi
sebeplerle Diinya’nin her yerinde hemen her yas grubunda yaygin olarak tiiketilmektedir (Oluwamukomi, Oluwalana
ve Akinbowale, 2011). Bununla beraber firincilik iriinlerinin dengeli beslenmeye yardimci olmaktan ziyade
tiikketenlere bos kaloriler sagladig: diisiiniilmektedir. Bu nedenle 6nemli diizeyde tiiketilme oranlarina sahip olan bu
iiriinlerin diyet lif, antioksidan aktivite, vitamin ve mineral igerigi acisindan zenginlestirilmesi son derece 6nemlidir.
Diger taraftan boyle zenginlestirilmis firmeilik iiriinleri genel kabul edilen tanimiyla “normal diyetin bir pargasi
olarak tiiketilen ve sagligi iyilestirme ya da hastalik riskini azaltma potansiyeline sahip biyolojik agidan aktif
bilesenleri igeren gidalar” (Aksoylu, Cagindi ve Kose, 2012) olan fonksiyonel gida eldesine olanak saglamaktadir.
Son yillarda fonksiyonel gidalara olan egilimin artmasinin nedeni, yapilan aragtirmalarin fonksiyonel gidalarin ¢esitli
kanser tiirlerine yakalanma riskini azaltma, kotii huylu kolesterolii diisiirmede etkili olarak koroner kalp hastaliklarini
onleme, tip-2 diyabetin olusma sikliginin azaltilmasinda etkili olma gibi potansiyellerini ortaya koymasinin yaninda
sindirim, bagirsak ve bagisiklik sistemlerinin iyilestirilmesine katkida bulunabileceklerinin ispatlamasi soncu bu
tirinlerin tiiketiciye daha saglikli bir goriiniim kazandirmasiyla ilgilidir [Lin vd., 2016; Schaafsma ve Pakan, 1999;
Wang ve Zhou, 2004). Bu amagla firincilik iriinlerinin zenginlestirildigi birgok c¢alisma gerceklestirilmistir.
Pasqualone vd. (2014) biskiivi formiilasyonuna iiziim posasi ekstrakti ilave etmislerdir. Calismalarinin sonucunda
biskiivi 6rneklerinin toplam fenolik madde ve antioksidan aktivite degerlerinin arttigini saptamislardir. Gawlik-Dziki
vd. (2013) ekmekleri kurutulup 6giitiilmiis sogan ile zenginlestirmislerdir. Yiiriitiilen ¢alismanin sonucunda ekmek
formiilasyonuna %3 diizeyinde sogan ilavesinin ekmeklerin duyusal 6zelliklerinde olumsuz bir degisime neden
olmadan antioksidan aktivite degerlerinde artis sagladigi ortaya konulmustur. Kinoa yapraklarinin ekmeklerin
zenginlestirilmesinde kullanildigi bir ¢calismada ekmek formiilasyonundaki bugday ununun %1-5 oraninda kinoa
yaprag1 ile ikame edilmesinin ekmeklerin toplam fenolik madde iceriginde artis sagladigir sonucuna ulasilmistir
(Swieca, Seczyk, Gawlik-Dziki ve Dziki, 2014). Biskiivilerin zenginlestirilmesinde piring kepeklerinin kullanildig:
bir ¢aligmanin sonucunda biskiivilerin protein igeriklerinde O6nemli oranda artis saglanmig dolayisiyla piring
kepeginin biskiivilerin besleyici degerini arttirmada kullanilabilecegi sonucuna ulagilmistir (Yadav, Yadav ve
Chaudhary, 2011).

Gida enddistrisinde islem sirasinda ve sonrasinda pek ¢ok gida atig1 olusmaktadir. Bu atiklar genellikle imha
edilmekte ya da ekonomik degeri nispeten daha az olan hayvan yemi, giibre vb. olarak degerlendirilmektedir. S6z
konusu atiklarin insan beslenmesinde kullanim olanaklar1 {izerinde ise yeterince durulmamaktadir. Meyve ve sebze
isleme endiistrisinde olusan atiklar genellikle beslenme agisindan 6nemli olan diyet lifi, pektin, antioksidanlar,
esansiyel yag asitleri, vitaminler gibi degerli bilesenleri igermektedir.

Nar Lythraceae familyasinmn Punica cinsinden ¢ok yillik bir bitki olup hem ticari hem de kiiltiirel anlamda 6nemli
degere sahip olan bir meyvedir. Nar meyvesinin ticari tiirii olan Punica granatum L. Diinya’da ¢ekirdekli elma olarak
da bilinmektedir (Kurt ve Sahin, 2013). Nar protein, karbonhidrat, yag, toplam fenolik madde, vitamin ve mineral
madde acisindan oldukga zengin bir meyvedir (Al-Maiman ve Ahmad, 2002). i¢erdigi bilesenlerin saglik iizerindeki
son derece olumlu etkileri nedeniyle pek ¢ok iilkede gida takviyesi ve ilag etken maddesi olarak kullanilmaktadir
(Ozdemir, Soyer, Tag1 ve Turan, 2014). Diger taraftan nar meyvesinin kabuklari da proantosiyanidinler, flavonoidler
ve kondanse tanenler yoniinden zengindir (Guo vd., 2003). Ayrica kabuk kisminin antioksidan ve antimikrobiyal
etkisinin meyvenin diger kisimlarindan daha fazla oldugu da yapilan arastirmalarla ortaya konulmustur (Liv d., 2006;
Negi, Jayaprakasha, 2003). Tiim bunlarin yaninda nar meyvesinin kabugu zengin bir lif kaynagidir (Akhtar, Ismail,
Fraternale ve Sestili (2015).

Biskiivi firmeilik tiriinleri igerisinde en yaygin olarak tiretilen ve tiiketilen gidalardan biridir. Ayrica biskiivi yogun
calisma temposu ve hizli yasam tarzinin getirdigi atistirmaliklarla beslenme kiiltiiriinde siklikla ana 6giin gegistirmek
amaciyla da tiiketilebilmektedir. Bu nedenle biskiivinin fonksiyonel bilesenlerce zenginlestirilmesi gittikce dnem
kazanmaktadir.

Bu ¢alismanin amaci; antioksidanlar ve diyet lifi basta olmak iizere biyoaktif bilesenlerce zengin bir gida atigi olan
nar kabugunu glutensiz biskiivi formiilasyonuna ilave ederek 6zellikle ¢6lyak hastalari igin glutensiz fonksiyonel bir
gida elde etmektir. Nar kabugu tozunun yiiksek antioksidan aktivitesi ve besleyici 6zellikleri nedeniyle firincilik
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iriinlerinde kullanildig1 ¢aligmalar mevcuttur fakat nar kabugu tozunun glutensiz biskiivi formiilasyonuna ilave
edildigi bir calismanin literatiirde mevcut olmamasi ¢alismanin 6zglin degerini olusturmaktadir. Bu calisma ile
biskiivilere saglik acisindan fonksiyonel 6zellik kazandirilirken bir gida atigina da geri doniisiim olanagi saglanmasti
amaclanmaktadir.

MATERYAL VE METOT

Calismada kullanilan Hicaz tiirii narlar, Punica granatum, Antalya’da yerel bir saticidan temin edilmistir. Biskiivi
hamurunun hazirlanmasinda kullanilan glutensiz bugday unu, toz seker, tereyagi, yagsiz siit tozu ve tuz ticari yerel
bir marketten satin alinmigtir. Kullanilan kimyasallar analitik veya yiiksek saflikta kimyasallar olup, Sigma-Aldrich
(St. Louis.MO, ABD) firmasindan satin alinmustir.

Nar Kabugu Tozunun Hazirlanmasi

Nar meyvelerinin kabuklar1 Al-Zoreky (2009) tarafindan belirtilen sekilde manuel olarak soyulmus ve damtik su ile
iyice yikanmustir. Kiiglik pargalara ayrilan kabuklar etiiv kullanilarak (Memmert UNB400, Almanya) 60°C’de
yaklasik 6 saat %7 nem oranina kadar kurutulmustur. Analizlere kadar -18°C’de LDPE posetlerde bekletilen kabuklar
analizlerden 6nce bir 6giitiicli (Delongi KG 79) yardimryla 150 uM inceligine 6giitiilmiistiir.

Biskiivilerin Hazirlanmasi

Biskiivi hamuru AACC (10-54, 2000) yonteminde kiigiik modifikasyonlarla bir homojenizator (KitchenAid, Artisan
5KSM175PSEER) kullanilarak hazirlanmigtir. Biskiivi hamurunda Munaza vd. (2012) tarafindan peynir alt1 suyu
proteini konsantresi ile zenginlestirilmis biskiivi yapimina benzer sekilde bugday unu (100 g), toz seker (30 g),
tereyagi (10 g), yagsiz siit tozu (2.0 g), amonyum bikarbonat (1.0 g), lesitin (1.0 g), sodyum bikarbonat (0.5 g), tuz
(0.3 g) ve damitik su (20 mL) kullanilmistir. Bugday unu ve nar kabugu tozu ikame edilerek asagidaki sekilde 4 ayr1
karigim hazirlanmustir.

TO: %0 nar kabugu tozu, %100 bugday unu iceren biskiivi
T1: %4 nar kabugu tozu, %96 bugday unu igeren biskiivi
T2: %8 nar kabugu tozu, %92 bugday unu igeren biskiivi
T3: %12 nar kabugu tozu, %88 bugday unu iceren biskiivi

Karigimlarda kullanilan oranlar 6n denemelerle 0zgiin olacak sekilde belirlenmistir. Biskiivi hamurunun
sekillendirilmesinde AACC (10-50.05, 2000) yontemi kullanilmistir 55.0 mm ¢apli kesme kalib1 ile sekil verilen
hamurlar bir elektrikli firin (Argelik SUF 5000 MGSI) kullanilarak 200°C’de 15 dakika boyunca pisirilmistir.

Fiziksel, kimyasal, tekstiirel ve duyusal 6zelliklerin belirlenmesi i¢in ayr1 ayri iiretim yapilarak bekleme siiresinden
biskiivinin dl¢iilecek 6zelliklerinin etkilenmesi engellenmistir.

Hammaddelerin Kimyasal Kompozisyonlarinin Belirlenmesi

Biskiivi tiretiminde kullanilacak unda ve kurutulmus nar kabuklarinda nem, kiil, protein, yag ve diyet lif tayini AOAC
[20]°da belirtilen standart prosediire gore yapilmistir.

Biskiivi Hamurunun Tekstiirel Ozelliklerinin Belirlenmesi

Biskiivi hamurunun tekstiirel o6zellikleri bir tekstiir analizorii (TA.XT Plus, Stable Micro Systems, England)
kullanilarak belirlenmigtir. Analizde 25 kg’lik yiik hiicresi ve 35 mm‘lik silindirik aliminyum prob kullanilmustir.
Test hiz1 ve test sonrasi hizi 1 mm/s olarak ayarlanmustir. Sertlik, esneklik, yapiskanlik, baglilik degerleri
belirlenmistir.

Biskiivilerde Yapilan Analizler

Biskiivilerin Kimyasal Kompozisyonlarinin Belirlenmesi
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Biskiivilerin nem, kiil, yag, protein ve diyet lif icerikleri AOAC (2005)’da belirtilen standart prosediir kullanilarak
belirlenmistir.

Renk Tayini

Biskiivilerin yiizey renklerini 6lgmek i¢cin Minolta DP-301 (Osaka, Japonya) model bir kolorimetre kullanilmistir.
Renk tespitinde Hunter renk parametreleri (L* (parlaklik), a*(kirmzilik) ve b*(sarilik) degerleri) géz oniinde
bulundurulmustur. L*= 93.3, a*=0.3162 ve b*= 0.3321 (beyaz plaka) degerleri kalibrasyon igin referans olarak
kullaniimustir.

Antioksidan Aktivite Tayini

Analiz i¢in farkli konsantrasyonlarda 6rnek ekstraktlar1 (10-40pg/mL) hazirlanarak etanol ile 2 mL’ye seyreltilmistir.
Uzerine etanol ile hazirlanan DPPH ¢ozeltisinden (1 mM) 500 uL ilave edilmistir. Daha sonra vorteks ile karistirilip,
karanlikta 30°C’de 30 dk inkiibe edilmistir. Kor olarak etanol kullanilmistir. Absorbans 517 nm’de kore karst
Olciilmiistiir. Absorbanstaki azalma DPPH serbest radikal siipiirme aktivitesini gostermistir. Elde edilen absorbans
degerlerinden % inhibisyon degerleri esitlik 1 kullanilarak hesaplanmistir (Ye, Wang, Liu ve Ng, 2000).

% inhibisyon: [(ADPPH‘Aekstrakt)/ ADppH]Xloo (1)
ApppH: DPPH sahit 6rnegin absorbans degeri
Ackstrakt: Ornek ekstraktin absorbans degeri

Toplam Fenolik Madde Tayini

Biskiivilerin toplam fenolik madde igerikleri Cemeroglu (2010) tarafindan 6nerilen yontemde kii¢iik modifikasyonlar
yapilarak belirlenmistir. 5 g 6rnek alinip 50 mL %80’lik metil alkol icerisinde homojenize edilmistir. Homojenat bir
behere alinip 5 dk siireyle kaynatilmigtir. Ekstrakt Whatman 4 filtre kagidindan filtre edilmistir. Beherdeki kalinti
tizerine tekrar 50 mL %80’lik metil alkol eklenip 10 dk daha kaynatilmistir. Her iki ekstrakt 100 mL lik balon jojede
birlestirilip sogumaya birakilmistir. Soguduktan sonra balon joje ¢izgisine kadar saf suyla tamamlanmstir.
Ekstrakttan 50 mL’lik balon joje igerisine 5 mL alinip iizerine 5 mL saf su ilave edilmistir. Daha sonra iizerine 0.5
mL Folin—ciocalteu ayraci eklenip balon iyice ¢alkalanmustir. 3 dk beklendikten sonra iizerine 1 mL %36°lik sodyum
karbonat ¢ozelitisi eklenen balon, saf su ile tekrar ¢izgisine kadar tamamlandiktan sonra tekrar iyice calkalanip
karanlik bir ortamda 1 saat bekletilmistir. Bekleme siiresi sonunda spektrofotometrede 725 nm dalga boyunda okuma
yapilmustir.

Stok ¢6zeltinin hazirlanmasi: 0.1 gr gallik asit 100 mL metanolle seyreltilmistir.

Standart ¢ozeltilerin hazirlanmasi: 0, 0.4, 0.8, 1.2, 1.6, 2 mg/mL konsantrasyonda ¢ozeltiler gerekli seyreltmeler
yapilarak hazirlanmistir. Her bir 6rnek i¢in okunan absorbans degerlerine karsi konsantrasyon miktari kalibrasyon
grafiginden belirlenmis, sonuglar seyreltme katsayilar1 dikkate alinarak mg/100g olarak gallik asit cinsinden
hesaplanmigtir

Tekstiirel Ozelliklerin Tayini

Biskiivilerin tekstiirel 6zellikleri bir tekstiir analizorii (TA.XT Plus, Stable Micro Systems, England) kullanilarak
belirlenmistir. Analizde 5 kg’lik yiik hiicresi ve 2 mm‘lik silindirik aliminyum prob kullanilmistir. Test hiz1 0,2 mm/s
ve test sonrast hizi 0.5 mm/s olarak ayarlanmistir. Biskiivilerin sertlik ve kirilganlik degerleri belirlenmistir.

Duyusal Analiz

Biskiivi ornekleri goriniis, koku, doku, koku, lezzet ve genel izlenim bakimindan kiyaslanarak duyusal panel
tarafindan en begenilen 6rnegi bulmak amaciyla 5 puanli hedonik skala (1= Hi¢ begenmedim, 2= Begenmedim, 3=
Ne begendim ne begenmedim, 4= Begendim, 5= Cok begendim) kullanilmistir (Meilgaard, Civille ve Carr, 2016).
Analiz ISO 8586 (2012) normlarina uygun olarak gerceklestirilmistir. Biskiivilerin panelistlere sunulurken
kullanildig1 porselen tabaklar rastgele 3 haneli rakamlarla kodlanarak daha 6nceden belirlenmis yas araligi 20-30
arasinda degisen yari-egitimli 80 paneliste (46 kadin 34 erkek) sunulmustur. Analiz 3 tekerriirlii olarak uygulanmistir.
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Analiz ortami beyaz floresan ampul kullamlarak aydimnlatilmuistir. Her uygulamada panelistlere 4 farkli drnek
sunulmustur. Ornek sunumlari arasinda agizda olusan kalint1 tad1 gidermek i¢in su kullanilmstir.

Istatistiksel Analiz

Tim {tretimler ii¢ tekerriirlii yapilmis ve elde edilen orneklerin analizleri de 3 paralel olarak gergeklestirilmistir.
Analizlerden elde edilen veriler SPSS (version 15 for windows, SPSS, Inc., Chicago, IL, USA) istatistiksel paket
programi ile Duncan ¢oklu karsilastirma testi ile 0.05 giiven aralig1 kullanilarak analiz edilmistir.

BULGULAR VE TARTISMA

Hammaddenin Ozellikleri

Biskiivi iiretiminde kullanilan unun ve nar kabuklarmin kimyasal kompozisyonlari Tablo 1’de verilmistir. Nar
kabugunun diyet lif agisindan oldukca zengin bir kaynak oldugu sonucuna ulagilmigtir. Ayrica nar kabugunun
gidalarda bulunan mineral madde igeriginin bir gostergesi olan kiil oram da (Yurtseven ve Baran, 2000) yiiksek
bulunmustur. Sonuglar literatiirde nar kabugunun kimyasal kompozisyonun belirlendigi ¢alismalarla uyumludur [Al-
Rawahi, Rahman, Guizani, Essa, 2013; Galaz vd., 2017; Ibrahium, 2010).

Tablo 1. Hammaddelerin Kimyasal Kompozisyonlar1

Hammadde Nem (%) Kiil (%) Yag (%) Protein (%) Diyet Lif (%)
Un 10.554+0.02 0.52+0.01 0.99+0.04 1.6+0.07 2.95+0.03
Nar Kabugu Tozu  5.96+0.05 4.08+0.03 3.10+0.07 2.70+0.06 40,65+0,09

Biskiivi Hamurunun Tekstiirel Ozellikleri

Biskiivi hamurunun tekstiirel 6zellikleri Tablo 2’de verilmistir. Biskiivi formiilasyonuna nar kabugu tozu ilavesi
biskiivi hamurunun tiim tekstiirel 6zelliklerini istatistiksel olarak 6nemli diizeyde etkilemistir (p<0.05). Biskiivi
formiilasyonuna nar kabugu tozu ilavesi biskiivi hamurunun sertlik ve yapiskanlik degerlerinde artiga neden
olmustur. Bunun nedeni nar kabuklariin yiiksek lif igerigi ile agiklanabilir. Benzer sonuglar Psyllium lifinin biskiivi
hamurunun tekstiirel 6zellikleri iizerine etkisinin arastirildigi ¢caligmanin (Raymundo, Fradinho ve Nunes, 2014)
sonucunda da elde edilmistir. Diger taraftan nar kabugu tozu ilavesinin biskiivi hamurunun esneklik ve baglilik
degerlerinde azalmaya neden oldugu gozlemlenmistir (p<0.05). Baglilik degeri hamurun gluten igerigiyle énemli
6l¢iide iliskili oldugundan (Saha vd., 2011) formiilasyonda bugday unu miktar1 azalip nar kabugu tozu ilavesi arttik¢a
hamurun baglilik degeri istatistiksel olarak Snemli diizeyde azalmistir (p<0.05). Elde edilen sonuglar, yiiksek
proteinli biskiivi eldesi i¢in bugday unu ile Spirulina platensis’in ikame edildigi ¢aligmanin sonuglartyla uyumludur
(Singh, Singh, Jha, Rasane, Gautam, 2015).

Tablo 2. Biskiivi Hamurunun Tekstiirel Ozellikleri

Uygulama Sertlik Esneklik Yapiskanlik Baglilik

(N) (N) (Nxs)
To 24.05+0.08¢ 0.707+0.032 0.24+0.07¢ 47.66+0.122
T1 25.52+0.06¢ 0.686+0.03° 0.25+0.05¢ 41.36+0.10°
T 26.22+0.06° 0.664+0.02¢ 0.26:+0.04° 36.42+0.09¢
T3 27.06+0.072 0.642+0.03¢ 0.27+0.032 31.88+0.08¢

a-d p<0.05 Aymn siitundaki farkl harfler istatistiki agidan farklidir.



KSU Miihendislik Bilimleri Dergisi, 23(4), 2020 214
Arastirma Makalesi

KSU J Eng Sci, 23(4), 2020
Research Article
S. Bolek

Biskiivilerin Kimyasal Kompozisyonlar:

Kontrol biskiivilerinin ve nar kabugu tozu ilave edilmis biskiivilerin kimyasal kompozisyonlari Tablo 3’te verilmistir.
Biskiivi formiilasyonuna nar kabugu tozu ilavesi biskiivilerin nem degerlerinde istatistiksel olarak 6nemli diizeyde
artisa neden olmustur (p<<0.05). Bu sonug biskiivilerin nar kabugu tozu ilavesi ile artan diyet lif icerigi sayesinde su
tutma kapasitelerinin artmasi ile a¢iklanabilir. Mango kabuklarinin biskiivi formiilasyonuna ilave edildigi calismada
biskiivilerin nem degerleri i¢in benzer sonuglar elde edilmistir (Ashoush ve Gadallah, 2011). Biskiivilerin kiil orani
nar kabugu tozu ilavesi ile artis gostermistir. Fakat bu artig istatistiksel olarak 6nemli diizeyde olmamustir (p>0.05).
Biskiivi formiilasyonuna nar kabugu tozu ilavesi biskiivilerin yag iceriginde de istatistiksel olarak 6nemli olmayan
diizeyde bir azalmaya neden olmustur. (p>0.05). Diger taraftan, biskiivi formiilasyonuna ilave edilen nar kabugu tozu
orani arttik¢a biskiivilerin protein orani ve diyet lif icerikleri dnemli diizeyde artis gostermistir (p<0.05). Bu sonug
nar kabugu tozunun 6zellikle c¢olyak hastasi bireyler i¢in firmcilik iiriinlerinde potansiyel bir protein kaynagi
olabilecegini gostermektedir.

Tablo 3. Biskiivilerin Kimyasal Kompozisyonlari

Uygulama Nem Kiil Yag Protein Diyet lif
(%) (%) (%) (%) (%)

To 2.48+0.034 1.95+0.022 20.62+0.022 0.86:+0.052 2.38+0.03¢

T1 3.10+.0.02¢ 2.07+0.032 19.05+0.05 0.98+0.02° 2.60+0.07¢

T, 3.36+0.01° 2.25+0.022 18.02+0.04¢ 1.45+0.01°¢ 4.82+0.08°

T3 3.68+0.072 2.64+0.012 17.12+0.034 1.82+0.02d 6.28+0.052

a-d p<0.05 Ayn siitundaki farkli harfler istatistiki agidan farklidir

Biskiivilerin Renk Degerleri

Kontrol biskiivilerinin ve nar kabugu tozu ilave edilmis biskiivilerin L*, a*, b* degerleri Tablo 4’te verilmistir.
Biskiivi formiilasyonuna nar kabugu tozu ilavesi biskiivilerin renk degerlerini istatistiksel olarak 6nemli diizeyde
etkilemistir (p<0.05). Biskiivi formiilasyonundaki nar kabugu tozu orani arttik¢a biskiivilerin L* ve b* degerlerinde
disiis gozlenirken, a* degerlerinde artis oldugu saptanmugtir. L* ve b* degerlerindeki azalma biskiivi
formiilasyonundaki nar kabugu tozu orani arttik¢a biskiivilerin pisirilmesi esnasinda enzimatik ve enzimatik olmayan
esmerlesme reaksiyonlarinin daha fazla gerceklesmesiyle aciklanabilir. Diger taraftan nar kabugundaki
antosiyaninler sicaklik etkisi ile renk degisimine ugrayabilmektedir (Nizamlioglu ve Nas, 2010; Uzuner, Onsekizoglu
ve Acar, 2011). Biskiivi formiilasyonunda nar kabugu tozu orani arttikga a* degerinin artmasi nar kabugunun
rengindeki kirmizilikla iliskilendirilebilir.

Tablo 4. Biskiivilerin L*,a* b* Degerleri

Uygulama L* a* b*

To 66.22+0.072 11.48+0.022 32.22+0.062
T 50.34:0.04° 11.96+0.032 26.32+0.05°
T 42.22+0.04° 12.44+0.02° 24.46+0.04°
Ts 35.06+0.03¢ 13.15+0.01° 20.20+0.03¢

a-d p<0.05 Ayn siitundaki farkli harfler istatistiki agidan farklidir

Biskiivilerin Antioksidan Aktivite ve Toplam Fenolik Madde Icerikleri

Nar kabugu tozunun, kontrol biskiivilerinin ve nar kabugu tozu ilave edilmis biskiivilerin antioksidan aktivite ve
toplam fenolik madde igerikleri Tablo 5°te verilmistir. Biskiivi formiilasyonuna nar kabugu tozu ilavesi ile
biskiivilerin antioksidan aktivite ve toplam fenolik madde igeriklerini istatistiksel olarak onemli diizeyde artis
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gerceklesmistir (p<0.05). Bu durum nar kabugunun toplam fenolik madde ve antioksidanlarca oldukca zengin
olmasindan ileri gelmistir.

Tablo 5. Biskiivilerin Antioksidan Aktivite ve Toplam Fenolik Madde Igerikleri

Uygulama Toplam Fenolik DPPH
Madde (%)
(mg GAE/100 g)
Nar kabugu 1379.02+2.12 86.50+1.48
tozu
To 88.66+1.072 26.62+1.032
T1 118.26+1.02° 36.90+1.16°
T2 142.21£1.14¢ 45.44+1.02¢
Ts 155.07+1.03¢ 50.15+1.05¢4

a-d p<0.05 Ay siitundaki farkli harfler istatistiki agidan farklidir

Biskiivilerin Tekstiirel Ozellikleri

Kontrol biskiivilerinin ve nar kabugu tozu ilave edilmis biskiivilerin tekstiirel 6zellikleri Tablo 6’da verilmistir.
Biskiivilerin tekstiirel kalitesini belirlemede genel olarak kullanilan sertlik ve kirillganlik degerleri belirlenmistir
(Banerjee, Singh, Jha ve Mitra, 2014; Castillo, 2018; Gonzalez, Gallo, Correa ve Gallo-Garcia). Biskiivi
formiilasyonuna nar kabugu tozu ilavesi biskiivilerin sertlik ve kirilganlik degerlerini istatistiksel olarak énemli
diizeyde etkilemistir (p<0.05). Biskiivi formiilasyonundaki nar kabugu tozu orani arttik¢a biskiivilerin sertlik ve
kirllganlik degerlerinde artis goriilmiistiir. Bu durum nar kabugu tozunun yiiksek lif igerigi ile daha kompakt bir
biskiivi tekstiirii olusturmasiyla agiklanabilir. Biskiivilerin tekstiirel 6zelliklerinin degigimi ile ilgili benzer sonuglar
biskiivilerin yiiksek lif igerigine sahip gidalarla zenginlestirildigi calismalarda da elde edilmistir (Kulkarni ve Joshi;
2013; Singh, Rana, Sahi, Lohani ve Chand, 2012).

Tablo 6. Biskiivilerin Tekstiirel Ozellikleri

Uygulama Sertlik (N) Kirilganlik (N)
To 29.54+0.072 25.41+0.022
T1 31.36+0.04° 27.88+0.03°
T2 34.41+0.04¢ 30.48+0.02°
T3 37.84+0.03¢ 33.63+0.01¢

a-d p <0.05 Ayni siitundaki farkli harfler istatistiki agidan farklidir

Biskiivilerin Duyusal Ozellikleri

Kontrol biskiivilerinin ve nar kabugu tozu ilave edilmis biskiivilerin duyusal 6zellikleri Tablo 7°de verilmistir. Nar
kabugu tozu ilavesi biskiivilerin duyusal 6zelliklerini olumsuz yonde etkilemistir. Nar kabugu tozu ilaveli
biskiivilerin duyusal 6zellikleri kontrol biskiivilerine gore duyusal panelden daha diisiik puanlar almistir ancak %4
nar kabugu tozu ilaveli biskiivilerin duyusal panelden aldig1 puanlar ile kontrol biskiivilerin duyusal panelden aldigi
puanlar arasinda istatistiksel olarak anlamli bir fark bulunamamistir (p>0.05). Nar kabugu tozu ilavesi %4l gectikge
duyusal ozelliklerde istatistiksel olarak onemli diizeyde diisiis gerceklesmistir (p<<0.05). Ancak, yine de duyusal
panelden alinan puanlarin hepsi duyusal panel i¢in orta deger olarak belirlenen 3 puanin (ne begendim ne
begenmedim) lizerinde oldugundan biskiivi formiilasyonuna %12 diizeyine kadar nar kabugu tozu ilavesinin duyusal
olarak kabul edilebilir bir iiriin elde edilmesine olanak sagladig: ortaya ¢ikarilmigtir.
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Tablo 7. Biskiivilerin Duyusal Ozellikleri

Uygulama Gériiniis Koku Doku Lezzet Genel Izlenim
To 4.98+0.32 4.92+0.28 4.95+0.42 4.94+0.22 4.93+0.32
T1 4.72+0.22 4.87+0.42 4.85+0.52 4.66+0.22 4.50+0.28
T 4.01+0.2° 3.78+0.2° 3.54+0.4° 3.65+0.1° 3.82+0.3°
T3 3.08+0.6° 3.04+0.1¢ 3.08+0.3°¢ 3.00+0.2°¢ 3.18+0.4°

a-d p <0.05 Ayni siitundaki farkli harfler istatistiki agidan farklidir

SONUC

Bu caligmada yiiksek antioksidan aktivite ve toplam fenolik madde icerigine ragmen gida endiistrisinde atik olarak
nitelendirilen nar kabugu tozunun yaygin olarak tiiketilmekle birlikte besleyici degeri diisiik bir gida olan biskiiviye
katilma olanaklar1 aragtirtlmistir. Biskiivi formiilasyonuna nar kabugu tozu ilavesi biskiivilerin diyet lif, protein,
antioksidan aktivite ve toplam fenolik madde iceriginin istatistiksel olarak anlamli diizeyde artisini saglamistir
(p<0.05). Nar kabugu tozunun glutensiz biskiivilerin protein miktarinda artig saglamasi ¢élyak hastalari igin firincilik
uiriinlerinde potansiyel bir protein kaynagi olabilecegi sonucunu ortaya koymustur. Diger taraftan nar kabugu tozu
biskiivi hamurunun ve biskiivilerin tekstiirel 6zelliklerinde istatistiksel olarak 6nemli diizeyde degisikliklere neden
olmustur. Diyet lif icerigi oldukg¢a zengin olan nar kabugu tozu hem biskiivilerin hem de biskiivi hamurlarinin sertlik
degerlerinde artisa neden olmustur. Biskiivilerin renk degerleri de biskiivi formiilasyonuna nar kabugu tozu
ilavesinden 6nemli diizeyde etkilenmis, L* ve b* degerlerinde azalma goriiliirken a* degerlerinde artis goriilmiistiir
(p<0.05). Nar kabugu tozu ilavesi biskiivilerin duyusal o6zelliklerini de onemli diizeyde etkilemistir. Biskiivi
formiilasyonundaki nar kabugu tozu orani arttikga duyusal panelden alinan puanlarda diisiis goriilmiistiir. Ancak
duyusal panelden alinan tim puanlar 3 puanin (ne begendim ne begenmedim) iizerinde oldugundan biskiivi
formiilasyonuna %12 diizeyine kadar nar kabugu tozu ilavesinin duyusal olarak kabul edilebilir bir iiriin elde
edilmesine olanak sagladigi ortaya ¢ikarilmistir. Bununla birlikte, biskiivi formiilasyonuna daha fazla siit tozu ve
farkli aroma maddelerinin ilavesiyle biskiivilerin duyusal 6zelliklerinin gelistirilmesi miimkiin olabilir. Gelecek
calismalar nar kabugu tozu igeren gidalarin insan saglig1 {izerindeki pozitif etkilerini dogrulamaya yonelik olarak
planlanmalidir.
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OZET

Titanyum dioksit (TiO.), ¢cevre dostu, sentezi kolay, stabil ve ucuz bir katalizér olarak, ¢ogunlukla su aritimi gibi
cevresel iyilestirme amagli hafif aktiviteye sahip bir katalizor olarak kabul edilmektedir. Bu g¢alismada, TiOo,
kristal yapilar1 belirlemek igin X-Ray difraksiyon cihazi (XRD), enerji dagitict X-1sin1 spektroskopisi (EDX) ile
donatilmig taramali elektron mikroskobu (SEM), pargacik boyutunu belirlemek i¢in BET analizi, ve baglar
belirlemek i¢in FT-IR analizi kullanilarak sentezlenmis ve karakterize edilmistir. Sonuglar, 26 piklerde 25°, 38°,
48%de TiO; nanopartikiillerinin varlig1 tespit edilirken, 65° ve 70° piklerde TiO tespit edildigini gostermektedir.
EDX analizi sonuglarina gore; Ti, O, Au ve C elementleri belirlenmistir. FT-IR analizine gore, 450 cm™'de olusan
pik TiO, varligim gosterir. BET analizine gore; TiO'nin yiizey alam 65 m?/g olarak belirlendi ve bu ticari TiO,'den
(40 m?/g) 6nemli olgiide yiiksektir. Sonuglar, literatiirde kullanilanlara gore azalan sicakliklarda TiO, elde etmenin
miimkiin oldugunu gostermektedir. Ek olarak, oda sicakliginda sentezlenen TiO. Karakterizasyonu, yiiksek
sicakliklarda (>400C°) gerceklestirilen onceki ¢alisma sonuglarindan elde edilen sonuglarla karsilastirildiginda
benzerdir.

Anahtar Kelimeler: Titanyum Dioksit, Nanopartikiiller, Titanyum Dioksit Sentezi
ABSTRACT

Titanium dioxide (TiO,) is regarded as an environmentally friendly, easy-to-synthesis, stable and inexpensive
catalyst, often as a mildly active catalyst for environmental improvement purposes such as water treatment. In this
study, TiO, was synthesized and characterized using an X-Ray diffraction instrument (XRD) to determine the
crystal structures, scanning electron microscopy (SEM), equipped with energy-dispersive X-ray spectroscopy
(EDX), BET analysis to determine particles size, and FT-IR analysis to determine bonds TiO,. Results show that
while the presence of TiO2 nanoparticles at 25°, 38°, 48° at 26 peaks was detected, TiO was detected at 65° and 70°
peaks. According to the results of EDX analysis; Ti, O, Au, and C elements are detected. According to FT-IR
analysis, the peak formed at 450 cm™ shows the presence of TiO,. According to BET analysis; the surface region of
TiO2 was identified as 65 m?/g which was significantly higher than that of commercial TiO, (40 m?/g). The results
show that it is acceptable to achieve TiO, at decrease temperatures according to those used in the literature.
Additionally, the characterization of synthesized TiO, at room temperature is similar compared to the results
obtained from previous study results that have been conducted under high temperatures (>400°C).

Keywords: Titanium Dioxide, Nanoparticles, Titanium Dioxide Synthesis
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1. INTRODUCTION

Titanium dioxide nanoparticles are among the most used nanomaterials due to their high stability, anti-corrosion
properties, surface activities, and photocatalytic properties. These properties appear as stable for the extensive use
of TiO; substances in diverse areas including light activity, hydrogen production, and such as wastewater treatment.
(Burke, A., et al., 2008; Nakata, K., et al., 2013; G.L. Chiarello, et al., 2017; W. Zhou, et al., 2014; Z. Xing, et al.,
2018). In recent years, optical and electronic characteristics of nanomaterials, which become severely size
dependant have attracted attention to the preparation of nanoparticle semi-conductors (M. Tomkiiewicz, 2000).
Titanium nanoparticles with very thin dimensions are encouraging in many practices such as wastewater treatment,
adsorbents, and catalytic fields (G. Ramakrishna, 2003; M.M. Rahman, et al., 1999; E. Pelizzetti, et al., 1993). In
almost all of these conditions, when the particle size is reduced greatly, due to the large surface area, some recent
optical properties can be expected (S. Sahni, et al., 2007). The synthesis of titanium dioxide nanoparticles consists
of four different methods; these, sol-gel process (Q. Zhang, L. Gao, 2003), hydrothermal methods (P.D. Cozzoli, et
al., 2003), solvothermal methods (C.S. Kim, et al., 2003), and emulsion precipitation (G. Ramakrishna, H.N.
Ghosh, et al., 2003). Many of them were succeeded by synthesizing high purity of (>99%) TiO.. However, it is
important to be easily reproducible at the industrial level by avoiding dangerous reagents (Zadeh, E.K, et al.,2017,;
Mezni, A., et al., 2017; Ojeda, M., et al., 2017; Lusvardi, G., et al., 2017). By using this approach, the purpose of
this study was the synthesis and characterization of TiO, nanoparticles by avoiding harmful chemicals.

In this study, TiO, was synthesized in a procedure containing 50 mL titanium isopropoxide (C12H2s04Ti), >99.8,
200 mL H:0, and 1gr CO(NH,).. The materials characterization was performed using an X-Ray diffraction
instrument (XRD) to determine the crystal structures of TiO; particle, SEM, EDX, and BET analysis to determine
particle size and crystal properties, FT-IR analysis to determine chemical bonds TiO..

2. MATERIAL AND METHODS

2.1. Preparations of Titanium Dioxide (TIO-)

The procedure reported in the literature have been tested and (Lusvardi, G., et al., 2017). TiO synthesis was carried
out with the best, simplest, and cheapest procedure. The used reagents are titanium isopropoxide (Ci2H2s04Ti),

>99.8, and urea (CO(NH>),) (Lusvardi, G., et al., 2017). The reagents used for TiO, synthesizes are given in Table
1.

Table 1. Reagents for TiO, Synthesis

Compounds Amounts

C12H23Ti 50mL

H-0 200mL
CO(NH,)> gr

Distilled water (H.0) and CO(NH.)., were placed in a beaker and mixed for five minutes with the aid of a magnetic
stirrer. Then, C12H2sTi was added drop by drop to this solution, and stirring continued for thirty minutes. This
solution was kept in a water bath at 90 C° for one hour. Finally, the product was separated by drying at 80 C° for 12
hours. (Lusvardi, G., et al., 2017).

2.2. Analyses of Nanoparticles
2.2.1. X-Ray diffraction (XRD)

The diffraction patterns of synthesized TiO, nanoparticle substances were achieved with a high-resolution electron
microscope (HRTEM, Tecnai G2, F30). X-ray diffraction (XRD) diffraction was made using a Miniflex 1l model
(Malik S., et al. 2018).
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2.2.2. Scanning electron microscopy-energy distribution spectrophotometer (SEM-EDX)

The samples were coated with the gold plated mixture and given to the SEM (Carl Zeiss, EVO 50 model,
Germany) and EDX (Bruker AXS Microanalysis GmbH, Germany) devices. Inorganic chemical composition was
also determined using an EDX (EDX, analyzer to determine the inorganic composition.

2.2.3. Fourier transform infrared spectrophotometer-attenuated total reflection (FTIR-ATR) analysis

Characterization of important functional groups of metabolites was measured using the FTIR-ATR device (Perkin
Elmer Spectrum 400, Germany) located in the KSU USKIM laboratory. The collected nanoparticle substances were
dried at 50°C for 24 hours before FT-IR measurements. Characterization of functional groups were determined
according to the procedures given by Sahinkaya et al. (2018) and Hu et al. (2013).

2.2.4. BET analysis

The surface area and nanoparticle size of the synthesized titanium nanoparticles were analyzed by the BET surface
area. The BET surface area was determined by N2 gas using a Tristar 3000. Samples were dried under N2 gas at 110
C° 15 hours before BET analysis (Martinson, C. A., et al. 2009).

3. RESULTS AND DISCUSSION

3.1. Characterization of Synthesized TiO, Particles

TiO- is a strong, relatively cheap, easy to prepare, and non-toxic material (Mulmi et al., 2004). It consists of three
different crystal structures, anatase, rutile, and brokite (Sekiya et al., 2004). The XRD plot of the prepared TiO;
nanoparticle shows the presence of very large peaks. Large peaks either show particles with very small crystal size
or show that the particles are semi-crystal in nature (C.L. Yeha, et al., 2004). XRD analysis of the synthesized TiO-
nanoparticles was done in the range of 26 20-800. The XRD analysis of TiO, nanoparticles is shown in Figure 1.
According to the XRD results of the synthesized titanium dioxide nanoparticles, the presence of peak points
indicates that there is a crystal structure. Although the presence of the peaks symbolizing TiO, was detected,
significant peaks could not be obtained. In addition, the dominant peaks observed at 45° and 65° indicate the
presence of titanium oxide. While the presence of TiO, nanoparticle peaks was detected at 25°, 38°, 48° at 26, TiO
nanoparticle substance was detected at 65° and 70° peaks (Figure 1). The obtained results are similar to the
literature (Vijayalakshmi, R., et al. 2012, Abdulmajeed, B.A., et al. 2019). It is observed titanium dioxide
nanoparticle substance has been successfully synthesized.

Figure 2 shows the SEM images of the synthesized TiO,. The EDX analysis of TiO: is shown in Figure 3A. SEM
and EDX were used to qualitatively determine the morphology, size, and composition of the synthesized titanium
dioxide. At the selected area EDX spectrum shows a strong signal in the titanium area and confirms the formation
of TiO,. In this case, the nanoparticle substances are obtained to adhere to each other. Similar to our results,
Srikanth et al. (2018) found that pure crystalline particles were in the form of spherical and rod-shaped clusters and
pellets. At the same time, to obtain chemical compounds and surface atom distributions of the synthesized TiO»,
EDX spectra were performed in the selected areas on the surface of the nanoparticle substance. EDX elemental
analysis was performed to identify the chemical components of nanoparticle substances. The presence and
formation of titanium dioxide nanoparticle material were determined in the EDX spectrum region in the selected
area. According to the results of EDX analysis; Ti, O, Au, and C elements are detected as shown in Figure 3B.
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Figure 1. X-ray diffraction (XRD) of Titanium Dioxide (TiO>) particles
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Figure 2. SEM images of different sizes of Titanium Dioxide (TiO>) particles a) 10kx, b) 5kx, c) 1kx, d) 1kx
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Figure 3. A: EDX results of Titanium Dioxide (TiO,) particles; B: EDX-Element content results of Titanium
Dioxide (TiO,) particles

Due to its nanoparticle structure, Ti and O are relatively higher than other elements. According to EDX results, the
titanium content of the synthesized nanoparticle substance was relatively high (Figure 3B).
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Figure 4. Titanium dioxide (TiO;) FT-IR spectrum

FT-IR spectrum analysis was achieved to determine the characterization and chemical structure of the synthesized
nanoparticle substances. The FT-IR spectrum of titanium dioxide is shown in Figure 4. The peak points obtained in
the synthesized nanoparticle materials have been shown to be at 3200, 1800, 1600, 1400, 650, and 450 cm™. The
band at 3421 cm™ corresponds to the weak stretching vibration of the surface hydroxyl groups. The peaks at 1415
and 1359 cm indicate the -COO- groups (Gao et al., 2016; Madhavi et al., 2013). Similar results were obtained in
this study. Jose A.A et al. (1999) reported that the strong peak in the range of 880 and 450 cm™ confirmed the
presence of TiO2 nanoparticle material. They reported that the peak observed at 3391 cm™ revealed the presence of
hydroxyl, possibly due to the lack of recording of the spectra in place and some reabsorption of water from the
ambient atmosphere. In the same study, they reported that the peak water of 1638 cm™ was associated with
hydroxyl groups of water. The peak formed at 450 cm indicates the presence of titanium dioxide.

The surface area of nanoparticle substances was identified by the classical BET method. BET analysis was
performed to determine the pore sizes and surface area of nanoparticle materials obtained as a result of synthesis.
According to the results obtained; The surface area of titanium dioxide nanoparticle material was determined as 65
m?/g. Similar to study results performed by Hussain et al. (2010) surface area of TiO, nanoparticle material was 60-
66 m?/g. The results of this study support the findings obtained from other literature studies.

4. CONCLUSION

Synthesized TiO, characterization was carried out using XRD, SEM, and EDX, FT-IR, BET techniques. Results
show that the presence of TiO, nanoparticles was detected at 25°, 38°, 48° at 20 peaks, while TiO nanoparticle
substance was detected at 65° and 70° peaks. According to the results of EDX analysis; Ti, O, Au, and C elements
are mainly detected. According to FT-IR analysis, the peak formed at 450 cm™ shows the presence of titanium
dioxide. According to BET analysis; the surface area of titanium dioxide nanoparticle substance was determined as
65 m?/g which was significantly higher than that of commercial TiO , (40 m?/g, a non-porous material). The use,
research, and development of titanium dioxide nanoparticle material in environmental applications will contribute
to the literature.
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OZET

Bu ¢aligmada, tel gekme isleminde kalibrasyon uzunlugunun ¢ekme mukavemeti iizerine olan etkisi incelenmistir.
Kalibrasyon bolgesinin etkisini iki farkli rediiksiyon orani ve filmasin c¢api kullanilarak gosterilmistir. Elde edilen
sonuglara gore, kalibrasyon bdlge uzunlugu arttikca mukavemet artis1 gdézlemlenmistir. Ancak, kalibrasyon boyunun
uzun olmasi iiretim esnasinda ¢esitli imalat problemlerine sebebiyet vermistir. Capsal mikrosertlik dagilimlar: ise
kalibrasyon boyu arttik¢a aralarindaki farklarda da artis gézlemlenmistir. Mikrosertligin artmasinin esas sebebinin
kalibrasyon boyunun artmasiyla elde edilen yiiksek siirtiinme kuvvetinin olugturdugu deformasyon sertlesmesidir.

Anahtar Kelimeler: Tel ¢ekme, kalibrasyon uzunlugu, deformasyon sertlesmesi, tel ¢ekme kalibi.
ABSTRACT

In this work, effect of bearing length on tensile strength was investigated. The influence of the bearing length is
illustrated using two different reduction ratios and wire diameters. According to the results, the increase in strength
was observed as the length of the bearing zone increased. However, the long bearing length caused various
manufacturing problems during production. Microhardness distributions in wire cross section, on the other hand,
increased as the length of bearing increased. The main reason for the increase of microhardness is the deformation
hardening caused by the high friction force obtained by increasing the bearing length.

Keywords: Wire drawing, bearing length, deformation hardening, wire drawing die.
*Sorumlu Yazar / Corresponding Author: Fatih OZEN, fatih.ozen@batman.edu.tr

ToCite: CELIK, E., OZI%N, F.,ILHANE., & ASLANLAR, S., (2020). TEL CEKME iSLEMINDE KALIP KALIBRASYON
_BC)LGESi UZUNLUGUNUN 1045 CELIK TEL MUKAVEMETI UZERINE OLAN ETKISININ
INCELENMESI. Kahramanmaras Stitgii imam Universitesi Miihendislik Bilimleri Dergisi, 23(4), 227-235.

INTRODUCTION

Wire drawing is the most common method used to manufacture wire. It is a cold forming process. It is an
indispensable technique for the industry because the wire diameters are obtained with high tolerance and low surface
roughness, low forming cost and being a serial process (Nilsson & Olsson, 2011). Wire drawing is done by processing
semi-finished product called as alloy wire rod sets.
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It has usage areas in numerous applications such as welding wires, brake wire, bridge ropes. Defects occurring during
production significantly affect the strength of the wire. At the same time, the design of the die has a great influence
on wire strength. The strength obtained in pearlitic steels can be increased up to 7 GPa (Wei et al., 2020).

Wire rod is a product obtained after hot processing. After the hot process, a oxide layer forms on the wire rod surface.
The presence of oxide layer causes mold wear during wire drawing. For this reason, various deoxidation processes
are carried out. Also, Wire circumference is covered with various lubricants to minimize mold wear during wire
drawing operation (Gillstrdom & Jarl, 2007). High wear during wire drawing causes friction force that rises unevenly
and induces wire breaks.

Plastic deformation and friction forces must be controlled during wire drawing operation. The bearing length in the
wire drawing die is of high importance in controlling of the friction forces. If bearing length is long, friction forces
increases that causes undesired cases such as breakage and stripping of the outer covering layer. On the other hand,
If the bearing length is short, wire rod wire that spring backs cannot provides desired tolerance size (Korchunov et
al., 2014) Also, the bearing length plays an important role in the strength of the drawn wire, significantly controlling
the amount of deformation hardening. In this study, the effect of the bearing length on the strength and hardness of
the drawn wire was investigated. The optimum bearing length were determined.

MATERIAL AND METHOD

3
P

" B B | | B | B B | 28 Wire drawing direction

L3 L0 L1 L2

| 1 {
@D : Intake Diameter
@d : Exit Diameter
LO : Bearing Length
L1: Contact Length
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L3 : Exit Length
a1 : Die Angle
a2 : Bell Angle

a3 : Exit Angle

@D

Figure 1. The Geometry of Wire Drawing Die

The technical details of wire drawing die manufactured and used experiments is shown in Figure 1. In experiments,
the effects of the reduction ratios were also investigated. In the first set of experiments, a wire drawing process was
applied from 1.8 mm diameter to 1.6 mm diameter by providing 11.11% rolling ratio. In the second set of
experiments, wire drawing was applied from 1.2 mm diameter to 1.1 mm diameter by applying 8.3% rolling ratio.
The geometric dimensions of the used dies are presented in Table 1 and 2.

Table 1. The Dimensions of Dies for The First Experiments
DieNo ©D ©d L0 (%d) LO(mm) L1 L2 L3 ol o2 a3
(mm) (mm) (mm) ¢ O O

1.1 %30.9d 0.48
1.2 %40.9d 0.64
13 18 16 o500d 08 12 3 3 6 15 30

1.4 %60.9d 0.96
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Table 2. The Dimensions of Dies for The Second Experiments
Die No OD Od L0(%d) LO(mm) L1 L2 L3 al a2 o3
(mm) (mm) (mm) () & ()

2.1 %30.9d 0.33
2.2 %40.9d 0.44
23 12 11 %50 0d 055 12 3 3 6 15 30
2.4 %60.9d 0.66

It is essential to minimize the friction force in the wire drawing process. Therefore, various modifications are made
on the die and wire. While manufacturing of molds, wire drawing contact surfaces were polished to minimize friction
force. Figure 2 shows a wire drawing die with polished surfaces. In order to reduce the friction force between the
mold and the wire, zinc phosphate was coated on the wire surface by dipping method. Furthermore, calcium-based
solid soap lubricant was used during wire drawing. Figure 3a and 3b show the wire drawing machine and wire
drawing test setup. Experiments were carried out on Mekosan wire drawing machine. In both experimental sets, the
wire drawing speed was kept constant at 7 m/s.

Figure 2. Wire Drawing Die
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Figure 3. a)Wire Drawing Machine and b)Wire Drawing Setup

The length of the wire drawing process for each experiment is 250 000 m. Wire rod material is 1045. Chemical
composition of 1045 steel wire is presented in Table 3. Wire rods are reduced to 1.8 and 1.2 mm diameters before
the experiment and their strength values are shown in Table 4.
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Table 3. Chemical Composition of 1045 Steel Wire.
C Mn Si Mo Cr Ni P S

0.47 0.72 0.39 0.11 0.41 0.48 0.037 0.03

Table 4. Wire Strengths Measured Before Experiment.

Wire Material Wire Diameter Tensile Strength Elongation
(mm)
(MPa) (%)
1045 1.8 1102 18.1
1045 1.2 2141 10.2

Tensile strength measurements were executed Alsa brand tensile device that has 2 ton tensile capacity. Tensile tests
were carried out at a speed of 5 m/min. For each experiment, 5 different samples were taken and subjected to tensile
testing and then, average values were taken. Microhardness tests were performed with the vickers indentation tip on
Wilson Hardness device. Vickers hardness measurement was carried out on the Hv0.2 scale and the force application
time was 10 seconds. Metallographic examinations were performed with Nikon Eclipse L150 optical microscope.
Samples were etched with 3% Nital solution before metallographic examination.

RESULTS AND DISCUSSION
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Figure 4. Effect of Bearing Length on Tensile Strength under Different Reduction Ranges

The effect of the bearing length on tensile strength under different reduction rates is shown in Figure 4. As the
reduction rate increases and the wire thickness decreases, tensile strength of the wire increases due to the deformation
hardening phenomenon. As the bearing length increases, an increase in wire strength were taken place.

The 1.2 mm diameter wire, whose cross section has been narrowed by 11.1%, has a tensile strength of 2141 MPa
before it is subjected to wire drawing. By increasing the bearing length from 30% of the wire diameter to 60%, the
tensile strength increased approximately 200 MPa. This increase amount is approximately 110 MPa for 1.8 mm
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diameter wire, whose cross section has been narrowed by 8.3% that had a tensile strength of 1102 Mpa before wire
drawing.
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Figure 5. Effect of Bearing Length on Hardness Distribution from Wire Cross Section

Figure 5 shows the effect of different bearing length on hardness distribution of cross section in 1.1 mm diameter
wire. The hardness increased significantly as progress from the center of the wire to outer diameters. Increases in the
bearing length causes elevation in hardness values. As the bearing length increases, the hardness difference between
the outer and the center of the wire cross section increases. Hardness elevation is a result of deformation hardening.
The amount of hardness is also an indicator of which areas under how much deformed during wire drawing (Sas-
Boca et al., 2017). The highest strength on the outer diameter of wire is the main indicative of highest local stress.
The amount of hardness is also an indicator of which areas under how much deformation during wire drawing.
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Figure 6. Microstructure of the 1.6 mm Diameter Wire

Figure 6 shows the microstructure of the wire with a diameter of 1.6 mm applied an area reduction of 8.3%.
Accordingly, the grains are oriented towards the wire drawing direction. Due to the nature of the wire drawing
process, rolling lines can easily be seen through cross section. 0.45% C in 1045 wire material did not form a pearlitic
structure in the microstructure. Since the ratio of 0.45% C is far from the eutectoid transformation point, the perlite
rate is very low. Low perlite ratio limits the amount of deformation hardening to reach high levels (Xu et al., 2019).

Although the brittleness that achieved with deformation hardening is high, deformation accumulation in small
sections causes various tension irregularities during wire surface. Was observed that as the bearing length increases,
breaks due to irregular stress deposits and coating stripping were occurred. Figure 7.a shows the zinc stripping that
takes place at a bearing length of 50%. Zinc coating is stripped due to the high bearing length surface that caused
high friction force. In addition to zinc coating zinc-phosphate layer was also stripped (Fig. 7.b).
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Figure 6. a) Zinc and b) Zinc-Phosphate Coating Peel-off with a 50% d Bearing Length (1.8 mm Wire Diameter)

Other problems encountered in high bearing lengths are breakage and scratching during wire drawing. Figure 8 a)
and b) shows the surface scratches and rupture surface image formed in 50% and 60% bearing length, respectively.
The formation of surface scratches is caused by the ineffectiveness of lubrication as a result of the increased friction
force caused by the increased bearing length.

The fracture surface (Figure 8.b) is examined, it can be seen that the tip of the breaking surface is parallel to the
drawing direction. In this case, the effect of arranging the grains in the direction of drawing is great. The failure
formed due to crack initiations as a result of tension irregularity between the grains. These crack initiations continue
in the grain boundary direction, causing the cross section to weaken and then, sudden rupture is developed (Schade,
2006).
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Figure 8. a) Scratch and b) Breaking Surface Formation on 1.8 mm Diameter Wire with 50% and 60% Bearing
Lengths

CONCLUSIONS

In the experiments, the effect of different bearing lengths of 1045 steel wires with a diameter of 1.8 and 1.2 mm on
strength was investigated in wire drawing operation. The effect of the area reduction rate was also investigated using
different reduction rates in both diameters. In the light of the data obtained, the following results can be drawn;

1-As the bearing length increases in all experiments, wire tensile strengths increases. However, this increase causes
coating scrapes and irregular wire breaks at 50% bearing length and above. Therefore, it is not recommended to use
50% of wire diameter and higher bearing length in designs.

2-1f the bearing length is maintained about 30% and 40% of wire diameter values, wire drawing is done in a healthy
way.

3-During the wire drawing process, the increase in the bearing length caused the deformation hardening. Deformation
hardening was observed highest at the outermost points of the wire.

4-As bearing length increases, the differences between hardness distribution in the wire cross section were increased.
This phenomenon give rise to formation of crack initiations.

5-It is essential to control the friction force during wire drawing. Otherwise, scratches on the outer surface and sudden
breaks were formed.

6-Since the amount of carbon in the wire material will affect the perlite ratio, a different bearing length study must
be performed for each type of wire materials. Otherwise, it is inevitable to encounter wire breakage and much higher
deformation hardening more than expected.
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OZET

Masif odunun, diger miihendislik malzemeleri ile kiyaslandiginda, yenilenebilir bir malzeme olmasi, kolay
islenebilmesi, ucuz olmasi, yogunluguna gore mekanik Ozelliklerinin yiiksek olmasi gibi istiin ozellikleri
bulunmaktadir. Ancak, biyolojik dayaniklilig1 diisiiktiir ve rutubet alip verdiginde daralip genislemesi istenmeyen
ozelliklerindendir. Bu istenmeyen 6zelliklerini iyilestirmek igin degisik metotlar gelistirilmistir. Isil iglem metodu
bu metotlardan birisidir. Isil islem uygulamasi, sicak buhar, sicak yag, vakum veya azot gazi atmosferinde
uygulanmaktadir. Bu ¢alismada, azot gazi, vakum ve hava atmosferlerinde yapilan 1s1l islemin karagam odununun
baz1 fiziksel ozellikleri tlizerine etkisi arastirilmistir. Test drneklerinin agirlik kaybi, tam kuru yogunluk, denge
rutubeti yiizdesi, genisleme yiizdeleri ve su alma yiizdeleri belirlenmistir. Elde edilen verilere gore; sicaklik
arttikga, agirlik kaybinin arttigi, genisleme ve su almanin azaldigi belirlenmistir. Ayrica, hava atmosferinde yapilan
1s1l islem sonuglari ile kiyaslandiginda, azot gazi atmosferinde yapilan 1s1l islem sonucunda agirlik kaybinin daha
az oldugu tespit edilmistir.

Anahtar Kelimeler: Azot gazi, fiziksel 6zellikler, 1s1l islem, odun modifikasyonu

ABSTRACT

Compared to other engineering materials, solid wood has superior properties such as being a renewable material,
easy processing, being cheap and having high mechanical properties according to its density. However, its
biological resistance is low and it is undesirable to expand and shrink when moisture is absorbed. Various methods
have been developed to improve these undesirable properties. Heat treatment method is one of these methods. Heat
treatment is applied in hot steam, hot oil, and vacuum or nitrogen gas atmosphere. In this study, the effect of heat
treatment under nitrogen, vacuum and air atmospheres on some physical properties of black pine wood was
investigated. Mass loss, oven-dried density, equilibrium moisture content and swelling percentages of the test
samples were determined. According to the data obtained; it was determined that as temperature increased, mass
loss increased, swelling percentages and water uptake decreased. In addition, when compared to the results of heat
treatment under air atmosphere, it was determined that the mass loss was lower as a result of heat treatment under
nitrogen atmosphere.

Keywords: Wood modification, nitrogen atmosphere, physical properties, heat treatment
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GIRIS
Odunun fiziksel, kimyasal, mekanik ve biyolojik &zellikleri nerede kullanilacagina karar verirken gbéz Oniinde
bulundurulmasi gereken dnemli 6zelliklerdendir. Yiik altinda tasiyict elemanlar olarak kullanilacak olan masif
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odun veya odun esasli malzemelerin mekanik Ozelliklerinin yiiksek olmasi istenir. Yer ddsemesi olarak
kullanilacak olan odunun asinma direncinin yiiksek olmasi beklenir. Ac¢ik alanlarda kullanilacak olan odun
tirlerinin biyolojik dayanikliliginin yiiksek olmasi istenir. Ahsap yapi elemanlari, mobilya ve yer dosemeleri gibi
bazi kullanim yerlerinde ise odunun fiziksel 6zelliklerinden olan denge rutubetinin ve odunun daralma ve
genisleme yiizdelerinin diisiik olmasi gerekir.

Odunun bu fiziksel 6zelliklerini iyilestirmek igin ¢esitli modifikasyon yontemleri gelistirilmistir. Bunlar; odunun
liflere niifuz eden bir fenolik regine ile emprenyesi, odundaki hidroksil gruplarinin asetil gruplarina
dontistiiriilmesi, 1s1l isleme tabi tutulmasi, polimerik hiicre c¢eperi bilesenleri arasinda formaldehit kullanilarak
capraz baglar olusturulmasi, polietilen glikol ile muamele edilerek genisletilmesi ve genislemis halin korunmasiyla
boyutsal sabitligin saglanmasi seklindedir (Yildiz, 1994). Bu yontemlerden 6zellikle 1s1l islem modifikasyonu son
yillarda endiistriyel olarak ¢ok uygulanan yontemlerdendir. Farkli iilkelerde farkli 1sil islem modifikasyon
yontemleri uygulanmaktadir. Giiniimiizde en fazla kullanilan 1s1l islem metotlar1 Platowood (Hollanda),
Thermowood (Finlandiya), Retification ve Le-Bois Perdure (Fransa) ve Oil-heat treatment wood (Almanya)
seklinde oldugu bildirilmistir (Korkut ve Kocaefe 2009). Tiirkiye’de ise endiistriyel olarak 1s1l islem uygulayan 3
farkli isletme bulunmaktadir. Bu isletmeler Thermowood yontemi ile {iretim yapmaktadir.

Isil islem modifikasyonunun denge rutubeti miktari, daralma ve genisleme yiizdeleri gibi fiziksel 6zelliklerini
azalttig1 (Almeida ve ark., 2009; Calonego ve ark., 2012; Dubey ve ark., 2012: Gaff and Gasparic 2013; Bal 2013),
kimyasal igerigini degistirdigi (Brito ve ark., 2008; Korkut ve Kocaefe 2009; Esteves and Pereira 2009; Severo ve
ark. 2012), mekanik ozelliklerini azalttigi (Jamsa ve Viitaniemi 2001; Esteves ve Pereira 2009), biyolojik
dayanikliligin1 artirdigi (Kamdem ve ark., 2002; Edlund ve Jermer 2004; Welzbacher ve ark., 2007; Candelier
2013a), yiizey rengini ve parlakligini degistirdigi (Kamdem ve ark., 2002; Ayata ve ark., 2017; Karamanoglu ve
Kaymake1 2018; Ayata ve ark., 2018a; Ayata 2020), yiizey piirtizliilligiiniin degistigi (Ayata ve ark., 2018b) yapilan
bir¢ok calisma ile belirlenmistir. Ayrica, 1s1l islem esnasinda kullanilan 1sitma araci olan sicak yag ile sicak havanin
fiziksel 6zellikler tizerine etkisi (Sailer ve ark., 2000; Bal 2015; Bal 2016), azot atmosferi ve vakum atmosferinin
mekanik 6zellikler tizerine etkisi (Candelier 2013b; Bal 2018 ) bazi arastirmacilar tarafindan belirlenmistir.

Odunun 151l muamelesi esnasinda, 1s1 tasima araci olarak kullanilan hava, yag, buhar gibi farkli araclarin yapilan
islem sonucunda elde edilen ¢iktilar farklilik gosterebilmektedir. Bu nedenle, farkli iilkelerde kullanilan farklr 1s1l
islem metotlar1 gelistirilmekte ve yeni metot arayislari da bir taraftan devam ettirilmektedir. Elde edilmeye ¢alisilan
ve tam olarak basarilamayan hedef ise sudur; yapilan 1sil islem sonucunda odunun mekanik o6zelliklerinin
etkilenmemesi saglamak, buna kars1 su alma, daralma-genisleme gibi fiziksel ozelliklerin iyilestirilmesi ve
biyolojik dayanikliligin artirilmasidir. Ancak, bugiin i¢in kullanilan 1sil islem metotlarinin hepsinde, &zellikle
biyolojik dayanikliligi artirmak igin yiiksek sicakliklarda yapilan uygulamalar mekanik o6zelliklerde azalmaya
neden olmaktadir.

Bugiine kadar, farkli 1s1l islem metotlar1 kullanilarak farkli odun tiirleri iizerinde sayisiz arastirma yapilmustir.
Ancak, 1s1l islem esnasinda, kullanilan sicak hava, sicak buhar, sicak bitkisel yag, azot gazi ve vakum ortami-metal
plaka gibi 1sitma araglarmin 1sil islem sonucunu nasil etkiledigi {izerine yeterli karsilastirmali calisma
bulunmamaktadir. Bu nedenle, bu ¢alismada, farkli sicakliklarda hava atmosferinde, vakum atmosferinde ve azot
gazi atmosferinde yapilan 1s1l islemin karagcam odununun fiziksel 6zellikleri tizerine etkisi aragtirilmustir.

MATERYAL VE METOT
Materyal

Aragtirmada deneme materyali olarak kullanilan karagam tomruklar1 Kahramanmarag keresteciler sitesinden
rastgele usulle elde edilmistir. Tomruklar satin almanin yapildigi kereste atdlyesinde keresteye bicilmistir.
Tomruklar kaba bigme sonrasi, kalinliklart yaklasik 25 mm ve genislikleri 100 mm olacak sekilde tahtalara bigilmis
ve bu haliyle dogal kurutmaya birakilmistir. Iki aylik siire sonunda tahtalardan 25 x 25 mm enine kesitinde citalar
elde edilmistir (Sekil 1-A). Bu citalardan test 6rnekleri hazirlanmistir. Ayni ¢ita ya da tahtalardan yan yana kesilen
test ornekleri ile test gruplari olusturulmustur. Fiziksel 6zelliklerin tespiti i¢in, 3’{i kontrol olmak iizere 15 grup
olusturulmus ve toplam 375 adet test Ornegi kesilmistir (Sekil 1-B). Fiziksel 6zellikler igin, test Ornekleri
hazirlanirken 150 cm boyunda ¢italardan yan yana kesilen her bir test 6rnegi, 1 nolu gruptan baslayarak, farkli bir
gruba dahil edilmis ve boylece test gruplar1 arasinda homojenlik saglanmaya ¢alisilmigtir.



KSU Miihendislik Bilimleri Dergisi, 23(4), 2020 238 KSU J Eng Sci, 23(4), 2020
Arastirma Makalesi Research Article
B. C. Bal

Sekil 1. Test drneklerinin hazirlandigr ¢italar (A) ve test 6rnekleri (B)

Metot

Test ornekleri kurutma dolabinda 103+2 °C’de sicaklikta degismez boyutlara ulagincaya kadar kurutulmus, bu
durumdaki olgiileri ve agirligi alinmig, bu verilerle tam kuru yogunluklart belirlenmistir. Sonra test 6rnekleri %12
rutubet seviyesine kadar sartlandirilmistir. Her bir test i¢in bir kontrol grubu olusturulmustur. Digerleri ise deney
grubu olarak 180, 200, 220 ve 240°C’de 4 farkli sicaklikta 30 dakika 1sitmadan sonra ve 2 saat siire ile 1s1l islem
uygulanmigtir. Isil islem uygulamasi 3 farkl atmosferde gergeklestirilmistir. Bunun i¢in hava atmosferi sartlarinda,
vakum atmosferi sartlarinda ve azot atmosferi sartlarinda olmak iizere 3 farkli atmosferde denemeler yapilmistir.
Isil islem uygulamasi esnasinda, hava atmosferi sartlarinda yapilan denemelerde etiiv igerisine vakum ya da azot
gaz1 uygulanmamistir. Vakum atmosferi sartlarinda yapilan denemelerde vakum 500 mBar uygulanmistir. islem
stiresince vakum sabit tutulmaya c¢alisilmistir. Azot gazi atmosferinde yapilan denemelerde ise, kapak kapatilip
islem baslatildiktan sonra, dncelikle etiiv icerisine 3 dakika boyunca azot gazi verilmis, sonra gaz kesilip 50 mBar
ile 100 mBar araliginda vakum uygulanip kapagin kapali kalmasi saglanmis ve sonrasina 50 mBar vakum
uygulanirken azot gazi verilmistir. Bylece ortamdan hava alinmis ve azot gazi atmosferi olusturulmustur. Isil
islem bu ortamda yapilmistir. Vakum atmosferi ve azot atmosferinde yapilan gruplar 1s1l islem siireci tamamlaninca
etlivden alinmis ve hava ile temas etmeyecek sekilde plastik posetlere konarak soguyuncaya kadar bekletilmistir.
Bu durumdaki agirliklari alinarak agirlik kaybi hesaplanmistir. Ayrica, bu veriler kullanilarak tekrar yogunluk
degerleri (TKY2) belirlenmistir. Sonra test 6rnekleri klima dolabinda 4 hafta bekletilmis ve denge rutubeti
belirlenmistir. Daha sonra, deney pargalari degismez hale gelinceye kadar bir kap igerisinde 20+£5 °C sicaklikta
damitik su igerisine 2 hafta siire ile batirilmistir. Sonra tam yas haldeki son 6lgiileri alinmis, bu verilerle genisleme
yiizdeleri ve su alma yiizdeleri hesaplanmistir. Test drneklerinin yogunluk degerleri TS 2472 numarali standartta
belirtilen esaslara gore, denge rutubeti ve su alma yiizdesinin belirlenmesi i¢in TS 2471, genisleme yiizdesinin
belirlenmesi i¢in TS 4084 ve TS 4086 numaral standartlar kullanilmistir. Bu standarda gére deney pargalart; Kesiti
20 x 20 mm ve lif dogrultusundaki uzunlugu 30 mm olan prizma bi¢iminde hazirlanmstir.

Sekil 2. Is1l islem uygulamasinda kullanilan vakumlu etiiv, vakum pompasi ve azot gazi tiipii
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BULGULAR VE TARTISMA

Kontrol gruplarinda ve uygulanan 1sil iglem sonucunda deney gruplarinda elde edilen agirlik kaybi, tam kuru
yogunluk degeri, denge rutubet yiizdesi, genisleme yiizdeleri ve su alma yiizdelerine ait bulgular Cizelge 1°de
verilmistir. Agirlik kaybi, yogunluk azalmasi, genisleme yiizdesindeki azalma ve su almadaki azalma en fazla hava
atmosferinde yapilan denemelerde ve 240°C elde edilmistir.

Tablo 1. Testler sonunda elde edilen fiziksel 6zelliklere ait bulgular

AK  TKYL TKY2 DRM TG RG HG SA
Gruplar % kg/m* kg/m® % % % % %
LKont X - 498 498 12.6 9.5 5.4 15.0 85
: ss - 29 29 1.0 0.7 0.5 1.0 6
2.180°C X 1.1 501 493 11.2 9.3 5.9 15.2 80
ss 0.3 30 31 0.4 0.7 0.5 1.2 4
w X 2.1 501 494 11.6 8.8 5.8 14.7 78
< _ [}
T 3-200°C ss 0.5 29 30 0.5 0.6 0.5 1.0 3
. X 3.7 501 492 9.6 7.7 5.0 12.8 75
4-220°C ss 0.4 30 31 0.2 0.5 0.5 0.9 5
. X 10.4 496 465 8.1 6.1 3.9 10.0 67
5-240°C ss 1.1 33 34 0.3 0.4 0.5 0.8 5
6-Kont X - 494 494 12.6 9.3 5.4 14.8 86
' ss - 28 28 0.3 0.7 0.5 1.1 5
7.180°C X 0.7 497 491 122 9.0 5.9 14.9 84
ss 0.1 32 33 0.2 1.1 0.5 15 5
>
2 8.200°C X 15 498 493 11.6 8.8 5.8 14.6 82
> ss 0.2 32 33 0.2 0.7 0.5 1.1 6
. X 3.1 495 488 10.2 7.9 5.1 13.1 78
9-220°C ss 0.4 31 33 0.2 0.7 0.6 1.2 5
. X 6.6 496 477 7.8 6.5 4.0 10.5 71
10-240°C ss 0.6 31 33 1.0 0.6 0.5 1.0 6
X - 496 496 12.8 9.5 55 15.0 86
HKont o - 26 26 0.6 0.8 0.6 13 5
5 X 0.8 496 489 115 9.1 5.7 14.8 82
12-180°C ss 0.1 29 31 0.2 0.6 0.5 1.0 4
vy X 1.4 499 489 11.7 8.6 5.7 14.4 80
< _ o
S | 13200%C ss 0.2 36 30 0.3 0.7 0.6 1.2 4
5 X 2.7 495 487 10.3 7.9 5.0 13.0 76
14-220°C ss 0.5 29 32 0.4 0.7 0.6 1.3 4
3 X 5.1 494 481 7.2 6.9 4.4 11.4 74
15-240°C s 0.6 28 29 1.0 0.6 0.5 1.1 4

AK: agirlik kaybi, TKY1: 1s1l islem 6ncesi tam kuru yogunluk degerleri, TKY2: 1s1l islem sonrasi tam kuru yogunluk degerleri, DRM: denge
rutubeti miktari, TG: teget genisleme, RG: radyal genisleme, HG: hacmen genisleme, SA: su alma yiizdesi, x: aritmetik ortalama, SS:
standart sapma, HAS: hava atmosferi sartlari, VAS: vakum atmosferi sartlari, AAS: azot atmosferi sartlar.

Cizelge 1’de gosterilen verilere gore, agirlik kaybini etkileyen iki farkli bagimsiz degisken vardir. Bunlar; atmosfer
ve sicakliktir. Asagida Cizelge 2’de bu iki faktoriin agirlik kaybi tizerine etkisini gosteren iki yonlit ANOVA testi
sonuglart gosterilmistir. Bu sonuglara gore, her iki faktorde agirlik kaybi lizerine istatistiksel olarak ¢ok ileri
diizeyde onemli seviyede etkilidir (p < 0.001).

Tablo 2. Sicaklik ve islem sartlarinin agirlik kaybi {izerine etkisini gosteren ANOVA testi sonuglari

Varyans Kaynagi Kareler toplam SD Ortalama kareler F Sig.
Atmosfer 180,093 2 90,047 375,068 0,000
Sicaklik 1886,804 3 628,935 2619,681 0,000

Atmosfer * Sicaklik 220,774 6 36,796 153,264 0,000
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Atmosferin ve sicakligin agirlik kaybi iizerine etkisi gosteren ANOVA testi sonuglart Cizelge 2°de verilmistir. Her
iki faktoriinde 6nemli seviyede etkili oldugu belirlenmistir. Buna ilaveten, hangi sartlarin ne seviyede etkili oldugu
ya da hangi sicaklik seviyesinin digerlerinden farkli bir etkiye sahip oldugunu gosteren Duncan testi sonuglar ise
Cizelge 3’te verilmistir. Cizelge 3 incelendiginde her {i¢ atmosferin agirlik kaybi1 bakimindan birbirinden farkli
oldugu goriilmektedir. En fazla agirlik kaybi %4.3’le hava atmosferi sartlarinda gergeklesmistir. En az agirlik kaybi
ise %2.49 ile azot atmosferi sartlarinda gergeklesmistir. Bunun 6nemli bir sebebinin hava atmosferi sartlarinda
odunun oksijenle temasi sonucu, odun bilesenlerinde hizli bir bozulmanin gergeklesmesidir. Vakum atmosferi ve
azot atmosferi inert atmosfer olarak bilinmektedir. Ortamda oksijen ¢ok azdir. Odun bilesenleri ge¢ bozulur.
Yapilan onceki ¢alismalarda benzer sonuglar rapor edilmistir (Candelier ve ark., 2013a). Yapilan bu galisma ile
Candelier ve ark., (2013a) tarafindan yapilan ¢aligma arasinda ki metot farki 1sitma sistemi ile ilgilidir. Yapilan bu
calismada etiiv igerisinde 1s1 transferi, 1s1 taginimi (konveksiyon) yontemi ile saglanmistir. Ancak, Candelier ve
ark., (2013a) tarafindan yapilan ¢alisma da ise 1s1 transferi st iletimi (kondiiksiyon) yontemi ile metal plakalar
araciligiyla yapilmistir. Elbette ki bu iki yontem arasinda sonuglar bakimindan farklar olusmas1 muhtemeldir.

Tablo 3. Atmosfer ve sicakligin agirlik kaybina etkisini gosteren Duncan testi sonuglart

Atmosfer N Alt Gruplar Sreakhik N Alt Gruplar
1 2 3 1 2 3 4
AAS 100| 2,49 180°C 75 0,86
VAS 100 2,98 200°C 75 1,65
HAS 100 4,32 220°C 75 3,18
240°C 75 7,36

Cizelge 1’de TKY1 degerleri 1s1l islem uygulamasi 6ncesi her grupta dlcililen tam kuru yogunluk degerlerini ve
TKY2 degerleri ise 1s1l islem sonrasi 6l¢iilen ayni gruptaki tam kuru yogunluk degerlerini gostermektedir. TKY1
degerleri incelendiginde gruplar arasindaki yogunluk farkliliginin en fazla 5 kg oldugu goriilmektedir. Odun
iizerinde yapilan farkli gruplar arasinda bu derece diisiik yogunluk farkliliginin olmasi, yapilan islemin etkisi
gorebilmek ve yogunlugun etkisini elimine edebilmek i¢in son derece onemlidir. TKY2 degerleri incelendiginde
artan sicaklikla beraber TKY2 degerlerinde bir azalma meydana geldigi ve en fazla azalmanin 240°C’de meydana
geldigi gorilmektedir. Isil islem muamelesinin odunun yogunlugu tizerine yapilan onceki ¢alismalarda da benzer
sonuglar elde edilmistir (Korkut ve Giiller 2008; Bal 2013).

Yapilan bu calismada 1s1l islem muamelesinin ¢am odunun denge rutubeti lizerine etkisi de aragtirllmigtir. Elde
edilen veriler Cizelge 1°de verilmistir. Denge rutubeti iizerine sicaklik ve atmosfer sartlarinin etkisini gosteren iki
yonlii ANOVA testi sonuglar1 ise Cizelge 4’de gosterilmistir. Cizelgedeki veriler incelendiginde sicaklik ve
atmosfer sartlarinin denge rutubeti tizerine etkisinin istatistiksel olarak énemli seviyede (P < 0.001) etkili oldugu
goriilmektedir.

Tablo 4. Sicaklik ve atmosfer sartlarinin denge rutubeti {izerine etkisini ait ANOVA testi sonuglart

Varyans Kaynag Kareler toplamm SD Okr;?é?::a F Sig.

Atmosfer 6,55 2 3,27 11,50 0,000
Sicaklik 762,99 3 254,33 893,89 0,000
Atmosfer * Sicaklik 22,81 6 3,80 13,36 0,000

Atmosfer sartlarinin ve sicakligin denge rutubeti lizerine etkisini gosteren Duncan testi sonuglar1 Cizelge 5°de
Verilmistir. Bu sonuglara gore hava atmosferi sartlar1 ile azot atmosfer sartlarinda yapilan islemin denge rutubeti
tizerine etkileri arasinda fark olusmazken, vakum atmosferi sartlarinda yapilan 1sil iglemin denge rutubeti {izerine
digerlerinden onemli seviyede farkli bulunmustur. Ayrica, en yiiksek denge rutubeti %12,6 ile kontrol grubunda
elde edilmistir. Cizelgede verilen sicaklik gruplar incelendiginde, en yiiksek denge rutubeti ylizdesinin kontrol
gruplarinda ve en diisiik denge rutubeti yiizdesinin ise 240°C’de islem goren gruplarda elde edildigi goriilmektedir.
Is1l islem uygulanmig odunun, yapilan 6nceki ¢aligmalarda da denge rutubeti ile ilgili olarak benzer sonuglar elde
edilmistir (Giindiiz ve ark., 2008; Bal 2013).
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Tablo 5.Sartlar ve islem sicakligiin denge rutubetine ait Duncan testi sonuglari

Alt gruplar Alt gruplar
Atmosfer N Sicaklik N
1 2 3 1 2 3 4

HAS 100 10,1 240°C 75 7,7

AAS 100 10,2 220°C 75 10,1

VAS 100 10,5 200°C 75 11,6
Kontrol 75 12,6 180°C 75 11,6

Kontrol 75 12,6

Yapilan denemeler sonunda elde edilen hacmen genisleme yiizdelerine sicakligin etkisi ve atmosfer sartlarinin
etkisini gostere ANOVA testi sonuglar1 Cizelge 6’da verilmistir. Elde edilen bu istatistik testi sonuglarina gore;
atmosfer sartlarinin hacmen genisleme yiizdesi iizerine etkisi 6nemsizdir. Ancak, sicakligin etkisi istatistiksel
olarak 6énemlidir (P < 0.001). Her iki faktoriin etkilesimi ise yine 6nemli olarak belirlenmistir.

Tablo 6. Sicaklik ve islem sartlarinin hacmen genigleme tizerine etkisini ait ANOVA testi sonuglart

Varyans Kaynagi Kareler toplamm SD O;;?é?g:a F Sig.

Atmosfer 2,44 2 1,22 0,95 0,388
Sicaklik 863,55 3 287,85 223,53 0,000
Atmosfer * Sicaklik 26,89 6 4,48 3,48 0,002

Sicaklik ve atmosferin hacmen genisleme tizerine etkisini gosteren Duncan testi sonuglar1 Cizelge 7°de verilmistir.
En kiiglik hacmen genisleme hava atmosferi sartlarinda yapilan denemelerde Olgiilmiistiir. En biiyilk hacmen
genisleme ise azot gazi atmosferinde yapilan denemelerde Ol¢iilmiistiir. Kontrol grubunda ise %14.9 6l¢iilmiistiir.
Bu sonuglara gore ortam sartlarinin hacmen genislemeye etkisi kiigiikk farkliliklarla vardir, ama aradaki farklar
onemsiz farklardir (NS) denebilir. Ancak, sicaklik gruplari incelendiginde, en diisiik hacmen genisleme yiizdesi
%10,6 olarak 240°C’de islem goren gruplarda olgiilmiistiir. Kontrol grubunda ve 180°C’de islem goéren grupta ise
%14.9 olarak ol¢iilmiistiir. Isil islem gormiis odun drneklerinin hacmen daralma ve genisleme yiizdelerinde azalma
oldugunu yapilan onceki ¢aligmalarda da rapor edilmistir (Almeida ve ark., 2009; Calonego ve ark., 2012; Dubey
ve ark., 2012: Gaff and Gasparic 2013; Bal ve Bektas 2012; Bal 2013).

Tablo 7.Atmosfer ve islem sicakliginin hacmen genislemeye etkisini gdsteren Duncan testi

Atmosfer N Alt gruplar Sicakhik N Alt gruplar
1 2 1 2 3 4
HAS 100 13,2 240°C 75 10,6
VAS 100 13,3 220°C 75 12,9
AAS 100 13,4 200°C 75 14,5
Kontrol 75 14,9 180°C 75 14,9
Kontrol 75 14,9

Su alma yiizdesi lizerine sicaklik ve atmosfer sartlariin etkisini gosteren iki yonlit ANOVA testi sonuglar1 Cizelge
8’de verilmistir. Bu ¢izelgede ki verilere gore her iki faktdriinde su alma yiizdesi iizerine etkisi istatistiksel olarak
cok ileri diizeyde onemli oldugu bulunmustur (p < 0.001). Ayrica, her iki faktoriin etkilesimi de 6nemli
bulunmustur (p < 0.05).
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Tablo 8. Sicaklik ve iglem gartlarinin su alma miktar1 lizerine ait ANOVA testi sonuglart

Varyans Kaynagi Kareler toplamm SD O;;ille?emra F Sig.

Atmosfer 873,047 2 436,523 18,891 0,000
Sicaklik 5600,650 3 1866,883 80,790 0,000
Atmosfer * Sicaklik 333,860 6 55,643 2,408 0,027

Su alma testi sonunda elde edilen verilere ait Duncan g¢oklu karsilastirma testi sonuglar1 Cizelge 9’da verilmistir.
Bu sonuglara gore hava atmosferi sartlarinda en diisiikk su alma yiizdesi 6l¢iilmiistiir. Vakum ve azot atmosfer
sartlar1 arasinda ise bir farklilik bulunamamistir. Sicaklik gruplarina gore, tiim sicaklik gruplarinda Slciilen su alma
yiizdeleri birbirinden farklidir. En diisiik su alma yiizdesi %70,5 olarak 240°C’de islem goren gruplarda
Olciilmiistiir. En yiiksek su alma yiizdesi ise %85,5 olarak kontrol grubunda 6lgiilmiistiir. Burada 6l¢iilen, 1s1l islem
gdrmiis odunun, su alma yiizdesi lizerine etkili olan iki 6nemli faktér bulunmaktadir. Bunlardan birincisi, 1s1l islem
gérmiis odunun hiicre ceperine baglanan su miktarinin 1sil islem sonrasinda hemiseluloz ve seluloz yapisinda
meydana gelen bozulma nedeniyle azalmasidir. Bu durum yukarida Cizelge 5’de gdsterilmistir. Kontrol grubunun
denge rutubeti %12’ler seviyesinde iken, 240°C 1s1l islem gormiis grubun denge rutubeti %7’lere kadar azalmistir.
Ayrica, Cizelge 7°de goriilebilecegi gibi, 1sil islem goérmiis test Orneklerinin hacmen genisleme yiizdeleride
azalmaktadir. Boylece test Orneklerinin hacminin azalmasi igerisindeki bosluklara alabilecegi serbest su
yiizdesininde azalmasina neden olmaktadir. Benzer sonuglar Bal ve Bektas (2012) tarafindanda rapor edilmistir.

Tablo 9. Su alma testi verilerine ait Duncan ¢oklu karsilastirma testi sonuglari

Atmosfer | N Alt gruplar Sicakhk | N Alt gruplar
1 2 3 1 2 3 4 5
HAS 100 74,9 240°C [ 75| 70,5
AAS 100 77,9 220°C | 75 76,4
VAS 100 78,8 200°C | 75 80,1
Kontrol 75 85,5 180°C | 75 81,8
Kontrol | 75 85,5

SONUCLAR VE ONERILER

Bu ¢alismada, farkli atmosferlerde yiiksek sicakliklarda muamele edilen karagcam odunun fiziksel 6zelliklerinde
meydana gelen degismeler karsilastirmali olarak c¢alisilmistir. Elde edilen verilere gére su sonuglara ulagilmstir;
Yapilan denemeler sonunda, 1sil islem sicakligi artikca, denemeleri yapilan hava, azot gazi ve vakum
atmosferlerinin her tiglinde de test d6rneklerinin fiziksel 6zelliklerinin degistigi goriilmistiir. Odunun denge rutubeti
yiizdesinde 1s1l islem uygulamasi ile azalma oldugu belirlenmistir. En fazla azalma 240°C sicaklikta iglem goren
grupta ve hava atmosferinde yapilan denemelerde elde edilmistir. Isil islem sonucunda test 6rneklerinin agirlik
kayb1 sicaklik arttik¢ca artmistir. En fazla agirlik kaybi hava atmosferinde yapilan denemelerde elde edilmistir. En
az agirlik kayb1 azot gazi atmosferinde Ol¢iilmiistiir. Genisleme yiizdelerinde sicaklik arttikca istatistiksel olarak
onemli seviyede azalma meydana gelmistir. En fazla azalma hava atmosferinde yapilan denemelerde elde
edilmistir. Ancak, hava, azot ve vakum atmosfer sartlar1 arasinda genisleme yiizdelerinin azalmasi bakimindan
istatistiksel bir farklilik belirlenmemistir. Test 6rneklerinin su alma yiizdeleri artan 1sil islem sicakligina bagl
olarak, istatistiksel olarak onemli derecede azalmistir. En fazla azalma hava atmosferinde meydana gelmistir.
Vakum ile azot gazi1 atmosferi arasinda fark yoktur.

TESEKKUR

Bu calisma Kahramanmaras Siitgii Imam Universitesi Bilimsel Arastirma Projeleri Koordinasyon Birimince
desteklenmistir. Proje Numarasi: 2016/3-70M. Laboratuvar ¢alismalar1 esnasinda yardimci olan Zeynep Giindes ve
Elif Akcakaya’ya tesekkiir ederim.
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ABSTRACT

Developments for improving the effectiveness of the composite structures strongly depend on the manufacturing
methods. Additionally, the composite manufacturers have put effort into cost-effective and automated fabrication
with mechanization. Controlling the imperfections is also an important consideration for the production. This study
presents several manufacturing methods for fiber-reinforced polymer composites. It also draws attention to novel
techniques that use advanced technology required for the developed composite designs. Besides the conventional
methods such as hand lay-up, vacuum bag, resin transfer molding, resin infusion, and autoclave, the advances in
hot press molding, pultrusion process, and automated lay-up method were indicated. Moreover, the methods
making difference for the hybrid composite designs such as the same qualified resin transfer molding and
automated stitching processes were introduced. The advantages and limitations were indicated for the
manufacturing methods and the usage purposes were addressed.

Keywords: Manufacturing techniques, composite manufacturing, advanced technology, out of autoclave, same
qualified resin transfer molding

OZET

Kompozit yapilarin etkinligini artirmaya yénelik gelismeler biiyiik dlgiide imalat yontemlerine baghdir. ilaveten,
kompozit iireticileri diisiik maliyetli ve otomasyona dayal1 imalat icin de ¢aba gostermektedirler. imalat hatalarinin
kontrol edilebilir olmasi da tiretim i¢in 6nemli bir husustur. Bu ¢alismada elyaf takviyeli polimer kompozitler i¢in
cesitli imalat yontemleri sunulmustur. Ayrica gelismis kompozit tasarimlar igin ileri teknoloji kullanmay1
gerektiren yenilik¢i yontemlere de dikkat gekmektedir. El yatirmasi, vakum torbalama, regine transfer kaliplama,
recine inflizyonu ve otoklav gibi geleneksel yontemlerin yani sira, sicak baski kaliplama, pultriizyon islemi ve
otomatik yerlestirme (istifleme) yontemlerindeki gelismeler de belirtilmistir. Ayni kalitede recine transfer
kaliplama ve otomatik dikisleme islemleri gibi hibrit kompozit tasarimlarinda fark yaratan yontemler de
tamtilmistir. imalat yontemlerinin birbirlerine gore iistiinliikleri ve sinirlamalari belirtilmis ve kullanim amagclarina
deginilmistir.

Anahtar Kelimeler: Imalat teknikleri, kompozit iiretimi, ileri teknoloji, otoklav harici islemler, ayn: kalitede
recine transfer kaliplama
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INTRODUCTION

The demand for using fiber-reinforced polymer composites have gradually increased day by day in many
engineering fields due to their attractive features. In addition, the developments of new polymers and reinforcement
types have made the obtaining of the enhanced physical and mechanical properties possible. Besides the high
strength and stiffness to weight ratio, the composites and other hybrid forms such as sandwich structures can
provide better impact strength, higher fatigue resistance, thermal and acoustic insulation, good electrical and
thermal conductivity, better electromagnetic shielding performance, and resistance to other environmental effects
(Gibson, 2000). In order to achieve these features, the applied manufacturing method plays an important role in
composites’ design and construction (Uzay, 2020). Basically, fiber reinforcement is a dimensional (1D)
strengthening process and it can be oriented in different directions in a certain matrix surrounding with a suitable
forming process to obtain two or three-dimensional structural members (Baker et al., 2004). Therefore, the desired
mechanical properties can be combined in a unique composite part based on the reinforcement type, stacking
sequence, matrix materials, and manufacturing technique.

Geng (2006) produced glass fiber/vinyl ester composites with three different manufacturing techniques: hand lay-
up, vacuum bag, and resin infusion. When the methods were compared, infusion provided the best results and the
hand lay-up yielded the lowest results under the flexural, tensile, and impact loading conditions. The vacuum bag
method was found a transition between the infusion and hand lay-up. The void content was observed for the
specimens fabricated with hand lay-up. Better surface finishes were obtained with vacuum bag methods. It was also
concluded that by using the hand lay-up method, a complete fiber wet-out cannot be reached with insufficient
matrix materials and a satisfactory product quality strongly depended on the labor. Durgun et al. (2014) also
compared the hand lay-up, vacuum bag, and resin infusion methods. They produced carbon/epoxy and glass/epoxy
composite specimens and subjected them to tensile and three-point bending tests. For both loading conditions, the
strength values increased in the order of hand lay-up, vacuum bag, and resin infusion methods, respectively. Sevkat
et al. (2012) revealed the advantages of the VARTM method over the hand lay-up by investigating the bearing load
capacity of pin-loaded woven glass/epoxy composites under the tensile test. Kim et al. (2014) produced both
circular and square cross-sectional tubes made from carbon fiber prepreg with the autoclave process. The round
structure provided two times higher bending strength under three-point flexural loading. Bere et al. (2019) applied
the autoclave method to obtain the best tensile properties of carbon/epoxy prepreg composites. They also
introduced the steps of the process.

The pultrusion method has also become an attractive technique with the growth of the improved performance of
composite constituents. Application fields of the method are widespread particularly in infrastructure and include
bridges and decks, cooling tower parts, marine construction, transportation, and energy such as wind power (2020).
Several out-of-autoclave techniques such as RTM, VARTM, vacuum-assisted resin infusion method (VARIM)
were developed, but in that application dry fabrics are used. In this case, resin impregnation and curing processes
become a concern. Without sacrificing the process quality and robustness, an alternative method instead of the
autoclave process was introduced called the Same Qualified Resin Transfer Molding (SQRTM). It was developed
by Radius Engineering Inc. and SONACA (2020). The prepreg was cured in an enclosed mold with the resin
transfer which is the same as prepreg resin. The process also has advantages over the autoclave. Because
dimensional accuracy of the part geometry, structural integration, and internal quality may deteriorate since the
technique is not carried out in a well-designed mold. Lumley et al. (2020) compared the SQRTM, autoclave, and
RTM methods and applied the SQRTM for the manufacturing of moveable wing parts (slats and flaps). They stated
that the complex geometrical shapes can be fabricated with better surface quality by applying the SQRTM method.

Briefly, composite technology continues to grow with developed fabrication techniques in which the parts are
produced with higher performance and reduced cost. The present study firstly demonstrates commonly used
composite manufacturing methods and then introduces the advanced techniques currently emerged for the
manufacturing of composite structures. The methods were also discussed comparatively in order to reveal the
negative and positive sides of each other.

CONVENTIONALLY USED METHODS

Several methods are available to manufacture fiber-reinforced polymer (FRP) composites and their hybrid types
like sandwich structures. Typically, hand lay-up, vacuum bag, resin transfer molding (RTM), autoclave, resin
infusion, pultrusion, filament winding, matching die set compression molding, etc. are the well-known
manufacturing methods (Kar, 2017). But mostly, the followings are currently used methods for the fabrication of
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composite materials: hand lay-up, vacuum bagging, RTM, vacuum-assisted resin transfer molding, filament
winding, and autoclave methods.

Hand Lay-up Method

The hand lay-up method, the oldest process, is used for composite manufacturing carried out on an open mold. This
process is simple, but a labor-intensive process, and suitable for low-volume production. For instance, in marine
applications, large components like boat hulls can be fabricated with this method (Kar, 2017). Reinforcing
materials such as chopped strand mats or fiber fabrics are placed manually onto the open mold, and resin is sprayed
or poured over the reinforcement materials and the impregnation of them is provided manually. The required curing
time is 24-48 hours at room temperature. A catalyst and accelerator that are called a hardener are mixed to the resin
in a proper fraction in order to satisfy curing. The mixture is carefully stirred both to prevent void formations
within the matrix and to obtain homogeneous matrix material. Figure 1 shows the schematic view of the hand lay-
up process.

open mold

release film

roll tool
- dry fiber
)

Figure 1. Schematic of Hand Lay-up Method

Vacuum Bagging Method

In the vacuum bagging method, the entrapped air during lay-up and excessive resin is removed with a vacuum.
After stacking, a peel ply or perforated release film is laid onto the composite laminate. A breather cloth is placed
onto the peel ply, in order to absorb excess resin from the laminate. Lastly, the entire system is enclosed with a
vacuum bag and the mold surrounding is covered with sealant tape as presented in Figure 2. Then vacuum is
applied to the composite material under the bag. This process is more suitable for laboratory applications (Uzay et
al., 2019) and provides a high reinforcement with increased fiber volume fraction and improves adhesion bond
strength between the composite layers compared to the hand lay-up process. Because the applied vacuum removes
most of the air and volatile substance quickly from the laminate (Baker et al., 2004). When compared to the hand
lay-up, the method has important advantages such as higher fiber content, better fiber wet out, lower void
formation, and decreased volatile emissions. The aerospace industry mainly applies this method since the high
production volume is not primarily considered. Moreover, racing car parts and large cruising boats can be
fabricated by using a vacuum bagging method. However, the process has some drawbacks such as labor-intensive,
a requirement of better labor skills, loss of seal, process cost due to the consumables and equipment (Kar, 2017;
Mallick, 2007). In addition to this, Mehdikhani et al. (2019) investigated the reasons for voids in polymer
composite materials. The void content within the composites is increasing with the relative humidity. Although the
void content obtained with both vacuum bag and autoclave methods is similar up to a relative humidity of 60%,
after 60 to 100, the void fraction is increasing exponentially for the vacuum bag method.

resin impregnated perforated film breather vacuym bag
release film fiber fabrics E vacuum
hose

sealant

mold
Figure 2. Schematic View of the Vacuum Bag Method
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Resin transfer molding (RTM)

Resin transfer molding (RTM) is carried out in a closed mold, and suitable for moderate and high-volume
productions. The process mainly contains stacking of the dry reinforcement materials in the base part of the mold,
and the other half of the mold is placed over the bottom mold and clamped. The schematic view of the process is
presented in Figure 3. After closing the molds, a resin including its hardener is injected. High-quality part
requirements such as vehicle body parts, containers, bathtubs, etc. can be achieved by this method. RTM method
can be modified with a vacuum assistant for effective resin transfer and impregnation of fiber elements (Kar, 2017).
The method is also relatively more suitable for complex shapes compared to hand lay-up and vacuum bag methods
(Mallick, 2007).

upper part of the mold

resin transfer (both sides are clamped)

>

dry fiber vacuum
fabrics \ assistance
= (optional)

bottom part of the mold
Figure 3. Schematic View of RTM Process

Torres (2019) reviewed the previous studies about monitoring and instrumentation of the process parameters for
RTM. Due to its relatively higher ratio of mechanical performance to cost compared to autoclave, the method is
still requested. The significant RTM fabrication parameters on surface roughness of the final part were indicated as
low profile additives, injection pressure, filler content, a temperature gradient.

Vacuume-assisted Resin Transfer Molding (VARTM)

In vacuum-assisted RTM (VARTM), the manufacturing is carried out on a single mold in which the composite
laminates are stacked on it as the case performed with vacuum bag technigque. The process is carried out over the
bottom part of the mold only. A peel ply and/or perforated release film is placed over the lamination, and the
system is covered with a vacuum bag by using sealant tape. The resin impregnation of the dry composite layers is
performed with the aid of a vacuum supply as seen in Figure 4. The vacuum process provides the resin movement.
The entrapped air is also removed. The vacuum application increases the fiber concentration and improves
adhesion bonding between the composite plies. VARTM technique provides several advantages when compared to
the RTM method with lower tooling cost, shorter duration of mold filling by resin. The process efficiency and
guality of the final product depend upon sufficient wet-out of the fibers which can be done successfully with a
proper resin movement (Kar, 2017).

resin impregnated resin djstribution mesh

- i i vacuym bag Vacuum
release film fiber fabrics \ 9 pump
resin transfer l sealant
.................... S
mold

Figure 4. Schematic View of the VARTM Method
Autoclave Process

An autoclave manufacturing method can be applied where excellent quality is needed such as in aerospace
industries. Because in this method, an increased fiber volume ratio is obtained with minimum void content in the
matrix. The curing is carried out under pressure and in a heat-generated autoclave as seen in Figure 5. The process
parameters of the computer-controlled method depend on the resin system used for lamination. Kermani et al.
(2020) produced a honeycomb core sandwich structure with an autoclave oven by controlling the process
parameters of autoclave pressure, vacuum bag pressure, and autoclave temperature. The preparation of the
composite materials is similar to the vacuum bagging method. After preparing the composite for curing within the
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enclosed heat-resisted vacuum bag, the product is placed inside an autoclave. The external sources of vacuum,
pressure, and heat provide to densify and consolidate each lamina to form better lamination by removing air and
volatiles with the aid of vacuum. In order to prevent the possibility of any internal fire, nitrogen, or carbon dioxide
is used. The process is costly and requires labor-intensive production (Baker et al., 2004; Mallick, 2007; Carlsson
and Kardomateas, 2011). Bere et al. (2019) specified the steps of the autoclave process for carbon/epoxy prepreg
composite laminates as follows: (1) Heating of the mold for 30 min. at 60 <C, then (2) heating at a rate of 2 /min
and increasing temperature to 120 < in 60 min. (3) dwell for 2 hours at 120 <C, (4) cooling of the composite at a
rate of 2 C/min for 60 min. On the other hand, Plappert et al. (2020) achieved a 60% fiber volume density with a
single ramp of temperature increase. The process was performed as follows: Increasing the temperature from
ambient to 120 <C in 30 min. with a pressure of 3-bar, then constant temperature for 120 min., and lastly cooling to
ambient temperature in 30 min. Also, the reported void fraction in the literature is below 1% for this kind of
manufacturing method (Hassan et al., 2017; Mehdikhani et al., 2019).

Figure 5. Representation of Autoclave Process (URL 3)
Filament Winding Process

In order to produce cylindrical parts such as pipes and tubes, filament winding is used effectively. The process
includes wrapped bands of continuous fibers over a mandrel as seen in Figure 6. After the winding, the curing is
performed at an increased temperature of a mandrel. The resin impregnation can be made before, during, or after
winding operation. The strength and the stiffness of the finished product depend on the compaction of fiber layers.
The major factors have been specified as helix angle, winding tension, conditions of strand bandwidth, resin
content, and its distribution, winding speed, and curing cycle (Mcllhagger et al., 2015). A sufficient fiber tension is
required on the mandrels to keep the arranged orientation and to prevent fiber misalignments. Low-viscosity resin
types are preferred or the resin bath temperature is increased to control the appropriate resin flow. In other cases,
there might be voids within the structure that worsen the mechanical properties. Delamination and fiber wrinkles
are other defects that could be encountered. The significant parameters affecting the strength of fiber composites
are indicated as winding angle, fiber orientation and its sequence, fiber volume fraction, mechanical and physical
properties of fiber and matrix, respectively (Prabhakar et al., 2019). Pressure vessels, pipelines, blades, automotive
drive shafts, oxygen tanks, the rocket body, etc. are the common examples of filament winding technique (Mallick,
2007).
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Figure 6. Filament Winding Method (Quanjin et al., 2019)
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ADVANCES FOR COMPOSITE MANUFACTURING

As stated by Fan et al. (2010), the further developments for improving the effectiveness of the composite structures
strongly depend on the manufacturing methods based on cost-effectiveness, automated with mechanization, and
controlling the imperfections. The advanced processes are presented in the following sub-sections.

Advances in Lay-up Processes

When the lay-up process of resin impregnation is applied by handling, it can be messy and may cause health and
safety problems due to the hazardous effect of the polymer resins (Baker et al., 2004). Therefore, the hand lay-up
process has been automated by using a chopper gun and a spray. As seen in Figure 7, a machine tool that can be
used by hand-held or a robot arm. The process can accelerate the manufacturing time with the low-cost operation
and reduce the manual work and labor cost. It is possible to mix the resin and its hardener in a reservoir and allow it
to distribute chopped fibers and matrix material simultaneously directly onto the mold surface. Although
continuous fiber is feeding to chopper guns, the fibers are sprayed as chopped glass fiber which is the main
drawback and cannot provide homogeneous mechanical properties for the finished product.

brush

roller

/
%
he

i
"t
Figure 7. Hand Lay-up vs. Spray-up Manufacturing Methods (Swift and Booker, 2013)

Using prepregs is also a better alternative to wet lay-up processes for advanced structures such as sandwich panels
for obtaining well-impregnated resin, and increased mechanical properties for the final product. Low void contents
are obtained in composite face sheets laminated by prepregs (Karlsson and TomasAstrom, 1997). For aircraft
structures such as wing skins and fuselages, the production and mechanical properties must be excellent. Therefore,
prepreg materials with autoclave curing are the best process combination for that kind of application fields. In order
to increase production rates, improved shape tolerances, and dimensional accuracy, automated processes have been
developed such as automated fiber placement (AFP) and automated tape layup (ATL). AFP process was developed
to overcome the drawbacks of ATL (Crosky et al., 2015) that lays up the prepregs either onto a flat or a cylindrical
mandrel by using multi-head robot machinery (Carlsson and Kardomateas, 2011) as represented in Figure 8. It was
reported that the significant gain for the cost-effectiveness of AFP is low material scrap rate besides reduced labor
cost (Crosky et al., 2015).
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Figure 8. a) AFP process (Mcllhagger et al., 2015), b) Image of the AFP (Crosky et al., 2015)
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Advances in Pultrusion Method

The term “pultrusion” is used to define a continuous process for manufacture where the combination of pull and
extrusion is applied. The continuous fibers are taken in a polymer matrix resin bath then pulled via heated dies and
extruded (Hota et al., 2009). It is a cost-effectively used and automated manufacturing process for continuous and
constant cross-sectional composite profiles. This technique is essentially suitable for the fabrication of long and
straight structural parts such as cylindrical rods and tubes, beams, shells, etc. (Mazumdar, 2009). It was also
reported that a pultrusion process was patented with a new concept. The new technique allowed to produce
nonlinear profiles with the aid of curved moving dies (Vedernikov et al., 2020). As presented from Figure 9,
continuous fibers are drawn through a resin tank and moved to a heated die having a final shape of the product. As
the resin-impregnated fibers pass through the die, the composite material is assumed to form to final shape and
cured. After curing and leaving the die, the product is cut properly. Utmost attention must be given to the fiber wet-
out to control the mechanical effectiveness of the pultruded part. Because, the amount of resin in the resin bath, its
viscosity, bath temperature, the time allowed for resin impregnation of the fibers, and the workability of the
mechanical system are the major factors to be considered (URL 3).
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Figure 9. Schematic View of Pultrusion Method (Mcllhagger et al., 2015)

Advances in Stitching Machines

Santhanakrishnan et al. (2018) designed a stitching machine for the sandwich core materials as shown in Figure 10.
The machine also provided to make different pile orientations in the stitching process, which allows to find out
optimal mechanical properties. Table 1 shows the shear properties of the glass fiber reinforced PVC foam core
sandwich. The stitching was performed to the core material with various orientations by using glass fiber yarns.

"~ Base plate

Figure 10. Image of Stitching Machine (Santhanakrishnan et al., 2018)

Table 1. Shear properties of stitched and unstitched foam core sandwiches (Santhanakrishnan et al., 2018)

Sandwich Panel Ult. Shear Strength (kPa) Shear Modulus (MPa)
Unstitched 420 1.75
Stitched- 45° 1686 11.24
Stitched- 90° 963 8.78
Stitched- 90°/45° 2443 13.75

Stitched- 90°/45°/90° 2844 16.32
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Stitching of the core materials also enhanced the tensile and compressive strength of the polymer foam core
sandwich structures compared to as-received core materials (Yalkin et al., 2017).

Advances in Hot Press Molding Method

Mei et al. (2017) developed a novel manufacturing method by hot press molding for fabricating carbon fiber
reinforced tetrahedral truss core sandwich panels. The process is illustrated in Figure 11.

(a) (b)

Singles part

. Stack half composite prepregs
Unit mold s

(c)

Composite prepregs Dispersend struts

Stack remaining prepregs

(e) ()

\

Sandwich panel

Performed sandwich structure

(9) Upper unit mold Top face sheet

Bottom face sheet

Under unit mold

Removing mold direction  Tetrahedral truss cores
Figure 11. Manufacturing process with developed hot press molding; a) placing the prepared composite strut into
corresponding position, b) lay-up of five layers of carbon/epoxy prepregs on the mold, c) dispersing end of the
struts by penetrating them into prepreg, d) lay-up of another 5-layer of prepregs, €) curing of preformed structure, f,
and g) demolding and removal of the composite structure (Mei et al., 2017)

Same Qualified Resin Transfer Molding (SQRTM)

SQRTM is a newly developed composite manufacturing method consists of the prepreg lay-up and liquid resin
transfer molding. The method was first developed and commercialized by Radius Engineering (2020) in order to
provide net shape composite products. Figure 12 presents the difference between traditional and net shape
productions.
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(a) (b)

Figure 12. a) traditional production of composite parts, b) net shape, single part composite production (URL 4)

SQRTM is also known as the out-of-autoclave process and it has several advantages over the autoclave process.
With the aid of SQRTM, large and complex parts can be produced with final shapes with reduced cost. The method
differs from the RTM method with prepreg lay-up and the injected resin to the RTM system is the same as that
existed in prepreg as shown in Figure 13. This allows using of high qualified toughened materials such as tough
resins and toughened agents. The injected resin creates hydrostatic pressure to composite laminate and eliminates
the formation of void contents, which improves both quality of the final product and its mechanical properties. By
the way, control of the composite quality is easier than the autoclave process due to its complex dependent
variables. In addition, the curing in the SQRTM method is approximately two hours shorter than in autoclave as
seen in Figure 14. On the other hand, the method has advantages over the RTM technique. Thickness variations in
the final part, dimensional accuracy, and surface quality are improved with the aid of SQRTM. The process is
currently under the commercialization process by Radius Engineering Inc. (2020). The main difference between the
RTM and SQRTM is the used fiber fabrics. While the RTM technique uses dry fabrics, the SQRTM method uses
prepregs. The resin material used for the impregnation of prepregs is also used for resin injection of the SQRTM
process. Therefore, the SQRTM process has been most suitable and preferable for aerospace industries to produce
structural members (URL 2, URL 4).

Prepreg

N
= <D W Pressure

~~ transducer

Valves —

Vacuum
B transducer

Vacuum

“ Injection resin PUMP

. Injection system .
with degassing §
mixer

Figure 13. Schematic Presentation of SQRTM Process (Gueuning and Mathieu, 2016)
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DISCUSSION

The most limiting factor to the use of fiber-reinforced polymer composites and the hybrid materials systems is the
cost of constituents. Although the aerospace industry uses composite structures in high volumes, cost reduction is
still a challenging task (Mallick, 2007). For instance, honeycomb core sandwich panels with carbon/epoxy face
sheets are used for indoor applications, but, due to sudden thermal changes during the operations, honeycomb cells
may be filled with water in certain conditions, and it may freeze under cold temperatures. This can cause significant
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damage which leads to repair costs (Herbeck et al., 2002). Therefore, the closed-cell rigid polymer foams can be
offered for indoor sandwich panel applications to reduce both maintenance and materials costs. Contrary to the
aerospace industry, there is an obligation to consider the cost of both materials and manufacturing processes in the
automotive sector in order to produce large quantities of vehicles with reduced costs. This is why, the use of carbon
fiber technology is restricted and glass fiber and polyester, and/or vinyl ester are preferred as the reinforcement and
the polymer matrix, respectively.

The advantages and limitations of the manufacturing methods are evaluated and summarized in Table 2 based on
the literature review.

Table 2. The Advantages and Limitations of the Manufacturing Methods

Methods Advantages Limitations
Oldest, labor-intensive, low-volume
Simple, cheap, versatile, suitable for productions, poor surface finish and
Hand lay-up o . . .
mechanization dimensional accuracy, low mechanical
properties
Moderate cost, good mechanical . . .
Vacuum bag . g . . High labor skill, low-volume production
properties, better interface adhesion
. . Tooling cost, dimensional accuracy of the
moderate and high-volume productions, g - . . Y
RTM . tool, possibility of insufficient resin
complex shapes, good surface finish . .
impregnation
Elimination of void contents, low tooling  Additional cost of consumable materials for
VARTM cost, fast resin wet-out, relatively resin- vacuum process, moderate surface finish
rich compared to RTM
Costly, complex process, require computer
Autoclave High mechanical properties, control, relatively simple shapes, requires
secondary finishing operation
. Better mechanical properties, fast, . . .
Filament . p P . Simple shapes and profiles, machine and
windin suitable to automation, high volume rocess cost, proper selection of the resin
g production, less labor dependent P » Prop '
Automated, fast, suitable for nonlinear
Pultrusion profiles, long and straight parts, less simple and moderate shapes, costly,
labor dependent
Net-shape, no need for secondary
operation, better surface finish and
dimensional accuracy, improved product Complex process, high cost, tooling, accurac
SQRTM quality, better mechanical properties, plexp b ' g y

. of mold
large and complex parts, relatively easy

to control, and shorter process compared
to autoclave

The manufacturing methods are still not completely suitable for mass production, e.g., the parts in the automotive
field. Generally, the methods are applied manually, they take hours dependent upon the shape and dimensions of
the product, and well-skilled laborers are needed. However, with the advances in the fabrication process, reductions
in application time and labor cost are possible. For instance, the prepreg fabrics can be cut with computer-
controlled machines to shorten the processing time. Also, the tape lay-up machine eliminates the labor work of
hand lay-up. Besides these, the quality of the final product is affected by the manufacturing techniques. Obata et al.
(2020) confirmed that the autoclave process almost removes the entrapped resin within the composite laminate and
thus higher load capacities can be obtained. However, Haluza et al. (2020) reported that the process of out of
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autoclave, i.e. SQRTM, is emerging as an alternative to autoclave which requires higher capital expenses.
Pultrusion and filament winding techniques are relatively less labor-dependent, automated and a large number of
parts can be produced. The most important drawback in pultrusion, only the production of simple shapes, has now
been overcome with the fabrication of nonlinear profiles thank the curved dies (Vedernikov, 2020). Quainjin et al.
(2019) determined the favorable and restricted features together with the current problems of the filament winding
technique. Then they addressed the industrial fields where the technique can be used for particular applications.
Although the RTM method is more suitable for relatively complex shapes, the tooling cost is another concern.
Robust molds considering the molding materials, design of the molds, determined tolerances, assembly, and
demolding, and handling of the parts are required to achieve high production rates.

CONCLUSION

In this study, the conventionally used composite production methods, and the advances in composite manufacturing
technology based on the particular techniques were presented and discussed comparatively. It can be concluded that
conventional methods such as hand lay-up, vacuum bag, vacuum-assisted resin infusion, or resin transfer molding
techniques are more suitable for laboratory applications, prototype productions, and other purposes where low
batch products are demanded or perfect surface quality is not desired. On the other hand, methods such as filament
winding, pultrusion, RTM, and SQRTM are more appropriate for commercial purposes since such methods are
open to automation and mechanization developments particularly for both flexible and mass productions.
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