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ABSTRACT: The main aim of the present research was to reveal changes on Land-Cover/Land-Use
Changes (LC/LUC) patterns in the in the northern coast of the Urmia Lake by applying an object-based
image analysis (OBIA) process. Accordingly, in the image process procedures stage, spatial changes on
the Urmia Lake surfaces were carefully acquired from the Landsat imageries, since 1987 to 2016. Then, in
the second stage, LC/LU change patterns have been precisely delineated, for the southern hillsides of the
Misho Mountain. The resulting models showed an overall accuracy of nearly about 92.54% and a Kappa
coefficient of 91% in the image classification procedures. In the final stage, by introducing a Cellular
Automata-Markov (CA-Markov) method and setting a transition matrix, the spatial changes on the LC/LU
patterns have been progressively simulated for the approaching years till year 2020 inside the study area.

The final models illustrate a meaningful significant decrease in the Urmia Lake surface, accompanying
by certain water volumes diminishing tendency, highlighting the fact that the amount of salty lands are
meaningfully increasing. This harmful inclination has successively causes a critical diminishing on the
vegetation’s types by emerging the most recent changes on LC/LU types accompanying by a critical
hyper-saline condition mainly around the coastal parts of the Urmia Lake.

Implementations of the current significant changes strongly pointing up that the majority of local
biotic and abiotic components are in imitate dangers with serious environmental negative observations.
Such rapidly occurring revolutionized changes on LC/LU will impose various critical effects on the
existing in danger ecosystems and vulnerable climatic sub-systems in immediate prospect.

Key Words: Landuse Changes, Object-Based Approach and CA-Markov Method, Urmia Lake

Urmiye Golii Orneginde Arazi/Arazi Degisimi Tespit Prosediiriinde Hiicresel Otomata Markov
Yontemi ile Nesne Tabanli Siniflandirma Yaklasiminin Uygulanmasi

OZ: Mevcut aragtirmanin temel amaci, nesne tabanli bir goriintii analizi (OBIA) islemi uygulayarak
Urmiye Golii'niin kuzey kiyilarindaki Arazi Ortiisti / Arazi Kullanim Degisiklikleri (LC / LUC)
modellerinde degisiklikleri ortaya koymakti. Buna bagh olarak, goriintii isleme prosediirleri asamasinda,
Urmiye Goli ylizeylerindeki uzamsal degisiklikler, 1987'den 2016'ya kadar Landsat goriintiilerinden
dikkatlice alinmistir. Ardindan, ikinci asamada, Misho Dagi'nin giiney yamaglar: i¢in LC / LU degisim
modelleri kesin olarak tamimlandi. Elde edilen modeller, goriintii smiflandirma prosediirlerinde
yaklasik% 92,54 genel bir hassasiyet ve% 91'lik bir Kappa katsayis1 gosterdi. Son asamada, Hiicresel
Otomata-Markov (CA-Markov) yonteminin tanitilmasi ve bir gegis matrisinin ayarlanmasiyla, LC / LU
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modellerinde uzamsal degisiklikler, calisma alani icinde 2020 y1ilina kadar yaklasan yillar boyunca asamali
olarak simiile edilmistir.

Nihai modeller, Urmia Golii yiizeyinde, belirli su hacimlerinin eslik ettigi ve azalan egilimde anlaml
bir diisiis oldugunu gostermektedir, bu da tuzlu topraklarin miktarmin anlamli sekilde arttigini
vurgulamaktadir. Bu zararl egim, esas olarak Urmiye Golii'niin kiy1 bolgelerinde, kritik bir hiper-salin
durumunun eslik ettigi LC / LU tiplerinde en son degisikliklerin ortaya ¢ikmasiyla bitki ortiistiniin
tiplerinde kritik bir azalmaya neden olur. Mevcut 6nemli degisikliklerin uygulanmasi, yerel biyotik ve
abiyotik bilesenlerin ¢cogunun ciddi gevresel olumsuz gozlemlerle taklit tehlikeler i¢inde olduguna isaret
etmektedir. LC / LU’ta bu tiir hizli bir sekilde meydana gelen devrim niteligindeki degisiklikler, acil
durumdaki tehlike ekosistemlerinde ve hassas iklimsel alt sistemlerde var olan cesitli kritik etkiler
yaratacaktir.

Anahtar kelimeler: Arazi Kullanim Degisiklikleri, Nesneye Dayali Yaklasim ve CA-Markov Yontemi,
Urmiye Golii

INTRODUCTION

Land is one of the essential natural resources (Rahman et al., 2012). The unprecedented rate of land
change has become a major concern around the world that’s why this issue has affected the environmental
services and biodiversity at the global level. Both anthropogenic and natural forces are responsible for
these changes in Earth’s surface. Anthropogenic forces such as urban expansion and the destruction of
forests and meadows for economic purposes (development of agricultural land); and natural forces such
as fire, flood and tsunami; have changed the type of land cover/use (LC/LU) all over the world (Keshtkar
and Voigt, 2016). Monitoring and assessing LC/LU information is one of the most essential for managing
natural resources and a variety of planning.

In recent decades, research has shown considerable progress towards assessing LUCC. Remote
sensing technology is one of the suitable technologies for monitoring environmental and land cover/use
changes, which has multi temporal, resolution and spectral capabilities (Rasuly et al., 2009). Landsat
spectral data, which are free on the United States Geological Survey (USGS) website for downloading,
have a remarkable temporal range of over 40 years and have great potential for LC/LU classification,
change detection, and relevant analysis (Roy et al., 2014). A new classification method, object-based
image analysis (OBIA), referred to as edge-detection, feature extraction, feature analysis or object-based
remote sensing, appears to used best on satellite imagery (Blaschke, 2010). This form of feature extraction
lets to use of additional variables such as shape, texture, and contextual relationships to classify image
features.

In addition, geographic information systems (GIS) and remote sensing tools enable researchers to
predict future LC/LU changes (Keshtkar and Voigt, 2016). In this research, we applied a cellular automata—
Markov chain model (CA-Markov) to simulate future LC/LU changes. Both CA and the Markov chain
model have great advantages in the study on LULC changes. The Markov model can quantitatively predict
the dynamic changes of landscape patterns, but it is difficult to predict the spatial pattern of land use
changes. In contrast the CA model with strong spatial computing can be used to simulate the spatial
variation of the system effectively (Kamusoko et al., 2009).

The objectives of this study are (1) Object-based classification Landsat imageries, which were
converted into TOA reflectance; (2) Analyzing LC/LU changes from 1987 to 2016; (3) Predict future LC/LU
change in 2020 based on CA-Markov model. The Markov-CA model contributes to the understanding of
LC/LU change in the northern coast of the Urmia Lake, which facilitates future planning.
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MATERIALS AND METHODS
Study Area and Materials

The study area is located between 38° 0’ 32" and 38° 25’ 28" latitude and between 44° 57’ 23" and 46°
01’ 14" longitude in north-west of Iran (the Southern hillsides of the Misho Mountain and the northern
coast of the Urmia Lake. The total area covers about 2951 km2 (Figure 1). The elevation of the study area
varies from approximately 3100 m to 1270 m above mean sea level.
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Figure 1. Study area - location of Urmia Lake in the Northwest of Iran and Middle East

Misho Mountain is one of the most important animal husbandry and agricultural center in the East
Azerbaijan province which separate Marand plain from Shabestar plain and Urmia Lake. Also, the Urmia
Lake is as a second largest salty lake in the world. The Urmia Lake is located in the north-west of Iran; as
a second largest salty lake in the world. The last decade droughts based on climate change episodes, water
consumption in agricultural fields, artificial coastal changes (roads building operations) and importantly
dam construction programs have simultaneously caused more evaporation of the lake water and thus
considerable variations of water surface levels. Average salinity of the lake ranges between 220- 300 mg/lit
depending upon temporal and spatial conditions. It is worth to identify that Urmia Lake is the 20th largest
lake and the second hyper-saline lake in the world and its basin is covered about 3.15 percent of the whole
country (Rasouli et al., 2016).

Data Analyzed

Landsat imageries with a 30 m spatial resolution (path/row 169/33) were the main data for this study.
The earliest one was Landsat Thematic Mapper (TM) taken on June 1987. The images were obtained from
United States Geological Survey (USGS) site. Based on accessible time intervals and the image quality,
other Landsat (ETM+ and OLI) images were provided and have been taken on different image processing
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procedures respectively. A 30 m Digital Elevation Model (DEM), based on Aster imagery, was also

employed. Table 1 indicates all datasets which have been processed in current study.
Table 1. Dataset summary

No. Dataset Type Acquisition Date Sensor Name

1 Landsat 5 June 1987 ™

2 Landsat 5 July 1989 ™

3 Landsat 5 July 1995 ™

4 Landsat 5 June 2000 ™

5 Landsat 7 July 2002 ETM+
6 Landsat 5 July 2006 ™

7 Landsat 5 July 2010 ™

8 Landsat 8 July 2014 OLI

9 Landsat 8 June 2015 OLI
10 Landsat 8 July 2016 OLI
11 Aster Terra

Methods Applied

The image processing was performed in four stages including pre-processing, object oriented
classification, post processing and predicting a LULC for 2020.

Data pre-processing

In the pre-processing stage radiometric correction and atmospheric correction are prerequisite for
generating high-quality scientific data (Chander et al., 2009), making it possible to discriminate between
product artefacts and real changes in Earth processes (Justice et al., 2002) as well as accurately produce
LULC maps and detect changes (Song et al., 2001). The radiometric conversion for The Landsat TM and
ETM+ was performed in the software of Environment for Visualizing Images (ENVI, Version 5.3) by
following the Equations (1) and (2), where the spectral radiance (L;) and the TOA reflectance (p;) were
obtained:

Lmax—Lmin
L/l = (Q _ ) X (Qcal - Qcalmin) + Lmin 1)
calmax Qcalmin
_ mxLyxd?
pa = ESUNjxcos Og (2)
2T
d, =1+ 0.033 cos (DoY =) 3)
where:

Ly = the spectral radiance scales to Qcq,,,,,
Lyyin = the spectral radiance scales to Qcqy,;,
Qcat,,,,= the maximum quantized calibrated pixel value
Qcai,,;,,= the minimum quantized calibrated pixel value
Qa1 =DN

d = the distance from the earth to the sun

DOY = Day of year

ESUN ;=mean solar exo-atmospheric irradiance

05 = Solar zenith angle
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In the case of the data from the Landsat 8, the radiometric conversion was performed by applying the
equations (4) and (5):

pA = Mp X Qcal + Ap “4)
_ _ P

PA= Snoem @)
where:

M ,= Band-specific multiplicative rescaling factor
A, =Band-specific additive rescaling factor
p ;= TOA planetary reflectance, with correction for solar angle
O = the local sun elevation angle.
ENVTI has a quick atmospheric correction module for retrieving spectral reflectance. This method can
be very time-consuming; hence to reduce the time of image processing all data were subset with a vector
file of study area.

Image processing

At the processing stage, we used object-based classification method based on a set of spectral, texture
and contextual indicators. In general, this method aiming to relate geographic features with image objects
can be divided into two main parts, namely segmentation and classification (Liu et al., 2008). This method
uses geographic objects as basic units for LULC classification. We used eCognition Developer 9.0 to
classification each date of imagery. The eCognition software provides a systematic approach and user-
friendly interface that permits implementation of concepts developed in the past (Campbell and Wynne,
2011). Based on different standards such as quality of segmentation without considering classification
accuracy, they found that eCognition segmentation was better than the alternatives, including ERDAS
Imagine, for a variety of reasons including having different segmentation algorithms and classifiers
(Meinel and Neubert, 2004). In software setting, the image classification is based on attributes of image
objects rather than on the attributes of individual pixels. Therefore, Object-oriented classifier found to
deliver results noticeably better than conventional methods. It leads to better semantic differentiation and
higher classification accuracy (Rasouli et al., 2016). The quality of classification is directly affected by
segmentation quality. Image segmentation means the partitioning of an image into meaningful regions
based on homogeneity or heterogeneity criteria, respectively (Neubert et al., 2006). This research used a
multi-resolution segmentation approach, a bottom- up homogenous region aggregation technique based
on certain criteria (e.g., scale, shape, and compactness criteria). The scale parameter determines the size of
objects (Benz et al., 2004). All non-thermal bands of the Landsat images (six bands) and DEM were used
for image segmentation. The appropriate segmentation scale and the parameters associated are indicated
in Table 2.

Table 2. Multi-resolution segmentation parameters

Scale Shape Compactness Band Weights

e (1), Green (1), Red (1), NIR (1), SWIR1
(1), SWIR2 (1), DEM (1)

25 0.2 0.5

At the classification stage we used the assign class algorithm to classify the image objects into 7 classes
that Urmia Lake, salty area and agricultural area were our three main LULC by equations 6, 7, 8, 9, 10
and11).
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NDVI 1 = MR=Red ©6)
NIR+Red
NDWI 2 = Green—NIR (7)
Green+NIR
193 = BluexRed (8)
Green
Blue
SI110 4 = —— 9)
NDS] 5 = Red-NIR (10)
Red+NIR

__ (SWIR1+Red)—(NIR+Blue)
BST6 = (SWIR1+Red)+(NIR+Blue) (11)

A classification is not complete until its accuracy is assessed (Lillesand et al., 2014). Accuracy
assessment of classification maps was achieved using a random sampling method. After land-cover
classification, a minimum of about 50 sample points were randomly selected for the evaluation of
classification accuracy for six land-cover classes. Accuracy assessment was based on the calculation of the
overall accuracy and kappa coefficient.

LC/LU change analysis

Post-classification analysis allows us to know the quantity, location and nature of LULC changes
by comparing two classified maps; in such a way, a “from- to” matrix of changes was generated Sanchez-
Reyes et al. (2017) using the Cross tabulation module of IDRISI Selva 17.0. The ten images classified by
object oriented were pairwise compared to detect patterns of change between 1987-1989, 1989-1995,
1995-2000, 20002002, 2002- 2006, 2006- 2010, 2010- 2014, 2014-2015 and 2015-2016 .

Markov Chain analysis

This kind of predictive LULC change modeling is appropriate when the past trend of LULC changing
pattern is known (Eastman, 2009). A Markov chain is a stochastic process (based on probabilities) with
discrete state space and discrete or continuous parameter space (Balzter, 2000). In this random process, the
state of a system s at time (t+1) depends only on the state of the system at time t, not on the previous states.
The Markov model not only explains the quantification of conversion states between the LULC types, but
can also reveal the transfer rate among different LULC types. It is commonly used in the prediction of
geographical characteristics with no after-effect event which has now become an important predicting
method in geographic research (Li et al., 2015). Based on the conditional probability formula, the prediction
of LULC changes is calculated by the equation 12:

See+1) = Pijy X Sy (12)

Where S(¢), $(¢+1) is the system status at the time of (t) or (t + 1); P ;) is the transition probability matrix

1 Normalized Difference Vegetation Index

2Normalized Difference Water Index
3 Salinity Index 9

4 Salinity Index 10

5 Normalized Difference Salt Index
6 Bare Soil Index
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in a state which is calculated by equations 13 and 14 (Xiyong et al., 2004):

Pll P12 ' Pln
P, = P221 pzsz Pzzn (13)

Pn1 Pn2 -+ Pnn

(0O<Pj<land ¥V, P;=1, (ij=123,..,1) (14)

According to the matrix of the initial 9y and the transition probability of the nth stage P ), the LULC
distribution in the northern coast of the Urmia Lake in the future can be calculated by using a computer
simulation. The Markov simulation model § g, is calculated by equation 15:

Sy = Sm-1) X PV =Sy x PM (15)

Multi Criteria Evaluation (MCE)

Multi-Criteria Evaluation process (MCE) involves criteria of varying importance in accordance to
decision makers and information about the relative importance of the criteria (Behera et al., 2012). Factors
used in MCE account for suitability, accessibility, and neighbourhood effects. This suitability maps
determine which pixels will change as per the highest suitability of each LULC type.

CA model

Cellular Automata is a simulation model where the space and time are discrete variables and
interactions assigned are local variables. In a CA model, the transition of a cell from one land-cover to
another depends on the state of the neighbourhood cells. This is based on the idea that a cell will have a
higher probability to change to land-cover class ‘A’ than to a land-cover class ‘B’ if the cell is in closer
proximity to land-cover class ‘A’. Thus the CA model not only uses the information of the previous state
of a land-cover as done by a Markov model but also uses the state of neighbourhood cells for its transition
rules (Adhikari and Southworth, 2012).

Markov — CA model

The Markov model can quantitatively predict the dynamic changes of landscape pattern, while it is
not good at dealing with the spatial pattern of landscape change. On the other hand, Cellular Automata
(CA) has the ability to predict any transition among any number of categories (Pontius & Malanson,
2005).Combining the advantages of Cellular Automata theory and the space layout forecast of Markov
theory, CA-Markov model performs better in modelling LULC change in both time and spatial dimension.
At present, IDRISI software is one of the best platforms to conduct CA-Markov model, which is developed
by Clark Labs in the U.S.

In this study we used the CA-Markov model to simulate LULC. Three datasets, (1) LULC base map
in 2010, (2), the 2010 land suitability maps which created by using MCE (Multi-Criteria Evaluation) model
and (3), transition probability matrix from 2006 to 2010 are integrated using CA neighbourhood to
simulate land use map in 2016. The standard 5x5 contiguity filter is used as the neighbourhood definition
in this study. That is, each cellular center is surrounded by a matrix space which is composed by 5x5
cellular to impact the cellular changes significantly. The filter used analysis is based on:
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Figure 2. Filter configuration used in CA Markov
Model validation

In order to ensure that the model is reliable in predicting an LC/LU for a specific project year, it must
be validated using existing datasets (Hadi et al., 2014). Now the aim is to select the most appropriate
model. The traditional way of validating a model or comparing two maps, using Kappa statistics, is now
out-of-date (Ahmed and Ahmed, 2012). A method of comparing three maps (a reference map of time 1, a
reference map of time 2 and a simulation map of time 2) has been implemented for model validation
(Pontius et al., 2011). The confirm module in IDRISI Selva was used for validating the model by producing
After converting Landsat radiance values to reflectance and eliminating the negative effects of molecular
scattering and aerosols the quality of the image was improved. As we have mentioned we applied an
object- oriented image analysis of eCognition software for the classification LC/LU on Landsat images
between 1987 and 2016. Object-oriented image analysis requires the several parameters: K-standard, K-
location, and K-no which are used to identify the accuracy of the model. The predictive power of the model
is considered strong when around 80% accuracy is achieved (Eastman, 2009). At the end, following the
same process, the LC/LU for the year 2020 was projected with the CA-Markov model using the transition
probabilities from 2010 to 2016 and the LC/LU base map from the year 2016.

RESULTS
Converting Landsat Radiance Values to Reflectance

After converting Landsat radiance values to reflectance and eliminating the negative effects of
molecular scattering and aerosols the quality of the image was improved.

Land use/cover classification

As we have mentioned we applied an object-oriented image analysis of eCognition software for the
classification LULC on Landsat images between 1987 and 2016. Object-oriented image analysis requires
the creation of objects or separated regions in an image. After conducting the Multi Resolution
Segmentation process, we developed the rule sets for classifying each test area. Then, the threshold values
were obtained (Table 3). Figure (3) indicates the LC/LU map of the study area. The results from the
classification were shown in Table 4, indicating the total area and percentages of LC/LU classes.
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Table 3. Threshold values for each rule

LC/LU Classes Threshold Conditions
NDWI > -0.138
Urmia Lake NDSI > -0.096
SI9 > 750
New Salt BSI<0.17
SI10 > 0.48
Salted Soil
NDSI > -0.32
Salty barren lands Brightness > 2700
NDVI > 0.35
Vegetation (Agricultural and Garden Lands) Mean DEM < 1735
NDWI > -0.138
Dams and Agricultural ponds Mean DEM < 1300

Legend

[ |pam [ salted soil %F
- Urmia Lake - Salty Barren Lands ®
- Agricultural Area |7‘ Other

’:\ New salt

0 10 20 40 60 Km

Figure 3. LC/LU classification maps
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Table 4. Area and percentage of LC/LU classes
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Year
Loy 1987 1989 1995 2000 2002 2006 2010 2014 2015 2016
Dams and Area 0.0044  0.028 0.081 0.104 0.094 0112  0.186 0.25 0418 0.332
Agricultural
ponds percentages  0.001 0.001 0.003 0.04 0.003 0004  0.006  0.008 0.014 0.011
Area 742954 761564 813567 721976  670.681 642403 515919 290438 306442  378.678
Urmia Lake percentages  25.182 2581 27.58 24.47 22.73 2177 1749 9.84 10.39 12.83
Aeri Area 251.813  169.811 239.697 233447 212806  197.134 157.08 190.877 209.867  172.872
gricultural
Area percentages  8.535 5.76 8.12 7.91 7.21 6.68 5.32 6.47 7.11 5.86
Area 19.147 8609 51589 10915 20.54 31641 56498 144374 133658  117.779
New Salt percentages  0.649 0.29 0.17 037 07 1.07 191 4.89 453 3.9
Area 19.088 26941 3593 58754  110.003  129.647 165063 303.208 298.631  240.158
Salted Soil percentages  0.647 091 0.12 1.99 3.73 439 559 1028 1012 814
Area 291.816 227.635 230.895 279207 216221 254975 331.64 283545 300.067  332.906
Salty Barren
Lands percentages  9.891 7.72 7.83 9.46 7.33 8.64 11.24 9.61 10.17 11.28
Area 1625497 1755772 1657.376 1645957 1720.016 1694.447 1723.97 1737.666 1701275 1707.634
Other Lands percentages  55.095  59.51 56.18 55.79 58.3 57.43 58.43 58.9 57.66 57.88
Total Area 29504 29504 29504  2950.4  2950.4 29504 29504 29504  2950.4  2950.4

The accuracy of the classified image was then assessed by using randomly selected around 50 points.

Table 5 informs the results of the overall accuracy and kappa. This accuracy assessment shows that the

classification is stable.

Kappa Overall Accuracy %
1987 0.89 90.2
1989 0.86 89.5
1995 0.90 93.7
2000 0.90 924
2002 0.91 91.7
2006 0.90 92.1
2010 0.92 93.6
2014 0.93 93.7
2015 0.91 93.1
2016 0.91 924

Table 5. The classification accuracy values and Kappa coefficients

LULC Changes (Directions and Trends of the Urmia Lake Growth Model)

The overall classification accuracy for the extracted LC/LU maps in Table 3 indicate the suitability of the
classified remote sensing images for effective LC/LU change analysis. A cross tabulation process was applied to
identify the major changes between two LC/LU maps of the specified time periods. Trend of LC/LU change maps
in each class from the nine periods are displayed in Figure 4.



546 R. MAMMADOYV, A. A. RASULY, H. MOBASHER, K. MOHAMADZADEH

LC/LU Changes

e | Jrmiia Lake

Agricultural Area
Wew Salt
0 Salty Barren Lands
1987 1989 1995 2000 2002 2006 2010 2014 2015 2016

Year

Figure 4. LC/LU changes (km2)

There was a lot of fluctuation in the amounts of LC/LU changes. Spatial analysis of the LC/LU changes
illustrates evidently that the conversions between Urmia Lake and salt was the most distinctive change of
the study period. According to the graph, from 1987 to 2016, there was sharp fall in the Urmia Lake
surfaces and a gradual decrease in agricultural lands. However, there is a slight increase in salty lands.

CA-Markov Model
Transition Matrix

The LC/LU was projected using Markov’s transition probability matrix (Tables 6 and 7) to show how
each land type was projected to change. The diagonal of the transition probability represents the self-
replacement probabilities, that is, the probability of a salt cover class remaining the same, whereas the off-
diagonal values indicate the probability of a change occurring from one salt cover class to another. The
LC/LU map in 2006 and 2010 were operated by the Markov chain model in order to identify the probability
of changing and transition areas.

Such probability transition values were applied to predict the LC/LU for the year 2016 with a
CA_Markov model.

Table 6. Transition probability matrix, calculated based on LC/LU maps of 2006-2010
Dams and Salty

T D S
ponds Lands

Egr“i‘:ujzfml ponds 0.579 0 0.0013 0 0 0.0022  0.4175
Urmia Lake 0 0.7177 0 0.079  0.1978 0.0041 0.0014
Agricultural Area 0 0 0.5558 0 0.0001  0.0027  0.4415
New Salt 0 0.0017 0.0006 0.0004 0.6603 03151  0.0218
Salted Soil 0 0.0005 0.0014 0.0001  0.3307 0.5870  0.0803
Salty Barren Lands 0 0 0.0005 0 0.0015 0.8783  0.1197

Other Lands 0.0001 0 0.0186 0 0.0004 0.0325 0.9484
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Table 7. Transition probability matrix, calculated based on LC/LU maps of 2010-2016

Dams and

Salted Salty

LC/LU Agricultural If;ﬁla Agr:;g:u ol I\S]ZI‘:] Soil Barren S:EZ;
ponds Lands

Dams and

Agricultural ponds 0.7844 0 0 0 0 0.0701  0.1455
Urmia Lake 0 0.8104 0 0.1888 0 0.0007  0.0001
Agricultural Area 0 0 0.8492 0 0 0 0.1507
New Salt 0 0.0002 0 0.1771  0.8227 0 0
Salted Soil 0 0.0005 0 0.0154 0.9621  0.0207 0.0013
Salty Barren Lands 0 0 0 0 0.0085 0.9419  0.0495
Other Lands 0.0001 0 0.0203 0 0.0003  0.0096  0.9698

Model Validation

547

For the model validation, we compared the simulated map of 2016 with the actual LC/LU map. The
K-standard, K- no, and K-location indicators resulted in measures of 89.4%, 91.26% and 94.02%,
respectively. Visual comparison also shows great similarity between the actual and simulated maps for

the year 2016 (Figure 5).

The Kappa statistics value indicates that the CA-Markov model was effective in simulating LC/LU
change in 2016. Therefore, the Markov—CA model can be used to predicting the spatial distribution of
LC/LU in the future with the assumption that an unvarying rate of change will occur in the future.
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Figure 5. LC/LU map for year 2016: (a) actual map (b), simulated map

Prediction of LC/LU changes for 2020

By assuming of persistence of speed of LC/LU changes like past years (i.e. 2010-2016), the future
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LC/LU map for the year 2020 were predicted (Figure 6). A Comparison of LC/LU maps for 2016 and
2020 shows that the extent of Urmia Lake in our study area and new salt will decrease from 378.7 km? to
307.023 km? and from 117.779 km? to 96.0596 km?, respectively. As well the results show the salted soil,
salty barren lands and agricultural areas will increase by 331.227 km?, 335.246 Km2 and 181.426 km?,
respectively.
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Figure 6. Predicted LC/LU map for year 2020

CONCLUDING REMARKS

The assessment of LC/LU changes and predicting future are crucial information for planners and
organizations to allocate important infrastructures and land management in response to the diverse
requirements of the people in this region. In this context, to accommodate this need, satellite images,
objects-based classification and a combination of Markov chain analysis and CA were used.

The main advantage of OBIA is that it represents the classification units as real world objects on the
ground, thereby reduces the within class variability. In addition, the CA-Markov land use simulation
model has an important contribution to land use modeling.

In the present study, we were able to depict the relationship among LC/LU types in different time
periods. A change survey of the study area revealed that water surface and the amount of salty lands are
changing sharply. Thus it is urgent to strengthen the protection of arable land and water and prevent acts
of indiscriminate use of cultivated land in order to promote land protection and rational use of land.

Reducing the surface of Lake Urmia and, as a result, increasing the salty lands around the lake, as
well as reducing the agricultural area in the Misho Mountain, has increased the use of inhabitants from
underground water, which is a reason to reduce the input water into the lake. Hence, by modifying the
irrigation methods or choosing corps that have little water requirement, it is possible to improve the lake
situation and increase its level.

Some recommendations are provided. First, Landsat data is not mandatory, any other type of image
can be useful, and a higher resolution such as Spot imageries will greatly improve the results obtained.
Second, it is suggested that data belong to similar dates in order to avoid seasonality, since an erroneous
LC/LU classification could affect the succession analysis.
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ABSTRACT: Mining sector is important business and industrial activity in some countries. When ore
explorations are gradually turned into mine operations, more people will gradually be employed in the
mining industry. Even with today’s mining capacity, work and work place occupational safety are main
concern for related workbodies. Minor scale mine accidents are not publically announced due to their
individual characteristics. But some others happened in big scale which becomes national dilemma. After
the event, each of them is followed by mine rescue operations, media broadcastings from the sites, families
waiting for their relatives in indescribable hopes, angers, disappointing physiology. Rescue teams in these
occasions have responsibilities to reach and safe the trapped/injured miners. The question arose here is
what the level of “first-aid” or “life-support” training for some of the members of rescue teams should be.
Some of the rescue team members should deal with excavations, ventilations, mine supports etc. but some
of them should definitely deal with trapped, injured, collapsed workers without loosing their own life and
physiologic wellness. In this study, importance and requirements of Advanced Life Support (ALS) services
in mine accidents are evaluated according to experiences to have more realistic and valuable rescue
operations.

Keywords: Mines, Mine accidents, First-aid, Advanced life support, Mine rescue.

Yeraltindaki Isyeri Kazalari i¢in Thtiya¢ Duyulan Ileri Seviye Hayat Destek Servisi

OZ: Madencilik bircok iilke ekonomisi icin 6nemli bir is ve sanayi koludur. Maden arama faaliyetleri
sonuglandikca bu faaliyetlere bagh olarak ¢alismaya baslayan maden ocaklarinda ¢alisan insanlarin sayist
giin gectikce artmaktadir. Bugiiniin ¢alisma sartlarinda, gelisen teknolojiye ragmen, is ve isyeri glivenligi
maden ocaklari igin hala {izerinde dikkatle durulmas: gereken konular arasindadir. Baz1 maden igyeri
kazalar1 medya araciligiyla herkese duyurulmasada, biiyiik ¢apli maden ocag1 kazalar: iilke ¢apinda
{izlintiiye neden olabilmektedir. Onemli maden kazalar1 sonucunda gormeye alistigimiz manzara ve
olaylar; organize edilen kurtarma ¢abalari, medyanin yayinlari, maden ocagi ¢cevresinde umut, kizginlk,
hayal kiriklig1 psikolojisi iginde bekleyen kazazede yakinlar: ve iilke genelinde duyulan tiziintii seklinde
siralanabilir. Kurtarma ekiplerinin maden kazalarindaki sorumlulugu kaza yerine ulagip orada mahsur
kalan ve/veya yaralanan kazazedeleri kurtarmaktir. Bu asamada sorulmas: gereken sorulardan birisi;
kurtarma ekibi i¢ginde yeralacak gorevlilerin hangi diizeyde “ilk yardim” ve/veya “hayat destek” saglik
bilgileriyle egitilmeleri gerektigidir. Maden ocaklarinda kurtarma ekibi faaliyetleri siirerken, baz1 ekip
iiyeleri, galeri kazisi, gogiik kaldirma, havalandirma ve galeri tahkimati igleriyle ugrasirken, bazi ekip
iiyeleri de kaza yerinde sikisan, gociik altinda kalan, yaralanan kazazedeleri kurtarma isleriyle
ugrasacaklardir. Bu islemleri yaparken kurtarma ekibi iiyeleri kendi hayatlarini tehlikeye sokmamali ve
kendi psikolojik durumlarini bozmadan kurtarma islemini siirdiirebilmelidirler. Burada, maden kazalari
ele alindiginda, uzman doktorlarin kurtarma ekip iiyesi olarak, kaza mahallinde verebilecegi hayat destek
servisinin onemi ve ihtiya¢ durumu, maden kazalarinda edinilen kurtarma deneyimlerine gore
degerlendirilmistir.

Anahtar Kelimeler: Madencilik, Maden kazalari, {lk yardim, fleri seviye hayat destegi, Maden kurtarma.
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INTRODUCTION

Natural and engineered underground openings have their own conditions. Natural ones cover caves,
cave systems, sinkholes, underground water passageways in macro scale, and discontinuity apertures in
micro scales. Engineered underground openings on the other hand are underground mine facilities, road
and rail tunnels, metro openings, machine chambers of energy plants, underground repositories,
underground cities, underground spaces used for hotels, restaurants, cafes and sporté&life activity centers
etc.

Underground openings can be analyzed for their stability conditions in two main phases; excavation
and usage phases. Excavation sometimes is the aim of the operation, like in mining. Excavated ores and
coals are main product to get earnings. In other cases, openings obtained after excavations are the required
targets to use as tunnels, storage volumes and living spaces. In both cases, occupational workforce
employed for these openings either for their excavation or their usage should work in planned and safe
workplaces. Underground mines, especially coal mines have very strict rules to maintain work and
workplace safety (ILO, 1986, WVOMHST, 2008). These rules have been upgraded gradually after getting
experiences through mine accidents. Other underground openings have also their own workplace safety
procedures to follow (Hooker & Shalit, 2000). Coal mines probably have more seam gases which can be
poisonous, suffocating or explosive. Other underground openings might have (or not) country rock
related gases also. Therefore they have to be controlled to get safe workplaces with paying attention to
their ventilation, water discharge and openings’ stability.

Engineers worked for rock engineering studies and rock engineering design procedures have realized
long before that (Bieniawski, 1992), risk originated by rock masses can not be totally eliminated. There are
always some degrees of risk of accidents due to uncertainties of data obtained from rock formations
(Stacey etal, 2007). Engineers know that without accepting the risk in mining and usage of other
underground openings, nothing could be obtained from earth crust (Erdogan, 2016). Beside this handicap,
engineers supply underground design options for different operations. Design engineers handled the
uncertain data features by increasing engineering safety factors. Expecting concealed factors causing
accidents is another fact originating basically through these natural uncertainties. Thus each underground
opening has options to follow in case of accidents. Besides fire danger, underground openings might be
affected by discharge of gases and water through the country rocks; deterioration of rock strengths; roof,
floor and sidewall failures etc. Therefore employees in underground openings can be involved in an
accident not related with human and machine related factors (Patterson, 2009), but also factors related
with the mentioned parameters above (Hall&Snelling, 1907; Saleh&Cummings, 2011).

Mine design engineers have been educated in mining sectors to supply mine plans which end up with
no or minimum casualties in case of mine accidents (Gokay&Shahriari, 2016, 2017). This target may
possibly be obtained supplying alternative galleries, passageways and heavily supported chambers,
emergency shelters, etc. (Fernando etal, 2007). These types of organized mines have also well trained
rescue teams including first-aid members and physicians (Muezzinoglu, 2015). Therefore, underground
openings design stage is starting point to get safer underground spaces for different businesses. Thus,
different types of engineers should be employed in this stage to reach most applicable and most
meaningful underground design options by good manner (direction) of cooperation. Thus, each company
requires these design procedures after getting full brainstorming, factorizing, analyzing, evaluation,
planning, checking and verification steps in their design duties. One of the questions which should firstly
be thought, while performing underground design activities; (that is), how the employees can be rescued
in different cases of underground workplace accidents? Mining law of each country has detail procedures
to organize rescue teams in mines (HSE, 2001; USDL, 2008; NSW, 2010; Capstone, 2015; Lehnen, 2016;
Catakci, 2016). Similar procedures should be followed for each engineered underground operations.
Underground rescue duties can not professionally be handled by other teams which have not been trained
for accidents occurred at underground openings.
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UNDERGROUND OPENINGS AND RELATED RESCUE OPERATIONS

Accidents can be occurred in all workplaces including underground operations. Minor scale accidents
which cover small localization together with very few employees can be handled professionally as the
major scale underground disasters like coal mine explosions. Main aims are saving and securing the
employees lifes first. Especially mining safety rules describe the procedure to be followed in any case of
accidents. For each type of underground openings, (mines, tunnels, storage places, living places, hotels,
cafes etc) there should be pre-described steps which employees have been trained to follow in case of
accidents. In case of underground workplace accidents, followings are the main aims of emergency actions
(NMA, 2015) described by National Mining Association, NMA, of USA; i)“Minimize the effect of emergencies
on company personnel and on the surrounding communities, and on the public.”, ii) “Minimize: injury; damage to
environment; property damage; damage to equipment; and losses to process that result from emergencies”.
Employees who noticed underground accident should follow certain pre-described steps like given by
NMA, (NMA, 2015);

“a) Notify the supervisor of the emergency situation. b) Report the emergency as described on the
“Emergency response plan”. c) Provide help until the appropriate response team(s) arrives. Never
place yourself or others in danger, especially during fires, or chemical emergencies. d) If an alarm is
sounded or you are instructed to do so, evacuate the area to designated assembly points and stay there
until you are instructed to leave. e) If an evacuation takes place, follow the directions. Make sure you
and any visitors you are responsible for are accounted for by your supervisor. f) If you are responsible
to perform shutdown procedures, know your responsibilities and perform them accordingly. g) If
responders are already at the scene of an emergency, do not go to the scene to watch or offer assistance
unless you are personally called to the scene. *

As it is described here appropriate response team(s), accident rescue team(s), have important role to
save injured workers and set the accident situation in order, as soon as possible. There are certain
procedures to follow about “health of rescue team members and their experiences in underground
activities” by regulations. It is obvious that these workers and engineers aiming to save injured workers
and mine equipments and properties have enough skills, experiences, education and trainings (HSE, 1993;
Conti etal, 1998; TTK, 2000; Mischo etal, 2014; NIOSH, 2015). Underground rescue operations include,
entering underground facilities which had minor or severe scale accidents (or explosions) before. These
action covers advancing through unsecure galleries and working places.

If the accident is related with methane or coal dust explosions, situation at underground disaster site
(exploited galleries, working places etc) is most probably unreachable due to collapse of galleries. If the
accidents in underground is just related with roof failure, working places are most probably filled by
collapsed country rocks which should be cleared away to reach injured victims (employees). Other
underground accident types have their own especial cases (water in flushes, underground mine fires, etc)
which rescue teams had been trained accordingly to deal with the problems they might come across
during rescue operations. Rescue team has always a leader, experienced person to handle situations in
harsh underground environments. The other members of the team should be ready (healthy, fit enough
and trained) to perform any required excavations, (drill, blast, load & carry jobs to clear away the debris
and country rocks) to advance toward the accident victims in underground. Distances from the mine
entrance to accident locations are generally long enough (a few kilometers) which require really healthy
rescue members to walk through in harsh, polluted, dangerous and dark environments. Some team
members have duty to records the situations rescue team come across and report (communicate) them to
main rescue head office (usually at the surface) for evaluation. Some team members have duties related
with “First-Aid” applications. These workers have enough education and training certificate to supply
required first-aid helps for injured victims, workers, in underground accident chambers.
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ADVANCED LIFE SUPPORT (ALS) REQUIREMENTS FOR INJURED UNDERGROUND
EMPLOYEES

In last years new concerns have been pointed for the mine accident victims who need more treatment
than first-aid level. Advanced life support (ALS) services were advised to be more effective in more
complex health procedures come across in mine accident cases (Enright etal, 2016). Experiences obtained
from several mine rescue works attended by Calkaya (2018) in Turkey have also caused to reach a decision
that, mine rescue operations in Turkey need to be re-arranged to include more effective life saving
operations including advanced life support (ALS) services. In mining engineering departments, there are
several lectures that students have been supplied with information and knowledge for safe mine
operations. In these lectures, several procedures have been given to students to prevent mine accidents
either minor scale or major scale (mine disasters). In some universities there are experimental mines to
train underground rescue teams (organized for students or trainees). Beside of these training activities
given by universities, private companies, governmental mine safety offices and societies of mine
engineers; accidents in underground have still been observed. Countries which have underground
workplaces have supplied their statistical evaluations to understand reasons of the mine accidents to
enforce new upgrades in required sectors. That means, “underground rescue team” activities have
seriously been considered for all underground activities. Related law enforcements have been supplied
for any type of underground activities. There should be “engineered plan” to rescue employees and other
people trapped in underground in any case of accidents at; underground heritage museums, historical
underground cities, metro tunnels and stations, rail and highway tunnels, underground hotels and cafes,
underground storages for commercial purposes, underground repositories for radwaste or other waste
materials, underground passages for shopping centers, underground sport and parking places,
underground mines etc. Mine employees and people using underground spaces should definitely be
informed about emergency stages. Required rescue operations must be planned for these underground
openings in engineering way. Since there is no way to eliminate underground accidents totally, then
organizations and companies responsible from underground activities should be ready for their
unexpected accidents as prepared as possible. Despite precautions if an underground workplace accident
was happened, there are certain procedures to follow by workers, engineers, local police, local people and
governing bodies (NMA, 2015; Calkaya&Gokay, 2016). These steps have been documented for “first
moment accident reporting” and mine accident rescue operations in literature (Kowalski etal, 2010).

When an accident related with underground openings was reported, national based “Underground
accident governing authority” should immediately be called on duty (organized according to legislations)
and this rescue center is charged to handle the accidents. Accident site security, communication with
media and families, calling the underground (mine) rescue teams in duty, and other related duties are
controlled under their responsibilities. Positive experiences together with deficiencies of this authority
directly influence life of victims trapped in underground.

When the rescue teams enter the mine by obeying all necessary precautions they trained before, they
have to clear the debris away from the galleries or they have to excavate passage galleries to reach accident
chambers, openings. During these duties, when they come across the victims of underground (mine)
accidents, they have to decide quickly to move the victims from their dangerous location and transport
them to safer first-aid locations in underground. Moving victims from their original locations have many
health related parameters in addition to factors related with underground openings stabilities and gasses.
Experiences reported by Calkaya (2018) presented that “Advanced life support”, (ALS), members are
required in some case to handle the accident victims” health conditions as Enright, etal., (Enright etal, 2016)
reported also. For example, one of the experienced military doctor’s rescue service in an underground coal
mine which had terrible accidents has still been remembered by local people and miners at Springhill,
Nova Scotia, Canada, (CH, 2018). Some accidents related with underground openings (especially methane
explosions at coal mines) have exploded workplace sceneries similar to bombed grounds of war fields.
Therefore mine rescue members should also be trained physiological manner as well to bear the situations
they might see around the accident locations in underground.
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Engineers have to pre-organize their rescue operations for different accident scenarios. These
operations include different cases of rescue plans and rescue team member selection. Rescue teams have
then trained and performed drills to get experiences in trapped-workers search and rescue procedures. In
addition, they have guided in controlling keyfigure machinaries which perform critical functions in mine
ventilation, mine water pumping etc. One or two members of the underground rescue teams are capable
to supply first-aid procedures. The question should be asked here, how the rescue team members evaluate
health conditions of victims trapped due to underground accidents. These decisions include their own
responsibility levels. When the rescue teams clear their way and reach to accident locations in an
underground mine which had already mine accidents, there may be wounded workers around. Following
options (hypotetical evaluation) should be considered to evaluate complexity of the situations; i) victims’
wounds are first-aid types, or ii) these wounds or traumas are complex. In dark underground
environment, first-aid members of underground (mine) rescue team should decide quickly to help these
victims. What is the level of correctness of their decision under extraordinary circumstances? If they reach
faulty decisions what happens to the victims. Another question arose also that; what will be the moral
situation of that rescue members in the following years. These kinds of decisions have negative effects on
physiology of the team members. There may be legislative responsibilities as well. The question again
should be asked here; Do you want to be a member of underground rescue team them? As a member of
team, your life is under danger, because you are entering underground accident area; you may come
across accident sceneries you may not forgot them in all your life. You may save mine accidents’ victims
that may be good for you, but you may not save some of them. As a member of team, are you
sociologically and physiologically ready for that? Experienced gained by earlier practices pointed also
that; these conditions and questions should deeply be considered during mine rescue team arrangements,
(Yilmaz, 2006). The team members have to be supported during and after rescue operations. These facts
should necessarily be included in underground rescue team legislations. Companies and organizations
should be informed for their legislative support responsibilities during and after the rescue operations on
these team members. In this paper, following hypotetical underground rescue situations are put
forwarded for further considerations and evaluations by related mine and health realated professionals;

i) In victim searching phases of underground accident, what will be the responsibilities, if the victims
can not be found around?

ii) If there are obstructs to reach victims site and that obstructs can not be eliminated, what will be the
resultant decisions?

ii1) If there are several obstructs to reach victims and eliminating that features are going to damage some
of the victims body parts (or may cause deadly results for some of the victims), what will be the
resultant decisions?

v) If there are obstructs to reach some body parts of victims, who is going to decide that body parts are
totally damaged, so it is better to cut. To save the victims, if the decision was already given for
similar situations, who is going to perform the operations without causing complications for
victim’s health situations? What will be the legislative responsibilities about similar situations?

vi) Underground accident sites include victims who have different traumas and they might be in shocked
stage, if there is no ALS doctor-medic to handle the situation, who is going to save the victims?

These and many other factors (possibilities) should be considered and described in details at related
rescue legislations for any kind of underground openings. Underground openings need particular design
procedure. Design engineers should take all precautions for any type of underground accidents. For
difficult circumstances in case of accident cases; underground openings may need extra first-aid access
galleries and shafts in addition to especially designed sheltered rooms (sheltered room supply for
underground coal mines in some countries are required by law enforcement). These features have
gradually supplied for some coal mines but, what about the other underground activities, including metal
mines, metro systems, businesses related with underground; passageways, storages, hotels, repositories
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etc. People might be tramped there for different causes should have opportunities similar to planned coal
mines which have extra first-aid access galleries, shafts etc. and safer sheltered rooms.

CONCLUSIONS

Underground openings have their own working conditions. Mine gasses and stresses acting on them
have been evaluated in rock mechanics together with mine design considerations. Besides precautions,
enforced mining safety laws/legislations, there may be workplace accidents in underground mines.
Moreover, underground spaces have been used for different purposes and responsible people acting for
the managements of these occupations have not seemed to understand perfectly the difficulties of
underground workplaces and its safety precautions in detail like mine engineers. Tunnels, depots,
machine openings, caves, passageways, hotels, cities etc. are the ones where people have started to work
in underground openings. Any accidents happened in these workplaces require “mine rescue team” like
operations. Companies responsible from those workplaces should ask themselves if they are ready for
accidents, as big as underground mine disasters. Victims injured terribly in underground accidents have
mostly been handled by rescue teams which have only first-aid health experiences. If there is long distance
to go out of underground, these victims might lose their life due to time required to transfer (carry) them
to surface health facilities. In this paper, advance life support (ALS) service required in most of the
underground accidents is put forward for evaluation. Special medical practitioners, medical doctors who
have expertise on underground accidents might be the answers to save more life at underground
accidents. They should be trained and equipped to act in underground, especially at underground
accident sites. If there are gaps in legislation and in their work definitions, for the requirements of ALS,
these facts should be evaluated in detail to regulate. Ethical responsibilities are belongs to underground
design engineers for taking all possible precautions to save workers life in case of underground accidents.
However, legislative people (by applying joint works with mine & underground-space designer) should also
complete all possible (thinkable) rules/legislations for underground openings and involve possible mine
accident cases including ALS applications for rescue operations.
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OZ: Bu calismada, havacilik sektoriinde yaygin olarak kullanilan AA6061, Ti-6Al-4V alagimlari ile SS304
paslanmaz ¢eliginin yiiksek hizlardaki erozyon davramglari deneysel olarak incelenmistir. Erozyon
deneylerinin bir kismi 90° sabit ¢arpma agis1 igin 100, 127, 170, 210, 250 m/s ¢arpma hizlarinda
gerceklestirilmisken diger kismi1 100 m/s sabit carpma hiz1 icin farkli ¢arpma acilarinda (20, 30, 45, 60, 90°)
gerceklestirilmistir. Deneyler sonucunda numunelerdeki kiitlesel erozyon oranlari; zamana, hiza ve agiya
gore elde edilmistir. Tlave olarak malzemelerdeki hacimsel erozyon oranlari hesaplanmis ve malzemelerde
olusan krater derinlikleri dl¢iilmiistiir. Calismalar neticesinde en iyi erozyon performansi kiitlesel kayiplar
bakimindan AA6061 alasiminda ve en kotii erozyon performansi SS304 paslanmaz geliginde goriilmiistiir.
Hacimsel erozyon performansi ise en kotii AA6061 alasiminda belirlenmis ve bu sonug optik profilometre
cihazi ile yapilan dl¢iimlerde de desteklenmistir.

Anahtar Kelimeler: Kat1 parcacik erozyonu, Yiiksek hiz, Ti-6Al-4V, SS 304, AA6061

Experimentally Investigation of Solid Particle Erosion of Metallic Materials at High Speed

ABSTRACT: In this study, the erosion behaviors of AA6061, Ti-6Al-4V alloys and SS304 stainless steel,
which are used commonly in the aviation industry, have been experimentally investigated at high speeds.
A part of the erosion experiments were carried out at impact velocities of 100, 127, 170, 210, 250 m/s at a
constant impact angle of 90°, the others carried out at different impact angles (20, 30, 45, 60, 90°) at a
constant velocity of 100 m/s. As a result of the experiments, the mass erosion rates in the samples were
measured and obtained the changes to time, velocity and angle. Also, the volumetric erosion rates in
materials were calculated and the crater depths in the materials were measured. As a result of studies, the
best erosion performance was obtained at AA6061 alloy and the worst at 55304 stainless steel. The worst
volumetric erosion performance was obtained at AA6061 alloy and that supported in the measurements
with optical profilometer.

Key Words: Solid particle erosion, High speed, Ti-6Al-4V, S5304, AA6061

GIRIS INTRODUCTION)

Havaclik endiistrisinde hafiflikleri nedeniyle aliiminyum ve titanyum alagimlar1 yaygin olarak
kullamilan  metalik malzemelerdir (Giiler, 2003). Aliiminyum alasimlar;; mukavemetleri,
sekillendirilebilmeleri, kaynak yapilabilmeleri ve korozyon direnclerinin yiiksek olmasindan dolay1 hava
araglarinda yaygin bir kullanim alani bulmustur. Bu alasim tiirii, ugak inis takimlarinda, yag
pompalarinda, borularda ve kaynakli parcalarda kullanilmaktadir (Zincir, 1975). Ti-6Al-4V alagimi
yiiksek korozyon dayanimina sahiptirler ve yiiksek calisma sicakliklarinda iyi mukavemet
gostermektedir. Bu 6zellikleri nedeniyle ugaklarin gaz tiirbin kompresor kapakgiklarinda, disklerinde ve
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ugak catilarinda tercih edilen bir alagim tiiriidiir (Avcu, 2013). Paslanmaz celikler ise kaynak kabiliyetleri
ve yliksek korozyon dayanimlarinin nedeniyle havacilikta ugcak motor parcalarinda ve inis takimlarinda
kullanilmaktadirlar (Akdogan, 2003).

Kati parcacik erozyonu 6nemli bir hasar tiirii olup, siv1 veya gaz ortamindaki kiigiik kat1 pargaciklarin
bir yiizeye tekrarli ¢carpmalar1 sonucu olusturduklar: asinma olarak tanimlanmaktadir (Shimizu ve dig.,
2001). Kat1 pargacik erozyonu, pnomatik tasima sistemleri, boru hatlari, petrol ve gaz kuyulari, gaz tiirbin
kanatgiklari, helikopter palleri ile tozlu ortamlarda ¢alisan makina parcalarda yaygin olarak goriilmekte
olup, parcalarin performanslari ve calisma Omiirlerinin azalmasina neden olmaktadir (Finnie 1960,
Hutching, 1976, Rana 1989, Parsi, 2015). Kat1 parcacik erozyonu; hedef yiizeyin malzeme 06zellikleri ile
ylizeye carpan parcaciklarin carpma agisi, carpma hizi, sekli ve boyutu gibi pek ¢ok parametreye baghdir
(Oka 2005, Bousser 2014). Carpma agisi, kat1 parcacik erozyonunu etkileyen 6nemli parametrelerden biri
olup, asindirial parcaciklarin hedef malzeme yiizeyine carptiklar: noktada, yiizeyin tegeti ile parcacigin
carpma ¢izgisi arasindaki a1 olarak tanimlanmaktadir (Nsoesie, 2013). Yapilan ¢alismalar siinek ve gevrek
malzemelerde maksimum erozyon miktarinin farkli parcacik carpma agilarinda gergeklestigini
gostermektedir. Finnie (1958), yaptig1 bir calismada siinek ve gevrek malzemelerin kat1 parcacik erozyonu
davranisinin parcacik ¢arpma acgismna gore degisimi incelemistir. Bu g¢alisma sonucunda siinek
malzemelerde maksimum erozyon miktarmin 15-30° arasinda, gevrek malzemelerde ise 90° de
gerceklestigini belirlemistir.

Kat1 parcacik erozyonuna etki eden diger dnemli bir parametre ise asindirici pargaciklarin ¢arpma
hizidir. Hedef malzeme yiizeyine ¢arpan kati parcaciklarin yiizeyde erozyon hasari olusturabilmesi igin
hizlarmin kritik bir seviyede olmas1 gerekmektedir. Emilani ve Brown (1984), Ti-6Al-4V alagimi yiizeyine
210 pm boyutlarinda kiiresel kati parcaciklar: piiskiirterek yaptiklari erozyon deneylerinde, 20-30°
parcacik ¢arpma agisinda maksimum erozyon miktarinin 61 m/s pargacik ¢arpma hizinda olustugunu
tespit etmislerdir. Morrison ve Scattergood (1986), 304 paslanmaz celik malzemenin erozyon davranisin
incelemek fiizere yaptiklari caligmalarinda 37-270 pm boyutlarinda aliimina agindiricr parcaciklar:
kullanmislardir. Calismalar sonucunda 100 m/s pargacik carpma hizinda yapilan deneylerde erozyon
oranlarini 0.4 ile 1.0 mg/g arasinda elde etmislerdir. Yerramareddy ve Bahadur (1990), silikon karbiir
parcaciklarimi kullanarak Ti-6Al-4V malzemesin erozyon davranisini arastirdilar. Erozyon deneyleri
sonucunda, titanyum alasimi i¢in maksimum erozyon miktarmi 30° carpma agisinda elde etmislerdir.
Zhou ve Bahadir (1995), Ti-6Al-4V malzemesinin 25-800 °C sicaklik araligindaki erozyon davranislarinin
incelemislerdir. Arastirmacilar deneylerinde 120 grit silikon karbiir parcaciklarim1i hedef malzeme
ylizeyine farkli ¢arpma hiz1 (55- 110 m/s) ve ¢arpma acilarinda (10- 90°) gondermislerdir. Deneyler
sonucunda Ti-6Al-4V malzemesi i¢in maksimum erozyon miktarimi 30° pargacik carpma agisinda yapilan
deneylerde elde etmislerdir. Ayrica erozyon miktarinin sicakligin artmasiyla arttigimi ve ozellikle 90°
carpma agisinda 650 — 800 °C arasinda erozyon miktarmin agir1 arttigini gozlemlemislerdir. Oka ve
arkadaslar1 (Oka ve dig., 2005) siinek metallerde 325 um boyutunda silica kumu ile yaptig1 deneylerde,
erozyon oraninin maksimum 20° - 35° arasinda oldugunu belirlemistir. Ally (2010), AA 6061, Ti-6Al-4V
ve 316 paslanmaz celik malzemelerinin aginma davraniglarin birbirleriyle kiyaslamak amaciyla yaptiklari
erozyon deneylerinde, 50 pm boyutunda Al20s agindiric1 pargaciklarini 106 m/s sabit carpma hizinda ve
degisik parcacik carpma agilarinda (30, 45, 60 ve 90°) hedef yiizeye gondermistir. Deneyler sonucunda
kiitlesel erozyon miktarinin, en fazla 316 paslanmaz celikte en az ise AA6061 aliiminyum alasiminda
oldugunu tespit etmistir. Yildiran (2013) yaptig1 bir calismada, hedef malzeme yiizeyine ¢arpan
parcaciklarin hizlarmin kritik bir degerin altinda olmasi halinde plastik deformasyona yol agmadigi, bu
degerin tistiindeki hiz degerlerinde ise ylizeyde plastik deformasyonlar yol actigini gozlemlemistir. Avcu
(2013), Ti-6Al-4V alasim1 ylizeyinde degisik basing (1.5, 3 ve 4 bar) ve degisik carpma agilarinda (30, 60 ve
90°) yaptig1 erozyon deneylerinde, ¢arpan pargaciklarin hizlarinin ¢ok yiiksek olmasi durumunda
malzeme yiizeyinde yerel erimelere neden oldugunu tespit etmistir.

Bu calismada; AA 6061, SS 304, Ti-6Al-4V alasimlarinin, literatiirden farkl olarak yiiksek ¢arpma
hizlarindaki kat1 parcacik erozyon davranislari incelenmistir. Deneylerin bir boliimii 90° sabit parcacik
carpma agist i¢in100, 127, 170, 210, 250 m/s carpma hizlarinda gerceklestirilmisken, diger boliimii ise sabit
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¢arpma hiz1 100 m/s i¢in farkli pargacik ¢arpma agilarinda (20, 30, 45, 60, 90°) gerceklestirilmistir. Erozyon
deneyleri sonucunda malzemelerin kiitlesel ve hacimsel erozyon performanslar: belirlenmistir.

MATERYAL VE YONTEM (MATERIAL and METHOD)
Deney Diizenegi ( Test Setup)

AA6061, Ti-6Al-4V ve 55304 metalik malzemelerinin erozyon deneyleri, Sekil 1’de gosterilen erozyon
deney diizenegi ile yapilmistir. Bu deney diizenegi ile ASTM-G76 (ASTM, 2004), ASTM-F1864 (ASTM,
2010) ve MIL-STD-3033 (MIL-STD, 2010) standartlarina uygun erozyon deneyleri, ilgili standartlarda
belirtilen liile ve toz tipi kullanilarak yapilabilmektedir. Deney diizeneginde bulunan 40 bar basing
kapasiteli kompresor yardimiyla basingli hava ortaminda hizlandirilmis kati pargaciklari numune
ylizeyine gonderilmektedir. Sistemde bulunan bir nem alma cihazi yardimiyla deney esnasinda kullanulan
basingl havamin nemi alinmaktadar. ikincil basing tanki i¢inde bulunan hassas dozajlama cihaz ile deney
esnasinda numune yiizeyine gonderilecek asindirici parcacik miktar1 ayarlanabilmektedir. Bu cihaz 0.2
g/dk hassasiyete kadar asindirici parcacik miktarii ayarlayabilmektedir. Deneyler esnasinda bir ¢ok
deney parametresinin (deney siiresi, deney basinci, katt parcacik besleme miktari, numune tabla hiz1 )
takibi ve kontrolii, sistemde mevcut olan kontrol paneli ile yapilmaktadir.

| 1 n
Birincil basing tanklari (200 It — 1000 It)

|

pr .

Kompresér
(40 bar)

!

Kesintisiz Gii¢

i ; Kaynag1 (UPS)

Sekil 1. Erozyon deney diizenegi

Figure 1. Erosion test setup

Tkincil basing tankinda basinglandirilan agindirici pargaciklar, Sekil 2’de detayli olarak verilen deney
sistemi kabinine gonderilmektedir. Burada kat1 parcaciklar, 3.125 mm i¢ ¢apl yakinsak-iraksak liile ile
numuneye piiskiirtiilmektedir. Parcacik carpma agisi, ag1 sablonlar1 kullanilarak 20, 30, 40, 45, 50, 60, 70,
80 ve 90° olarak ayarlanabilmektedir.
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Sekil 2. Erozyon deney sisteminin kabin ici
Figure 2. Erosion test setup cabin interior

Asindiria Parcacik ve Hiz Olgiimii (Abrasive Particle and Speed Measurement)

Erozyon deneyleri, Sekil 3'de SEM goriintiisii verilmis olan 52 mikron boyutlarinda aliimina (Al20s)
parcaciklar1 kullanilarak gergeklestirilmistir. Kat1 parcaciklarin hiz- basing kalibrasyon egrileri, Sekil 4'de
gosterilen “Cift Disk Olgiim Diizenegi” kullanilarak gergeklestirilmistir (Ruff ve Ives, 1975). Kalibrasyon
calismalari, deneylerde kullanilacak olan besleme miktari (2,5 gr/dk) icin yapilmustir.

Lile =]
tutucu

Hiz kontrollii
elektrik motoru

Sekil 3. Aliimina pargaciklarinin SEM goriintiisii Sekil 4. Cift disk 6l¢iim diizenegi

Figure 3. SEM image of alumina particles Figure 4. Double disk measurement device
Krater Derinliklerinin 6lgﬁlmesi (Crater Depth Measurement)

Erozyon deneylerine tabii tutulan numunelerinin yiizeylerinde olusan krater derinlikleri, Sekil 5'de
verilen ti¢ boyutlu temassiz lazer optik profilometre cihazi ile dl¢iilmiistiir.
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Sekil 5. Temassiz lazer optik profilometre
Figure 5. Non-contact laser optical profilometer

BULGULAR (RESULTS)
Erozyon Miktarinin Zamana Goére Degisimi (Change of Erosion Amount According to Time)

AA6061, Ti-6Al-4V ve SS304 metalik malzemelerinin erozyon miktarinin zamana gore degisimleri
Sekil 6 — 11" de verilmistir. Sekil 6'da Ti-6Al-4V alasiminda 100 m/s sabit parcacik carpma hizindaki degisik
parcacik carpma agilarinda olusan erozyon miktarmin zamana gore degisimi verilmistir. Grafikten
goriildiigii iizere en diisiik erozyon miktar1 90° parcacik carpma agisinda elde edilmistir. Tlk 4. dakikada
erozyon miktary; 3.50 mg iken 8., 12. ve 16. dakika sonunda sirastyla 6.60, 10.40 ve 13.37 mg olarak elde

edilmistir.
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Sekil 6. Ti-6Al-4V malzemesi igin 100 m/s pargacik ¢arpma hizi ve farkli carpma agilarindaki kiitlesel

erozyon miktarinin zamana gore degisimi
Figure 6. Mass erosion variation vs. time for Ti-6Al-4V material at particle impact velocity of 100 m/s and different impact angles

Sekil 7’de Ti-6Al-4V alasiminin 90° parcacik ¢carpma agis1 degerinde, farkli parcacik ¢arpma hizindaki
erozyon miktarinin zamana gore degisimi verilmistir. Grafikten goriildiigii gibi en diisiik erozyon miktar:
100 m/s hiz degerinde elde edilmigken, carpma hiz1 arttikca erozyon miktari artmaktadir. Ornegin Ti-6Al-
4V alasimindaki erozyon miktari; 100 m/s carpma hizinda 4., 8., 12. ve 16. dakika sonunda sirasiyla 3.50,
6.60, 10.40 ve 13.70 mg olarak elde edilmistir. 127 m/s hiz degerindeki erozyon hasarlar ise 4., 8., 12. ve
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16. dakika sonunda sirasiyla 5.80, 12.05, 18.00 ve 24.05 mg olarak elde edilmistir. 170 m/s hizinda yapilan
deneylerde ise 4. dakika sonunda 11.15 mg erozyon miktar1 olgiilmiistiir. Bu erozyon miktar1 diger
dakikalarda beklendigi gibi zamanlar dogrusal olarak artmustir. 210 m/s’ lik parcacik ¢arpma hizindaki
deneyler icin ise aymi dakikalar sonunda yapilan oOl¢iimlerde sirasiyla 18.40, 37.35, 56.25 ve 75.40 mg
erozyon degerleri elde edilmistir. Son olarak 250 m/s parcacik capma hizinda yapilan deneylerde ise
maksimum erozyon miktar1 elde edilmis olup 4., 8., 12. ve 16. dakika sonunda sirasiyla 28.15, 56.35, 84.50
ve 112.30 mg olarak belirlenmistir.
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Sekil 7. Ti-6Al-4V malzemesi i¢in 90° carpma agis1 ve farkh parcacik carpma hizlarindaki kiitlesel

erozyon miktarinin zamana gore degisimi

Figure 7. Mass erosion variation vs. time for Ti-6Al-4V material at impact angle of 90 and different particle impact velocities

Sekil 8 ve Sekil 9'da ise AA6061 alasimindaki degisik pargacik carpma agis1 ve hizlarinda meydana
gelen kiitlesel erozyon miktarinin zamana gore degisimleri verilmistir. AA6061 malzemesi i¢in zamana
gore elde edilen erozyon miktari, Ti-6Al-4V alasimina benzer sekilde dogrusal olarak artmustir.
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Sekil 8. AA6061 malzemesi i¢in 100 m/s pargacik carpma hiz1 ve farkli carpma agilarindaki kiitlesel

erozyon miktarinin zamana gore degisimi

Figure 8. Mass erosion variation vs. time for AA6061 material at particle impact velocity of 100 m/s and different impact angles
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Sekil 9. AA6061 malzemesi i¢in 90° carpma agis1 ve farkli pargacik carpma hizlarindaki kiitlesel

erozyon miktarinin zamana gore degisimi
Figure 9. Mass erosion variation vs. time for AA6061 material at impact angle of 90 and different particle impact velocities

Sekil 10 ve Sekil 11’de ise SS304 malzemesindeki degisik parcacik carpma agisi1 ve hizlarinda meydana
gelen Kkiitlesel erozyon miktarinin zamana gore degisimleri verilmistir. Grafiklerden kiitlesel erozyon
miktarmin zamana gore degisimleri diger malzemelere oldugu gibi hemen hemen dogrusal artmigtir.
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Sekil 10. SS304 malzemesi i¢in 100 m/s parcacik carpma hizi ve farkli carpma agilarindaki kiitlesel

erozyon miktarinin zamana gore degisimi
Figure 10. Mass erosion variation vs. time for $5304 material at particle impact velocity of 100 m/s and different impact angles
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Sekil 11. 55304 malzemesi i¢in 90° ¢arpma agis1 ve farkl parcacik carpma hizlarindaki kiitlesel

erozyon miktarinin zamana gore degisimi
Figure 11. Mass erosion variation vs. time for S5304 material at impact angle of 90 and different particle impact velocities

Erozyon Miktarinin Carpma Acisina Gore Degisimi (Change of Erosion Amount According to Impact Angle)

Erozyon miktarinin pargacik carpma agisina gore degisimleri Sekil 12 ve Sekil 13’ de verilmistir. Sekil
12’de, 100 m/s pargacik carpma hizinda yapilan deneyler sonucunda elde edilen kiitlesel erozyon oraninin
parcacik carpma agisina gore degisimleri verilmistir. Grafikten goriildiigii gibi, kiitlesel erozyon orani en
fazla SS304 paslanmaz celiginde elde edilmistir. Bu malzemede maksimum erozyon orani 30° ¢arpma
agisinda goriiliirken minimum ise 90° pargacik ¢carpma agisinda goriilmiistiir. Ti-6Al-4V alasiminda, SS304
paslanmaz celigine oranla daha az kiitlesel erozyon orani goriilmiistiir. Bu alasiminda maksimum kiitlesel
erozyon orani 20° ¢carpma agisinda, en diisiik erozyon oramni ise 90° ¢arpma agisinda elde edilmistir. En iyi
kiitlesel erozyon orani performansi AA6061 alasiminda goriilmiistiir. Bu malzeme de diger metalik
malzemelerindekine benzer erozyon davranisi elde edilmis olup, maksimum kiitlesel erozyon orani 30°
carpma agisinda, minimum kiitlesel erozyon orani 90° ¢carpma agisinda elde edilmistir.
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Sekil 12. 55304, AA6061, Ti-6Al-4V malzemeleri i¢in100 m/s pargacik carpma hizindaki kiitlesel

erozyon oraninin ¢arpma agisina gore degisimleri
Figure 12. Mass erosion rate variation vs. impact angle for 5S304, AA6061 and Ti-6Al-4V materials at particle impact velocity of 100 m/s
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Erozyon hasarinda krater derinligi malzemenin delinmesinde énemli bir 6lgii olmaktadir. Bu sebeple
yukarida kiitlesel olarak verilen erozyon oranlari ayrica hacimsel olarak ta hesaplanmistir. Hacimsel
erozyon oranlar1 kiitlesel erozyon miktarinin malzemenin kendi yogunluguna boliinmesiyle elde
edilmistir.

Sekil 13’de deney numunelerine ait hacimsel erozyon oranlarinin ¢arpma agisina gore degisimleri
verilmigtir. Grafikten goriilebilecegi iizere; en iyi hacimsel erozyon orami S5304 malzemesi igin elde
edilmigken, bunu Ti-6Al-4V ve AA6061 alagimlar: takip etmistir. Kiitlesel erozyon oran1 bakimindan en
iyi performansi gosteren AA6061 alasimi, hacimsel erozyon oraninda en kotii durumda olmustur. Bunun
nedeni AA6061 alagim yogunlugunun (2700 kg/m?3) diger SS304 (7850 kg/m?3) ve Ti-6Al-4V (4428 kg/m3)
numunelerine gore daha diigiik olmasidur.
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Sekil 13. 55304, AA6061, Ti-6Al-4V malzemelerinde100 m/s parcacik ¢carpma hizindaki hacimsel

erozyon oraninin ¢arpma agisina gore degisimleri
Figure 13. Volumetric erosion rate variation vs. impact angle for SS304, AA6061 and Ti-6Al-4V materials at particle impact velocity of 100
m/s

Erozyon Miktarinin Carpma Hizina Gore Degisimi (Change of Erosion Amount According to Impact Velocity)

Erozyon deneyleri sonunda malzemelerde meydana gelen kiitlesel erozyon oraninin parcacik carpma
hizina gore degisimleri Sekil 14’de bir arada verilmistir. Kiitlesel erozyon orami en yiiksek SS304
paslanmaz celiginde elde edilmisken, en diisitk AA6061 alasiminda elde edilmistir. Erozyon oranlar: 120
m/s hizindan sonra 6nemli derecede artis gosterirken kiitlesel erozyon oranlari literatiirdeki ¢alismalarla
uyumlu olarak dogrusal olmayan bir sekilde artmistir.
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Sekil 14. 55304, AA6061, Ti-6Al-4V malzemeleri i¢in 90° parcacik carpma agisindaki kiitlesel erozyon

oraninin parcacik ¢arpma hizina gore degisimleri

Figure 14. Mass erosion rate variation vs.particle impact velocity for 55304, AA6061 and Ti-6 Al-4V materials at particle impact angle of

90°

Krater Derinlikleri (Crater Depths)

Sabit 90° parcacik carpma agisinda yapilan erozyon deneyleri sonrasinda, numune yiizeylerinin
deforme olmus goriintiileri Sekil 15’de verilmistir. Sekilden goriilecegi iizere ¢arpma hizinin artmasiyla
bitiin malzemeler i¢in krater derinlikleri de artmaktadir.
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Sekil 15. 90° carpma agisinda yapilan deneylerden sonra numunelerde olusan krater goriintiileri

AA6061, (b) SS304, (c) Ti-6Al-4V
Figure 15. Crater images on samples after experiments at 90° impact angle
(a) AA6061, (b) SS304, (c) Ti-6Al-4V
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Sekil 16’da ise 90° parcacik carpma agisinda numunelerde meydana gelen krater derinliklerinin
grafikleri verilmistir. Sekil incelendiginde en diisiik krater derinligi 99.17 um degeri ile SS5304 paslanmaz
celiginde elde edilmisken en yiiksek krater derinligi 127.55 um ile AA6061 alasiminda elde edilmistir. Elde
edilen bu degerler, krater derinlikleri numunedeki hacimsel erozyon oranlar ile iliskili oldugunu
gostermektedir. Bu sonug, Sekil 13’te belirtilen, en iyi erozyon davrarmgi SS304 celiginde ve en kotii

erozyon davramsinin AA6061 alasiminda gorildiigii sonucuyla uyumludur.
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Sekil 16. 90° carpma agisinda malzemelerde olusan krater derinlikleri

(a) AA606, (b) SS304, (c) Ti-6Al-4V
Figure 16. Crater depths of materials at 90° impact angle
(a) AA606, (b) SS304, (c) Ti-6Al-4V
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Sekil 17. Ti-6Al-4V numunesinde deney sonrasi elde edilen optik mikroskop goriintiileri
Figure 17. Optical micrograph images of Ti-6Al-4V sample after experiment

SONUCLARIN IRDELENMESI (DISCUSSIONS)

Bu calismada miihendislikte yaygin olarak kullamilan AA6061, SS304 ve Ti-6Al-4V metalik
malzemelerinin yiiksek hizlardaki kat1 parcacik erozyon performanslari incelenmistir.

Erozyon miktar1 zamana gore her ag1 degeri icin literatiirle de uyumlu olarak dogrusal artarken,
parcacik ¢arpma hizi ile dogrusal olmayan bir sekilde artmistir (Hadavi ve dig., 2015, Atroshenko ve dig.,
2017).

Deney sonrasi numune yiizeylerinde olusan krater derinlikleri incelendiginde (Sekil 16) ise hacimsel
erozyon performanslarina paralel olarak en yiiksek krater derinligi AA6061 alasiminda, en diisiik krater
derinligi ise S5304 paslanmaz celiginde elde edilmistir.

Sekil 17 de Ti-6Al-4V alasimimin 90° c¢arpma agis1 igin test sonrasit optik mikroskop goriintiileri
verilmistir. Sekil 17b incelendiginde Ti-6Al-4V alasiminin yiizeyinde, asindirici tozlarin mikro kesme ve
kazima ile erozyona neden oldugu goriilmektedir. Parcaciklar, numunenin bazi bolgelerinde plastik
deformasyonlar ile cukurlagsmalara neden olurken bazi noktalarda numunelere yapismaktadir (Sekil 17c).
Bu da deney esnasinda siinek malzemelerde goriilen inkiibasyon sathasinin olustugunu gostermektedir.
Bu davranis literatiirdeki siinek malzemelerdeki erozyon mekanizmasiyla da uyusmaktadir (Finnie,1960).

Bu calismada elde edilen sonuglar Ally (2010) ve Yarramedy (1990)" nin yapmis olduklar1 deneysel
calismalarla karsilastirilmis ve sonuglar Sekil 18’ de verilmistir. Iki arastirmact da hedef malzeme olarak
Ti-6Al-4V kullanmislardir. Ally asindirici pargacik olarak 50 pum nominal boyuttaki aliimina pargaciklarini
hedef malzemeye (Ti-6Al-4V) 106 m/s parcacik ¢arpma hizi ile gondermisken, Yarramedy 125 pum
boyutundaki silikon karbit kullanmis ve ¢arpma hizi olarak ta 55 m/s yi se¢mistir. Bizim ¢alismamizda ise,
Ti-6Al-4V Grade 6 alasimi igin erozyon testleri, 50 um aliimina parcaciklarimin 100 m/s pargacik ¢arpma
hizi ile hedef ytizeye firlatilmistir. Her ii¢ sonugta ¢arpma agisina gore maksimum erozyon oranlari 20-30°
de elde edilmis olup erozyon oranlarinda sapmalar olusmustur. Sonuglar arasindaki farklarin nedenleri
arasinda; kullanilan malzemelerin farkl 1sil isleme tabi tutulmasi, kat1 parcaciklarin farkli 6zelliklere
sahip olmasi ve kat1 parcacik hizlarinin yaklasik 6lgiilmesi sayilabilir.
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Sekil 18. Ti-6Al-4V alasimlarinin kiitlesel erozyon oranlarmin karsilastirilmasi
Figure 18. Comparison of mass erosion rate-impact angle behavior of Ti-6Al-4V alloys

Sekil 19" da ise Ally’nin ayrn1 ¢alismasindaki AA6061 alasiminda elde ettigi sonuglar ile bu ¢alismada
elde edilen sonuglar karsilagtirilmigtir. Carpma agisina gore maksimum erozyon oranlari titanyum
alasiminda oldugu gibi 20°- 30° arasinda elde edilmis ancak degerlerde sapmalar olusmustur. Bu
sapmalar titanyum kismindaki benzer ifadelerle aciklanabilir.
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Sekil 19. AA6061 alagimlarinin kiitlesel erozyon oranlarinin karsilagtirilmasi
Figure 19. Comparison of mass erosion rate-impact angle behavior of AA6061 alloys
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OZ: Bu makalede bir derin ¢ekme pres makinesinin PLC tabanli bulanik mantik kontrolii
gerceklestirilmistir. PLC ortaminda Bularuk Mantik Denetleyiciler i¢in bulaniklastirma, ¢ikarim islemi ve
durulastirma adimlar: ayr1 bloklar olarak gerceklestirilmis, bloklarin program dahilinde ytiriitiilmesi ile
kontrol islemi gerceklestirilmistir. PLC ortaminda gergeklestirilen bulanik mantik kontrol programi,
derin ¢ekme pres makinasinda uygulanmis ve karsilagtirma amacl sonuglar elde edilmistir. Ayrica
hidrolik derin ¢ekme pres makineleri igin Endiistri 4.0 kavrami incelenmis, mevcut sistemlerle
karsilastirilmasi yapilmis ve mevcut sistemlerin Endiistri 4.0’a uyumlar: ele alinmistir. Calismada, proje
kapsaminda iki farkli hidrolik derin ¢ekme pres makinesi ele alinmistir. Bunlardan biri klasik olarak
kontrol edilen AC motor tahrikli sabit devir ve debide olan hidrolik gii¢ {initesi ile ¢alisan bir prestir.
Diger makine ise servo motor tahrikli degisken debili hidrolik pompanin bulundugu hidrolik gii¢ tinitesi
ile calisan sistemdir. Bu iki sistem arasinda belirli 6zellikler igin kiyaslama yapilarak Endiistri 4.0 uyumu
ve iistlinltigii somutlastirilmaya calisilmistir.

Anahtar Kelimeler: Bulanik Mantik, PLC, Derin Cekme Pres Makinesi, Hidrolik Pres, Servo Pres, Endiistri 4.0

PLC Based Fuzzy Logic Control Of A Hydraulic Deep Draw Press Machine

ABSTRACT: In this article, PLC based fuzzy logic control of a deep drawing press machine has been
realized. In the study, blurry, inference process and clearing steps were carried out as separate blocks for
Fuzzy Logic Controllers in PLC environment. Fuzzy logic control program implemented in PLC
environment was applied on deep drawing press machine and comparison results were obtained. In
addition, the concept of Industry 4.0 has been examined for hydraulic deep-drawing press machines,
compared with existing systems and the compliance of existing systems with Industry 4.0 has been
discussed. In this study, two different hydraulic deep drawing press machines are discussed. One of
them is a conventional prestressed AC motor driven station with a constant speed and flow rate
hydraulic power unit. The other machine is a hydraulic power unit with servo motor driven variable
flow hydraulic pump. A comparison between these two systems has been made for specific features, and
the convergence and superiority of Industry 4.0 has been tried to be concretized.

Keywords: Deep Drawing Press Machine, Fuzzy Logic, Hydraulic Press, Industry 4.0, Servo Press, PLC

GIRIS INTRODUCTION)

Hidrolik pres makineleri, bir elektrik motoru yada servo motor tahrikiyle c¢alistirilan hidrolik
pompanin, hidrolik bloga basmis oldugu belirli basing ve debideki hidrolik yag ile calisan endiistriyel
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araglardir. Hidrolik blok {izerindeki valflere hidrolik gii¢ iinitesinin elektrik mantik diyagramina gore
enerjinin belirli bir sirada verilmesiyle blok hatlarindan gegen basingh hidrolik yag, pres makinesinin
kog ve pot tablalarinin silindirlerine ulasir. Silindirlerin pistonlarini hareket ettirerek tablalarin hareketi
saglanmis olur. Silindirlere gonderilen yag miktar1 ve basinc kontrol edilebildigi i¢in presin asag1 yukari
hizlar1 ve tonaji istenen degerlerde ayarlanabilir. Bu ozelliklerden dolay: Ozellikle derin g¢ekme
kaliplarinda Sekil 1'de goriildiigii gibi hidrolik presler kullanilir.

Hidrolik preslerin en belirgin 06zelligi her vurusta aym kuvveti uygulamaktir. Sekillendirme
presinin ihtiyaci olan giicii {ireten degisken hizli pompa, tahrik sistemlerini igerecek hidrolik gii¢ tinitesi,
hidrolik pompa, kontrolér ve servo motordan olusan kapsamli bir sistemi igermesinin yani sira ¢evrim
karakteristigine ve yapilandirmasma dayanan bir yazihmdan olugsmaktadir. Bu sistem, basing ve debi
kontrol sistemini temel almaktadur.

Bu calismada, bir servo siiriicii kullanilarak, sistem yag hacmini ve basmcini kontrol etmek igin
dinamik ve ¢ok ekonomik bir ¢6ziim ortaya konulmustur. Ayrica, yeni tasarlanan hidrolik tiniteden elde
edilen verilerin karsilastirilmasi igin klasik sistemle yapilmis bir hidrolik gii¢ {initesi de calistirilmis ve
deneysel test verileri elde edilmistir (Bostan, 2011).

Sekil 1. Hidrolik derin ¢ekme presi
Figure 1. Hydraulic deep drawing press

Endiistriyel bir siirecin denetimi i¢in tasarim yapilirken her seyden Once o siirecin bir dinamik
modeline gereksinim vardir. Ancak pratikte bu her zaman miimkiin olmayabilir. Siireg igerisindeki
olaylar matematiksel modellemeye el verecek oOl¢iide agikca bilinmeyebilir veya bir model kurulabilse
bile bu modelin parametreleri zamanla degisiklikler gosterebilir (Yilmaz, 1999). Baz1 durumlarda ise
dogru model kurulsa bile bunun denetleyici tasariminda kullanilmas: karmasik problemlere yol acabilir.
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Bu gibi sorunlarla karsilasildigi zaman genellikle uzman bir kisinin bilgi ve deneyimlerinden
yararlanilma yoluna gidilir (Ozgalik, 2008). Uzman kisi dilsel niteleyiciler (linguistic variables) olarak
tanimlanabilecek; uygun, ¢ok uygun degil, yiiksek, fazla, ¢ok fazla gibi giinliikk yasantimizda sikg¢a
kullandigimiz kelimeler dogrultusunda esnek bir denetim mekanizmasi gelistirir. Iste bulanik mantik
denetim de bu tiir mantiksal iligkiler {izerine kurulmus bir yaklagimdir (Zadeh, 1971).

Bulanik mantigin sagladig1 en biiyiik fayda ise "insana 6zgii tecriibe ile 6grenme" olayinin kolayca
modellenebilmesi ve belirsiz kavramlarin bile matematiksel olarak ifade edilebilmesine olanak
tanimasidir (Sinecen, 2002). Bu nedenle dogrusal olmayan sistemlere yaklasim yapabilmek i¢in 6zellikle
uygundur. Bunun i¢in kural tabani olusturulur. Kural tabani incelenen konuya iliskin insanligin o giine
kadar edindigi tiim gozlem, deneyim ve matematiksel bagintilar1 yani tiim bilgiyi icermelidir. Kural
tabani ne kadar iyi ve genis hazirlanirsa o kadar hassas ve dogru sonuglar elde edilir (Saad, 2012).
Bulanik mantik, fotograf makineleri, gesitli elektronik beyaz esyalar, fiizeler, robotlar, otomasyon ve
akilli kontrol sistemleri, akilli bina sistemleri ve otomatik iletim hatlar1 gibi uygulamalarda sik¢a
kullanilmaktadir (Da Ruan, 1998). Bu avantajlar dikkate alindiginda, bir hidrolik derin ¢ekme pres
makinasinin bularuk mantik kontrolii ile, sistemin kararliligi ve enerji tasarrufu saglayacagi
ongoriilmektedir. Calismada bu dogrultuda, bir PLC elemani kullanilarak girisine gelen geri besleme
bilgisini bularik mantik kontrol algoritmas: ile isleyerek kontrol c¢ikisini giincelleyen bir kontrol
donanimi tasarlanmistir. Boylece, derin ¢ekme pres makinalarinda daha hassas ve daha kararli bir
calisma amagclanarak, sistemin daha verimli hale gelmesi saglanacaktir.

Endiistri 4.0 kavrami, otomasyona yonelik sistemlerin saha sensorleri ve ug birimlerinden
gonderilen verilere ve gelen verilerin iglenmesine dayanmaktadir. Endiistri 4.0 yaklagimu ile, otomasyon
sistemleri mevcut c¢alisma kosullar, performanst ve elde ettigi sonuglar olarak stirekli
Olctimlenmektedir. Toplanan veri, endiistriyel standartlarda veri aktarimina uygun ve yiiksek giivenlikli
iletisim sistemleriyle biiyiik veri merkezlerine iletilmektedir. Ardindan, bu veriler yiiksek performanslh
analiz sistemleriyle anlamli verilere ve somut aksiyonlara doniistiiriilmektedir. Boylece; sistemlerin
verimliligini artiracak yeni yaklasimlarin uyarlanmasi, sorun ¢tkaran bir bilesenin devre dis1 birakilarak
is yiikiiniin diger bilesenlere aktarilmasi gibi siireglerin hepsi otomatik olarak gerceklestirilmektedir
(Kaynak, 1993). Yani, makineler ve sistemler kendi kendini yeniden ayarlamakta, kendi ¢alismasini
optimize etmekte, hatta yapay zekay1 kullanarak yeni sorunlara yeni ¢dziimler iiretmektedir. Insanlarm
yerine karar vermekte ve uygulamaktadir (Kilig, 2017). Bu, gelisen teknoloji yardimiyla kendi elde ettigi
verileri kullanarak kendi siireglerini yeniden diizenleyebilen, kendi ¢6ziimiinii kendi {ireten ve kendi
kendini optimize eden makinelerin yer aldig: bir siirectir (Selek, 2017). Bu ¢alismada ayrica, Hidrolik
Derin Cekme Pres Makinesi (Hydraulic Deep Draw Press Machine) i¢in Endiistri 4.0 uygulanabilirligi
ele alinarak, avantajlar1 ortaya konulacaktir.

PLC TABANLI BULANIK MANTIK KONTROL (PLC BASED FUZZY LOGIC CONTROL)

Bulanik mantik kontrol, Sekil 2'de goriildiigii gibi bes temel bilesenden olusur. Bunlar; olgekleme,
bularniklastirma, bulanik bilgi ve kural tabani, ¢ikarim birimi ve durulastirmadir (Altas, 1999). Bulanik
mantik denetim islemi optimum cikisi elde etmek igin genel olarak giris bilgilerinin 0-1 araliinda
bulanik kiime (set) degerlerine dontismesiyle baslar. Daha sonra bilgi tabanina gore gerekli ¢ikarimlar
saglanarak olusturulan kural tabanina gore uygun ¢ikis i¢in bulanik kiime (set) degerleri olusturulur. En
sonunda bu bulanik set degerlerinden durulastirilmis kontrol ¢ikisi elde edilir (Ozdemir, 2012).

Bulanik sistemde bilgi tabani, karar verme biriminin kural tabaninda da kullamilan bilgileri aldig:
veri tabani (data base) ve denetim amaglarina uygun dilsel denetim kurallarinin bulundugu kural tabani
(rule base) olmak {izere iki kisma ayrilabilir (Aydogmus, 2009). Genel olarak da uygulama donemindeki
bilgilerden ve denetim amagclarindan olusur. Bilgi tabanindan dilsel denetim kurallarmin
tanimlanmasinda ve bulanik mantik denetimindeki bulanik bilgi isleme siiresince yararlanilir. Kurallar
kiimesi denetimin amaglarini, siirecini ve stratejisini belirler. Denetimi yapilan sistemle ilgili,
bulaniklastirma (fuzzification), bulanik ¢ikarim, durulastirma (Defuzzification) islemleri sirasinda gerek
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duyulan iyelik islevi ve kural cizelgesi bilgileri veri tabanindan (data base) kullanima sunulur (Elmas,
2007).

Yapilan calismada asenkron motor tahrikli hidrolik pompa ile ¢alisan standart hidrolik pres
makinesi incelenmis ve sistem basinc {izerinde olusabilecek degisiklikleri olabildigince minimum
seviyelere cekerek sistemin daha optimum bir sekilde bulanik mantik denetleyici kullanilarak
calistirllmas1 hedeflenmistir. Hidrolik pres makinelerinde optimum is yapilabilmesi icgin sistem
basimcinin her bir ¢evrimde sabit kalmasi gerekmektedir. Basincin ¢ok kiiciikte olsa sabit kalmama
nedenleri arasinda sistemdeki 1s1 kayiplari, basincin olustugu boliimlerdeki mekanik kayiplar, sistem
basimncinin dlgiildiigii transmitterin 6l¢tim hassasiyeti yada PLC’den gerekli analog sinyalin génderildigi
basing oransal valflerinin calisma hassasiyetleri gosterilebilir. Uygulama iizerinde PLCnin BM
modiiliinii kullanarak ilgili parametre ayarlar: ile modiil aktif edilip PLC igerisine yazilan yazilimla bu
islem gergeklestirilebilecegi gibi, BM modiiliinii kullanmadan PLC igerisinde BM kontrol modellemeleri
yaparak da daha kompleks bir yazilim ile basing kontrolii saglanabilir. BM kontrol modelleme tercih
edilmesinin avantajlar;; genel kontrol algoritmasi, hizli tepki vermesi ve en optimum karar alinmasi
olarak siralanabilir (Karakuzu, 2013).

_____________________________ Bulanik Bilgi &
: i Kural Tabani . |
v ' v V v
Girigler L Ciki
Girig Cikarim Cikis §
|:|'> - Bulaniklastirici f,) 7 B purulastiricr e —>
Olgekleme = Birimi [ : Olgekleme

Sekil 2. Bulanik mantik kontrol temel yapisi

Figure 2. Fuzzy logic control basic structure

Calismada, hidrolik derin cekme pres makinesinin mekanik aksamui tasarlandiktan sonra Sekil 3'de
gosterilen elektrik panosunda yer alan PLC igerisinde bulanik mantik kontrol yazilimi gelistirilmistir.
Makine tizerindeki hidrolik gii¢ iinitesinde hidrolik blok yer almaktadir. Bu hidrolik blok {izerinde yer
alan ve bulundugu hattin basincini 6lgen basing transmitterinden alinan analog sinyal, PLC igerisinde
yazilan bulanuk mantik kontrol ile islenmistir. Islenen bu sinyal daha hizli ve daha kararh bir sekilde
analog bir sinyale doniistiiriilerek blok hattina basinci saglayan oransal valf kartina verilmistir. Boylece
kapali ¢evrim bulanik mantik kontrol sistemi amaglanmistir. Kapali ¢evrim bulanik mantik kontrol
sisteminde, klasik sistemdeki basing kontroliine gore daha hassas ve sistem basmcinin olmasi gereken
stabil degerleri, operatoriin panelden girerek istemis oldugu sistem basing degerlerine daha yakinlik
gostermistir. PLC, girisinden okumus oldugu analog sinyali kendi igerisindeki yazilimla ¢ikisina daha
kararh bir sekilde aktardig1 gozlemlenmistir. Boylece ortaya ¢ikacak iiriiniin daha diizgiin olmas: icin
gerekli basing ve tonaj degeri ne ise sistem daha kararli saglamistir. Sistemin istenen basinci birebir aymn
degeri verememesi, basing verici (transmitter) ve oransal valf kartinin Sl¢giim hassasiyetlerinden ve
sistemdeki kayiplardan kaynaklanmaktadir.
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Sekil 3. Hidrolik pres elektrik kontrol panosu

Figure 3. Hydraulic press electrical control board

Sekil 4’de bulanik mantik kontrol algoritmalarinin yiiriitiildiigii PLC tabanli bulanik kontrol sistemi
blok semas: goriilmektedir. Input-1 (I1) sistemin basinci ( Kog¢ Tabla Basinct )'m1 6lgen ve c¢ikisinda
analog bir sinyal veren basing verici, Output-1 (O1) ise girisine gelen analog sinyale gore basincin
uygulanmasini saglayan basing oransal valf ve kontrol kartin1 gostermektedir.

Hidrolik Press

¢ > |D Bulanik
Denetleyici
— || XA .
" Oransal Valf &
PC & HMI PLC Kontrol (O1)

Transmitteri (I1)

Sekil 4. PLC tabanli bulanik kontrol sistemi
Figure 4. PLC based fuzzy control system

Sistem operator HMI ekranindan calistirildiktan sonra pres makinesi yapmasi gereken islevi
gerceklestirirken I1 basing sensoriinden okunan analog sinyal PLC’de bir dizi igerisinde kaydedilir.
PLC’de yer alan BM kontrollii program devreye girer. Sekil 5'de blok diyagramlar1 verilen Min-Max
yontemi ile okunan basing degerlerinin minimum ve maksimumlari tespit edilmistir.

PLC analog modiil ¢ikigina verilecek olan sinyalin minimum ve maksimumlar: yine Sekil 5'te
gosterildigi gibi program tarafindan tespit edilir. Tespit edilen ¢ikis degerleri program igerisinde Sekil
6’da gosterildigi gibi agirlik ortalamas: fonksiyonuna tabi tutularak cikisa verilmesi gereken en uygun
¢ikis yiizdesi bulunur. Sekil 7’de bulunan ¢ikis yiizdesi degerine gore oransal valf kartina ne kadarlik bir
analog sinyal uygulanmas: gerektigine PLC karar verir.
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Sekil 5. PLC yaziliminda min-max ¢ikarim iglemi
Figure 5. Min-max inference process in PLC software

HIDROLIK PRES MAKINELERINDE ENDUSTRI 4.0 UYGULAMASI (INDUSTRY 4.0 APPLICATION IN
HYDRAULIC PRESS MACHINES)

Klasik hidrolik sistemler ile servo tahrikli hidrolik sistemleri karsilastirmak iizere iki farkli preste
hidrolik {initeler birim zamanda yapilan is ve enerji sarfiyati 6l¢limii i¢in ¢alistirilmistir. Birim zamanda
cikan is parcasi sayisi, harcanan giig, olusan giiriiltii, yag sicakhig1 Ol¢iimleri yapilarak, elde edilen
verilere gore verimlilik hesaplar1 yapilmigtir. Servo motor tahrikli degisken hizli pompa ile calisan
hidrolik giic tinitesi ile yliksek enerji tasarrufu, verimlilik sayesinde, hidrolik sistemin gii¢ tiiketiminde
%13,98, ortam giliriiltiistinde %6 diislis elde edilmis, %18lik daha fazla {iretim yapilabilecegi
gozlemlenmistir. Ayrica daha az sicaklik girdisinden dolay:r da hidrolik sistemin ¢alisma Omriiniin
artmasi da beklenmektedir. Boylece Endiistri 4.0’a uygun bir sekilde sistem hassasiyeti arttirilmig olup
ve yiliksek bir enerji tasarrufu saglanmistir. Servo motorlu sistemin klasik sisteme gore daha diisiik
desibel seviyelerinde calismasi saglanmaistir.
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Sekil 6. PLC icinde agirlik ortalamasi ile durulastirma blogu
Figure 6. Defuzzification with weight mean in PLC

Her iki sisteme de Endiistri 4.0'in en 6nemli uygulamalarindan biri olan RFID teknolojisi entegre
edilebilir durumdadir. Boylece makine Endiistri 4.0’a uygun bir sekilde kendi kendine algilama, karar
verebilme, ve gerekli doneleri yazilan yazilimla kendi igerisinde saglayabilmektedir.

Endjistri 4.0'in en 6nemli uygulamalarindan biri olan RFID teknolojisi radyo frekanslariyla calisan
elektronik olarak tanimlama sistemleridir. Bu sistemlerin okuma-yazma kafasi ve etiket olarak iki
onemli bileseni vardir. Boylece preste sekillendirilecek iiriiniin cinsi, karakteristigi ne olursa olsun etiket
(tag) adi verdigimiz sistem bilesenleriyle okuma-yazma kafasindan okunan iiriin bilgisi sistemdeki
PLC’ye tanitilarak iiriiniin veya kalibin sekillendirilmesi i¢in gerekli olan basing ve tonaj degerleri
yazilim sayesinde hesaplanabilir duruma getirilmektedir. Boylece makine endiistri 4.0’a uygun bir
sekilde kendi kendine algilama, karar verebilme ve gerekli doneleri yazilan yazilimla kendi igerisinde
saglayabilmektedir.

Endiistri 4.0'in en Oonemli bilesenlerinden biri de IO-Link’tir. IO-Link otomatik olarak sensorleri
parametrelerle ifade etme, tesis durumlarmin tanisi ve degerlerin olgiimiinde kayiplari onleyerek
aktarma gorevi bulunan noktadan noktaya dagitilan seri iletisim protokoliidiir. Boylece daha kolay ve
daha hizli iletisim kurmak icin ve global olarak tercih edilen bir ¢6ziim yolu olmustur. Pres makinesi
tizerindeki hidrolik gii¢ {initesinde yer alan bazi elektronik cihazlar IO-Link ozellikli secildiginde,
operatoriin kullanacagr endiistriyel akilli tablet pc ekranmna yiiklenen 6zel parametrelendirme arayiiz
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programlar sayesinde parametre ayarlar1 yapilabilir duruma gelmektedir. Boylece, IO-Link o6zellikli
cihazlar olmasi sebebiyle hatalarin olabildigince minimize edilmesi, sistemde algilanan verinin ¢ok daha
hizli bir sekilde islenerek sinyal olarak aktarilmasi s6z konusudur.
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Sekil 7. PLC i¢cinde bulanik mantik kontrol ¢ikist
Figure 7. Fuzzy logic control output in PLC

Elektrik motorunun tizerine yerlestirilebilir durumda olan titresim-sicaklik sensorii sayesinde
motor, mekanik arizalardan ve bundan dolay1 olusabilecek can ve mal kayiplar, diger ariza gibi
siireglerden korunabilir durumdadir. Kestirimci-Bakimcilik sayesinde motorun anlik olarak mekanik
durumu ve sicakligiyla alakali bilgiler alinip islenebilir durumdadir. Sensériin ayarlanan degerlerine
yakin degerlerde, sensor ilgili gikiglarini tireterek operatore alarm verebilir durumdadir. Boylece sistem
tehlikelere karst korunmus olacaktir. Ayrica makine de beklenmeyen ve istenmeyen durumlar
yasanmay1p ciddi is potansiyel kayb1 ve mali kayiplarin 6niine gegilmis durumdadir. Bu durumda
Endiistri 4.0 i¢in 6nem arz etmektedir. Sonug olarak klasik hidrolik sistemlerin yerini artik Endiistri 4.0’a
uygun servo tahrikli hidrolik sistemlerin alacagi goriilmektedir.

DENEYSEL SONUCLAR (EXPERIMENTAL RESULTS)

Calismada, deneylerin yapilabilmesi icin oncelikle 6zel bir firma tarafindan tiretilen, boyut ve
kullanulan malzeme bakimindan aymni1 Ozelliklere sahip iki adet hidrolik pres makinesinden
yararlanilmistir. Ayni sekilde bu pres makineleri igin iiretilen, ve saselerin iist kismina montaj edilen iki
adet hidrolik gii¢ tinitesi denemeler i¢in kullanilmistir. Kullanilan hidrolik giig iinitelerinde, pompalar
ve onlar1 tahrik edici motorlar, servo motor ve asenkron motor olarak birbirinden farklidir. Ayrica
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pompalar, sabit debili ve degisken debili pompa olarak kullanilmig olup hidrolik giig iinitesinin diger
kullanilan malzemeleri ve boyutlar:i aymdir. Her iki sisteminde ¢alistirilmas: icin ihtiya¢ duydugu
elektrik tesisat1 olusturulup panolar: yapilmistir. Gerekli kontroller yapilip makineler devreye alindiktan
sonra her iki sistemde deneylerin yapilmasina hazir hale gelmislerdir.

Deneye baslamadan once ilk olarak Cizelge 1'de goriildiigii gibi kog ve pot tablalarinin her iki
makinede hizli inis, presleme ve sivama agsamalarindaki toplam katetmesi gereken mesafeler endiistriyel
PC iizerinden sisteme yiiklenmistir. Burada hedef, tablalar1 ayn1 mesafede caligtirarak zaman kaybi
olmadan ayru siireleri elde edip bu siireler icerisinde tiikettikleri enerji miktarlarini tespit etmektir. Yine
ayni ¢izelgede dikkat edilecegi gibi ko¢ ve pot tablalarinin basing degerleri ve makinelerin toplam
calisma is adetleri aym tutulup, tabla mesafelerinde oldugu gibi Endiistriyel PC iizerinden sisteme
yliklenmistir. Boylece her iki sistemde de makinelerin ayni isi yapmasi igin gerekli olan tiim donanim
ayn1 tutulmus olup geriye sadece motor farkliligindan ortaya gikacak olan enerji tiiketim farkliliklari
gozlemlenmistir.

Enerji tasarrufunun gozlenmesiyle alakali testler yapilirken her iki sistem arasinda birim g¢evrim
siirelerinde ¢ok fazla bir fark gozlenmemistir. Fakat yapilan her bir cevrim siirelerine karsilik bir
malzeme ¢ikmakta olup, makine giinliik haftalik vb. testlere tabi tutuldugunda enerji konusunda
Cizelge 2'de goriildiigli gibi %13,98 oraninda bir enerji tasarrufu elde edilmistir. Degisken debili
sistemde, pres makinasinin ihtiya¢ duydugu anlarda gerekli debi ve basinci iiretmek igin servo motor
devreye girmektedir. Degisken debili sistem pres makinasinin bosta bekleme siirelerinde motor
tarafinda enerji tiikketimini sifira diisiirmektedir. Bu durum makinanin uzun yillar kullanilacag: goz
oniinde bulundurulursa ciddi maddi kayiplarin 6niine gegmektedir.

Cizelge 1. Iki farkli hidrolik pres igin ortak test parametreleri

Table 1. Common test parameters for two different hydrolic presses

Kog ve Pot Tablalarinin Almis Oldugu Yol Mesafeleri

Koc Tabla Hizl1 Inis Mesafesi 200 mm
Kog Tabla Presleme Mesafesi 80 mm
Kog ve Pot Tabla Stvama Mesafesi 80 mm
Kog Tabla Alinan Toplam Mesafe 360 mm
Test Siireleri
Birim Is Adedi Boyunca Gegen Siire 18.8-18.9 sn
Malzemeyi Alma ve Yerlestirme Siiresi 11.38 —11.49 sn
Test Boyunca Gegen Toplam Siire 20 dk
Kog ve Pot Tablalarinin Sivama Esnasindaki Basing Degerleri ve Toplam Is Adedi
Kog Tablasinin Basing Degeri 40 — 42 Bar
Pot Tablasinin Basing Degeri 101 Bar
Toplam Is Adedi 40 Adet

Cizelge 2. iki Farkli Hidrolik Pres Igin Harcanan Enerji Degerleri
Table 2. EnergyConsumption Values For Two Different Hydraulic Presses

Enerji Ol¢iim Degerleri Bulanik Kontrollii Servo Tahrikli
Sabit Debili Pres Degisken Debili Pres
Test Bitiminde Elde Edilen Son Deger 361,3 kWh 153,8 kWh
Teste Baglamadan Onceki Ik Deger 323,4 kWh 121,2 kWh
ki Deger Arasinda Elde Edilen Fark 37,9 kWh 32,6 kWh
Birim 15 Adedi Boyunca Harcanan Enerji 0,948 kWh/Adet 0,815 kWh/Adet

Her iki sistemin giirtiltii seviyesinin zamana bagh 6l¢iim degerleri Cizelge 3'te verilmektedir. Her iki
makine icin ses ve giiriiltii seviyesi Ol¢limleri, dl¢iim cihaziyla makinanin 6n ve arka taraflarindan
makinaya 1 metre mesafeden 20 saniye boyunca yapilmistir. Bdylece; her iki sisteminde bir is ¢evrimi



582 0. AYDOGDU, A. CATKAFA

siiresi boyunca kag dB ses seviyesinde calistifi zamana bagl olarak kaydedilmistir. Yapilan
hesaplamalar sonucu elde edilen degerlerden anlasilacag: gibi ses ve giiriiltii seviyelerinde %6 gibi bir
azalma oldugu gozlemlenmistir. Bu test makinalarinin, bulundugu ortamdan daha yalitilmis bir
ortamda diger ortam giiriiltiilerinden arindirilmis bir sekilde ses ve giiriiltii seviyesi testleri yapilmis
olsayd: daha farkli sonuglar alinabilirdi. Ayrica, her iki pres icin tablalarin ¢alisma asamalarindaki almig
oldugu mesafeler aym tutulup tablalarm islem hizlar1 endiistriyel PC aracihgiyla Cizelge 4 ve Cizelge
5'de verildigi gibi kaydedilmistir.

Cizelge 3. Bulanik kontrollii sabit debili pres ve servo tahrikli degisken debili pres i¢gin giiriiltii 6l¢iimleri
Table 3. Noise Measurements for Fuzzy Controlled Constant Flow Press and Servo Driven Variable Flow Press

Bulanik Kontrollii Sabit Debili Pres | Servo Tahrikli Degisken Debili Pres
Zaman On Taraf Arka Taraf On Taraf Ol¢iimii Arka Taraf

(sn) Ol¢iimii (dB) Ol¢iimii (dB) (dB) Ol¢iimii (dB)
1. 73,50 78,60 69,09 73,88
2. 72,90 77,10 68,53 72,47
3. 69,60 73,70 65,42 69,28
4. 69,20 74,10 65,05 69,65
5. 70,00 73,60 65,80 69,18
6. 68,80 73,40 64,67 69,00
7. 70,50 73,90 66,27 69,47
8. 72,50 74,10 68,15 69,65
9. 70,50 75,50 66,27 70,97
10. 71,00 75,00 66,74 70,5
11. 71,50 75,30 67,21 70,78
12. 70,50 75,70 66,27 71,16
13. 70,90 74,10 66,65 69,65
14. 68,90 73,60 64,77 69,18
15. 76,90 79,80 72,29 75,01
16. 75,40 80,20 70,88 75,39
17. 70,40 76,00 66,18 71,44
18. 69,70 72,90 65,52 68,53
19. 68,90 72,20 64,77 67,87
20. 65,00 74,50 61,10 70,03
Maksimum 76,90 80,20 72,29 75,39

Servo motorun siiriicii iizerinden hiz ve tork gibi kazang deger parametreleri, sistemin goézle goriiliir
daha saglikli ¢calismasi durumu icin denenerek gerekli degere set edilmistir. Tablalarin ¢alisma hizindaki
verimliligi gozlemlendiginde ayni isi degisken debili sistem 15,4 saniye gibi bir ¢evrim siiresinde
yaparken, klasik sistem ise 18,8-18,9 saniye gibi bir ¢evrim siiresinde yerine getirmektedir. Degisken
debili sistem verilere gore %18 oraninda daha hizli ve kararli ¢alistig1 gozlemlenmistir. Servo motorun
sistemde ani kalkislarda zorlu yiik durumlarina daha cabuk adapte oldugu ve motorda y1gilma olmadan
gerekli torku {iretmesi, gereken devri ¢cok daha kisa bir siirede almasi ¢alisma hizindaki verimlilige etkisi
oldugu goriilmektedir.
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Cizelge 4. Bulanik kontrollii sabit debili pres i¢in ¢alisma hizi verimliligi test verileri
Table 4. Working speed efficiency test data for fuzzy controlled constant flow press

Kog ve Pot Tablalarinin Almisg 1.Deneme 2.Deneme | 3.Deneme
Oldugu Yol Mesafeleri
Kog Tabla Hizli inis Mesafesi 200 mm 200 mm 200 mm
Kog Tabla Presleme Mesafesi 80 mm 80 mm 80 mm
Kog ve Pot Tabla Stvama Mesafesi 80 mm 80 mm 80 mm
Kog Tabla Alinan Toplam Mesafe 360 mm 360 mm 360 mm
Kog ve Pot Tablalarinin Hiz
Degerleri
Kog Tabla Asagiya Inis Hiz1 130 mm/sn 130 mm/sn | 130 mm/sn
Kog Tabla Presleme Hizi 16 mm/sn 16 mm/sn 16 mm/sn
Kog Tabla Yukariya Cikis Hiz1 200 mm/sn 200 mm/sn | 200 mm/sn
Pot Tabla Yukariya Cikis Hiz1 42 mm/sn 42 mm/sn 42 mm/sn
Sivama esnasinda Kog Tabla Basinci 29 Bar 37 Bar 45 Bar
Sivama esnasinda Pot Tabla Basinci 73 Bar 91 Bar 125 Bar
Birim Cevrim Siiresi 18.8 sn. 18.8 sn. 18.9 sn.

Cizelge 5. Servo tahrikli degisken debili pres icin ¢alisma hizi verimliligi test verileri
Table 5. Working speed efficiency test data for servo driven variable flow press

Kog ve Pot Tablalarinin Almis 1.Deneme 2.Deneme | 3.Deneme
Oldugu Yol Mesafeleri
Kog Tabla Hizl1 Inis Mesafesi 200 mm 200 mm 200 mm
Kog Tabla Presleme Mesafesi 80 mm 80 mm 80 mm
Kog ve Pot Tabla Sitvama Mesafesi 80 mm 80 mm 80 mm
Kog Tabla Alinan Toplam Mesafe 360 mm 360 mm 360 mm
Kog ve Pot Tablalarinin Hiz
Degerleri
Kog Tabla Asagiya Inis Hiz1 160 mm/sn 160 mm/sn | 160 mm/sn
Kog Tabla Presleme Hizi 20 mm/sn 20 mm/sn 20 mm/sn
Kog Tabla Yukariya Cikis Hizi 250 mm/sn 250 mm/sn | 250 mm/sn
Pot Tabla Yukariya Cikis Hiz 50 mm/sn 50 mm/sn 50 mm/sn
Sivama esnasinda Kog Tabla Basina 22 Bar 35 Bar 43 Bar
Sivama esnasinda Pot Tabla Basinci 50 Bar 82 Bar 103 Bar
Birim Cevrim Siiresi 15.4 sn. 15.4 sn. 15.4 sn.

SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Bu calismada, sanayi uygulamalarinda kullanilan sabit ve degisken debili pres makineleri igin
gereken miihendislik hesaplamalarinin ve ARGE siireglerinin yapilmasindan sonra en optimum sekilde
makinelerin {iretimi saglanmaya calisilmigtir. Ayrica bulanik mantik kontrol algoritmalar ile basing
kontrol dongiileri iyilestirilmeye calisilmistir.

Calisma sonunda; bulanik mantik denetleyici, PLC igerisine Min-Max c¢ikarim yontemi, agirhik
ortalamasi yontemine gore gerceklestirilen durulastirma, cikis yiizdesinin elde edildigi yazilim ile
entegre edilmigtir. Eklenen bu yazilim ile sistem basincinin daha optimum sonuglar ile kontroliiniin
yapilmasi saglanmistir. Ayrica, endiistri 4.0 teknolojilerinden olan RFID, IO-LINK, Titresim-Sicaklik
Sensorii gibi 6zel uygulamalar Hidrolik Pres Makinelerine uygulanarak sisteme esneklik ve avantaj
saglanmugtir. Gelistirilen servo tahrikli sistem ile klasik hidrolik pres arasinda enerji verimliligi, ses
(glriiltil) seviyesi verimliligi ve calisma hizindaki verimlilikler gesitli test ve analizler yapilarak ortaya
konulmus, servo sistemin klasik sisteme gore farkliliklar1 on plana cikarilmistir. Yapilan bu test ve
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analizler sonucunda enerji tasarrufunda %13.98, ses (giiriiltii) azaltiminda %6, ¢alisma hizinda %18
oraninda verimlilik elde edildigi cizelgelerde anlatilmigtir.

Bu calismada kullanilan ve anlatilan yontemlerin bir¢ok hidrolik sisteme uyarlanabilecegi
goriilmektedir. Elde edilen sonuglardan yapilan calismanin, diger calismalara temel olabilecegini,
bulunan sonuglarin gelistirmeye agik oldugunu, anlatilan 6zelliklerin benzer ¢alismalara ve literatiire
151k tutacagini soylemek miimkiindiir.
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OZ: Giines enerjisi en uygun alternatif enerji kaynagidir; buna ek olarak giines enerjisi teknolojilerinin
uygulanmasi, elektrik enerjisi taleplerini giivenceye almanin yani sira ¢evre kirliligi ve elektrik {iretim
maliyetlerini de azaltabilir. Bu ¢alismada, maksimum gii¢ noktasi takip (MGNT) sistemlerinde kullanilan
i¢ algoritmanin degerlendirilmesi ele alinmaktadir. Bunlar sirasi ile Degistir ve Gozetle (D&G), Artiml
Tletkenlik (A) ve Bulanik Mantik (BM) tabanli algoritmalardir. Bu algoritmalar basitligi ve gergeklestirme
kolaylig1 nedeniyle MGNT'de en ¢ok kullanilanlar olarak kabul edilirler. Algoritmalar Matlab/Simulink
ortaminda tasarlanmis ve {i¢ algoritmanin matematik modelleri gesitli hava kosullarinda test edilmistir.
Benzetimler sonunda bu ii¢ algoritma igerisinden bulanik mantik algoritmasinin digerlerine oranla daha
fazla enerji saglayabildigi, daha az saliim yaptig1 ve degisken hava kosullar1 altinda daha hizli yanit
verdigi gozlenmistir.

Anahtar Kelimeler: Artimli iletkenlik, Bulanik mantik, Degistir & Gozetle, Fotovoltaik, MGNT

Comparative Analysis of Maximum Power Point Tracking Algorithms under Various Weather
Conditions for Standalone PV System

ABSTRACT: Solar energy is the most viable alternative source; furthermore, the implementation of solar
energy technologies can reduce the problems of environmental pollution and electricity production costs
besides securing the demands of electrical power. This research addresses the evaluation of three
algorithms used in maximum power point tracking systems (MPPT). These algorithms are Perturbation
& Observation (P&O), Incremental Conductance (IC) and Fuzzy Logic (FL). They are considered as the
most used in MPPT due to their simplicity and ease of realization. Based on Matlab/Simulink environment,
the mathematical models of the three algorithms are designed and tested under various weather
conditions. Collected simulation results illustrated the effectiveness of Fuzzy logic algorithm to draw more
energy, decrease oscillation and provide a fast response under variable weather condition. The final
simulation results show the fuzzy logic algorithm exhibits a better performance compared to both
perturbation & observation and incremental conductance algorithms.

Key Words: Incremental conductance, Fuzzy logic, Perturbation & Observation, Photovoltaic, MPPT

GIRIS INTRODUCTION)

Enerji {iretimi igin fosil yakitlara olan bagimliligin devam etmesi, atmosferik degisimlere yol agan
karbon emisyonlarindaki artisa yol agmaktadir. Ayrica, kiiresel anlamda enerji kullanimimin siirekli
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olarak artmasi, petrol ve dogal gaz tiiketimine olan talebi artirmaktadir. Buna karsin, yenilenebilir enerji
kaynaklar1 temiz olmalari, atik {iretmemeleri ve tiiketilemez olmalar: sebebiyle fosil kaynakl yakitlara ve
dogal gaza alternatif niteligindedir. Tim yenilenebilir enerji kaynaklari igerisinde en fazla dikkat ceken
enerji kaynagi, uygulama kolaylig1 ve diisiik maliyeti bakimindan giines enerjisi olmustur. Giines enerjisi
teknolojilerindeki ilerlemelere ragmen halen giines pillerinin enerji doniisiim verimliligi diistiktiir. Giines
panellerinin dogrusal olmayan karakteristik egrisi, giines 151mim seviyesine ve ortam sicakligina bagl
olarak degistiginden bazi dezavantajlara sahiptir (Fig. 1) (S. Mulel ve dig., 2016). Giines pillerinin
verimliligini artirmak ve giines pillerinden elde edilen giicii optimize etmek icin, Degistir ve Gozetle
(D&G), Artimli Tletkenlik (Al) ve Bulanik Mantik (BM) gibi bircok maksimum gii¢ noktasi takip teknigi
onerilmistir. Maksimum gii¢ noktas1 (MGN), Sekil 1’de belirtilen giines paneli akim-gerilim (I-V) egrisi
tizerindeki miimkiin olan en yiiksek giic ¢ikisina karsilik gelen (Pmax) noktadir ve maksimum gii¢ noktasi
izleyicisi: Degisken hava kosullar1 altinda siirekli olarak maksimum gii¢ noktasin1 bulmaya ¢alisan
donanimsal bilesendir (P. Takun ve dig., 2017). Bu baglamda, bahsedilen ii¢ teknigin performansin
degerlendirmek igin birgok arastirma yapilmistir. Bulanik mantik kontrol tekniginin, degisken sicaklik ve
degisken giines 1s1malari altinda bile maksimum giicii elde edebilen ve daha iyi bir maksimum gii¢ noktas1
takip basarisina sahip oldugu goriilmiistiir (Y.Yi Hong ve dig., 2011). Ek olarak, bulanik kontrol teknigi,
gilines paneli dizilerinin doniisiim verimliligini arttirmaktadir (R. Mahalakshmi ve dig., 2014). Bulanik
mantik kontrol tekniginin, maksimum gii¢ ¢ikisin1 korumak igin yiiksek kararlilik ve doniisiim verimi
sergiledigi de ortaya ¢ikmistir (Ch. Yan Chuang ve ark., 2017). Sekil 2'de bir maksimum gii¢ noktasi
izleyicinin fotovoltaik (FV) sisteme uygulanmasina dair blok semas1 gosterilmistir.
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Sekil 1. Giinel paneli P-V ve I-V karakteristik egrileri
Figure 1. P-V & I-V characteristics of a solar panel

Bu c¢alismada, bahsedilen ii¢ maksimum gii¢ noktast takip algoritmasinin performansini

degerlendirmek igin bir simiilasyon ortam1 olusturulmustur. Performans degerlendirmesi i¢in D&G, Al
ve BM algoritmalarinin matematiksel modelleri Matlab/Simulink'te tasarlanmistir. Simiilasyon sonuglari

farkli 1sin1m ve sicaklik seviyeleri altinda elde edilmistir.
DA-DA riike
Démistinici §““

Gorev Dongisst

MGNT Denstlayici

Sekil 2. Bir FV sistemde MGNT’ine dair blok semas1
Figure 2. Typical diagram of MPPT in a PV System
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MAKSIMUM GUC NOKTASI TAKIP TEKNIKLERI (MAXIMUM POWER POINT TRACKING TECHNIQUES)
Degistir & Gozetle (Perturbation & Observation)

Bu teknigin ¢alismasi, gorev dongiisiiniin degistirilmesine ve ¢ikis giiciiniin gozetlenmesine dayanr.
Ik olarak, gorev dongiisiindeki degisiklik pozitif ise ve giicte meydana gelen degisiklik de pozitif ise, bu
durum calisma noktasinin maksimum gii¢ noktasinin solunda olacagi ve bir sonraki degisimin pozitif
yonde olacagi anlamina gelir. Tersi durumda, eger giicteki degisim negatif ise, isletim noktasinin giines
paneli maksimum gii¢ noktas: egrisinin saginda olacag1 ve bir sonraki degisimin negatif olacagi anlamina
gelir. Gorev dongiisiindeki degisiklik negatif ise ve giicteki degisiklik pozitif ise, bu durum ¢alisma
noktasinin giines paneli maksimum gii¢ noktas: egrisinin saginda olacag1 ve bir sonraki degisimin negatif
olacag1 anlamina gelir. Ote yandan, gorev dongiisiindeki degisimin negatif olmasi ve giigteki degisimin
negatif olmas: durumunda, ¢alisma noktasinin maksimum gii¢ noktasinin solunda olacagi ve bir sonraki
degisimin pozitif olacag1 anlamina gelir (N. Karamia ve ark., 2017). D&G algoritmasinin temel ilkesi
Cizelge 1'de 0zetlenmistir.

Cizelge 1. D&G algoritmasinin temel ilkesi
Table 1. The basic principle of the P&O algorithm

Degisim Gii¢ Degisimi Sonraki degisim
pozitif pozitif pozitif
pozitif negatif negatif
negatif pozitif negatif
negatif negatif pozitif

Artiml1 letkenlik (Incremental Conductance)

D&G yontemine gore daha kararli calisma sagladigi icin tercih edilen bu teknik, iletkenlik artis1 (d1/dV)
degerinin ani iletkenlik (-I/V) degeriyle karsilagtirilmasina dayanur. A. Safari ve ark., (2011) tarafindan
verildigi gibi maksimum gii¢ noktasinin yeri, dI/dV ile —I/V arasindaki iliski kullanilarak su sekilde
belirlenir:

dl I ,

W = —V,MGN de

dl L

I > —V,MGN nin solunda (1)
dl . .

v < —V,MGN nin saginda

Giines paneli gerilimi ve giines paneli akiminin farkli zamanlarda Ol¢iilmesi ile hesaplanan iletkenlik
degerlerinin her bir 6rnekleme periyodunda karsilagtirilmasi yoluyla maksimum gii¢ noktasina ulasilmasi
Sekil 3’te goriilmektedir. D&G yontemine gore daha karmagik hesaplama gerektirmesine karsin MGN
etrafindaki salinimlarin azaltilabildigi belirtilmistir.

Bulanik Mantik (Fuzzy Logic)

Genellikle bulanik mantik kontrolii i¢ asamadan olusur: bulaniklagtirma (fuzzification), kural tabani
tablo aramasi ve durulastirma (defuzzification) (M. Kumar ve digerleri, 2015). Bulaniklastirma
asamasinda, Sekil 4'te goriildiigii gibi bir iiyelik fonksiyonuna dayanarak, sayisal giris degiskenleri dilsel
degiskenlere donistiiriiliir. Burada kullanilan bes bulanik seviye: Negatif Biiyiik (NB), Negatif Kiigiik
(NS), Sifir (ZE), Pozitif Kiigiik (PS) ve Pozitif Biiyiik (PB)’tiir.
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Sekil 3. Al algoritmasinin temel isletim presip semasi
Figure 3. The principle of the IC algorithm

NB NS ZE PS PB

-b -a 0 a b

Sayisal degisken
Sekil 4. Bulanik mantik algoritmasinin girdileri ve giktilar: igin 6nerilen tiyelik fonsiyonu
Figure 4. The proposed membership function for inputs and output of fuzzy logic algorithm

Daha yiiksek dogruluk icin yedi seviyeli bulanik mantik denetleyicisi kullanlabilir. Sekil 4'te a & b,
sayisal degisken degerlerinin araligini temsil eder. Genellikle, bir MGNT bulanik mantik denetleyicisine
yapilan girisler bir E hatasi ve AE hatasinda bir degisiklik meydana getirir. Kullanici, E ve AE'nin nasil
hesaplanacagini se¢me esnekligine sahiptir.

_P(n)-P(n-1)
E(n) V(n)-V(n-1) @)
AE =E(n)—E(n-1) (3)

E ve AE hesaplamalar1 yapildiktan sonra dilsel degiskenlere doniistiiriilecek, bunun sonucunda
bulanik mantik denetleyici ¢ikisi, gii¢ doniistiiriiciiniin gérev dongiisii AD'yi degistirecektir. Onerilen
kural taban Cizelge 2'de goriilmektedir.

Cizelge 2. Onerilen bulanik mantik kural tabani tablosu
Table 2. The proposed fuzzy logic rule base

EAE NB NS ZE PS PB
NB ZE ZE NB NB NB
NS ZE ZE NS NS NS
ZE NS ZE ZE ZE PS
PS PS PS PS ZE ZE
PB PB PB PB ZE ZE

E ve AEmin farkli kombinasyonlar: icin goérev dongiisiindeki AD degisimi, kullanilan giig
doniistiiriiciisiine ve kullanicinin bilgisine gore belirlenir. Durulastirma asamasinda, bulanik mantik
denetleyicisinin ¢ikisi olan dilsel degiskenler, Sekil 4'te 6nerilen tiyelik fonksiyonuna bagli olarak sayisal
degiskenlere dontistiiriiliir. Bu ise gli¢ doniistiiriiciisiinii maksimum gii¢ noktasina yaklastiracak olan bir
analog sinyal iiretir.
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SISTEM MODELI (MODEL OF THE SYSTEM)

FV hiicrenin genel matematiksel denklemine dayanarak, giines paneli modeli Matlab/Simulink'te
olusturulmustur. Giines paneli I-V ve P-V ozellikleri {i¢ durumda elde edilebilir. ik durum, degisken
1siim seviyelerinde ve sabit sicaklik altinda ($ekil 5), ikinci durum, degisken sicaklik seviyelerinde ve

sabit 1s1ma altindadir (Sekil 6). Ugiincii durum ise degisken 1s1ma ve degisken sicaklik altinda (Sekil 7)
elde edilmistir.

3e IPV 50 ,Pvp 1200 Yi/ll\?

_~T100Wim2 N\
1200 W/m2 = 2 e e )
1100 W/m2
1000 W/m2
900 W/m2
800 W/m2

800 W/m2

o 5 10 15 15

Sekil 5. Degisken giines 1s1masi altinda giines paneline ait I-V ve P-V karakteristigi
Figure 5. I-V and P-V characteristic of the modeled PV panel under variable irradiance levels
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Sekil 6. Degisken sicaklik altinda giines paneline ait I-V ve P-V karakteristigi
Figure 6. I-V and P-V characteristic of the modeled PV panel under variable temperature levels
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Sekil 7. Degisken giines 1s1masi ve degisken sicaklik altinda giines paneline ait I-V ve P-V karakteristigi

Figure 7. I-V and P-V characteristic of the modeled PV panel under variable temperature and variable irradiance levels

Giines 1s1nimi1 ve sicakliginin farkli seviyelerde 5 saniye boyunca uygulanmasi sonucu elde edilen
grafikler sirasi ile Sekil 8 ve Sekil 9'da gosterilmistir.
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Sekil 8. Farkl: seviyelerdeki giines 1s1mas1 degerleri
Figure 8. The different levels of solar irradiance
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Modellenen giines panelinin belirtilen i¢ durum altinda, maksimum ¢ikis giicii sirasiyla Cizelge 3, 4

ve 5'te gOsterilmistir.
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Sekil 9. Farkl1 seviyedeki sicaklik degerleri
Figure 9. The different levels of temperature

Cizelge 3. Degisken giines 1s1masi altinda maksimum gii¢ noktas1 degerleri
Table 3. The MPP values according to the variable irradiance levels

Isima Seviyesi Sicaklik Seviyesi Elde Edilen Maksimum Gii¢
800 W/m? 25°C 3W
1100 W/m? 25°C 46 W
1200 W/m? 25°C 50 W
1000 W/m? 25°C 41W
900 W/m? 25°C 38W

Cizelge 4. Degisken sicaklik seviyeleri altinda maksimum gii¢ noktas1 degerleri
Table 4.The MPP values according to the variable temperature levels

Isima Seviyesi Sicaklik Seviyesi Elde Edilen Maksimum Gii¢
1000 W/m? 25°C 41W
1000 W/m? 35°C 38w
1000 W/m? 45°C 34W




Sebekeden Bagimsiz FV Sistemde Maksimum Gii¢ Noktasi izleme Algoritmalarinin Degisken Hava Sartlar1 Altinda 591
Kargilagtirmali Analizi

Cizelge 5. Degisken 1s1ma ve degisken sicaklik degerleri altinda maksimum gii¢ noktas1 degerleri
Table 5. The MPP values according to the variable irradiance and temperature levels

Isima Seviyesi Sicaklik Seviyesi Elde Edilen Maksimum Gii¢
800 W/m? 25°C 32w
1100 W/m? 25°C 46 W
1200 W/m? 35°C 46 W
1000 W/m? 45°C 33W
900 W/m? 45°C 31W

Simiilasyonda bir DA-DA yiikselten doniistiiriicti kullanilmistir. Anahtarlama elemanlarinin gorev
dongiisiiniin kontrol edilmesiyle, giines paneli ug¢ gerilimi maksimum giiclin elde edildigi noktada
tutulacak ve ayni zamanda doniistiiriicii ¢ikis gerilimi istenen yiik gerilimine esitlenecektir. Kullanilan
doniistiiriiciiniin giris-cikis denklemi:

Vpv=Vo(l- D) 4)

Burada; Vpv giines panelinin ¢ikis gerilimi, Vo yiikselten doniistiiriiciiniin ¢ikis gerilimi ve D gorev
dongiisiinii ifade eder (S. Soltani ve dig., 2017). Onerilen sistem MATLAB / Simulink kullanilarak
modellenmis ve simiile edilmistir. Onerilen Simulink modeli Sekil 10’da goriilmektedir. Simiilasyon
calismasinda, ii¢ MGNT teknigi simiile edilmis ve bahsedilen {i¢ durum altinda degerlendirilmistir.
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Sekil 10. Onerilen sistemin blok semasi
Figure 10. Diagram of the proposed system

SIMULASYON SONUCLARI VE TARTISMA (SIMULATION RESULTS AND VALIDATION DISCUSSIONS)

Maksimum gii¢ noktas: takip tekniklerini degerlendirmek ve analiz etmek amaciyla her algoritma igin
Matlab/Simulink'te bir ¢evrimdisi simiilasyon test edilmistir.

Bahsedilen ii¢ durumda, her algoritmay1 ayri olarak kullanarak FV panelinden ¢ekilen gii¢, zamana
gore cizilmistir (Sekil 11, Sekil 12 ve Sekil 13).
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Sekil 11. D&G algoritmasi ile kontrol edilen FV panel ¢ikis giicii grafikleri
Figure 11. Output power of solar panel with P&O algorithm
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Sekil 12. Al algoritmast ile kontrol edilen FV panel ¢ikis giicii grafikleri
Figure 12. Output power of solar panel with IC algorithm

Elde edilen simiilasyon sonuglari, test edilen tiim algoritmalarin, 1s1ma ve sicakliktaki anlik degisime
ragmen maksimum gii¢ noktasini bulup izleyebildigini gosterir. BM algoritmas ¢alisma noktasini tam
olarak maksimum giig¢ noktasina getirmistir. Buna karsin diger algoritmalardan D&G ve Al'nin sistemi
maksimum gii¢ noktasimna yakin bir yerde takip ettigi goriilmiistiir. Bu {i¢ durumda da BM algoritmasi
kullanularak giines panelinden ¢ekilen enerjinin, Cizelge 6'da gosterildigi gibi, diger algoritmalardan
{iretilen enerjiden daha biiyiik oldugu goriilmektedir. Sekil 11 ve Sekil 12’de D&G ve Al algoritmalari iyi
bir dinamik performans gosterir, fakat maksimum gii¢ noktasi takibinde kararli durumda daha biiyiik
salinimlar gosterir, bu da maksimum gii¢ noktas: takip dogrulugunu diisiiriir. Sekil 13’te simiilasyon
sonuglari, azami gii¢ noktasinda sabit durum salimiminin, BM algoritmasin1 kullanurken daha az
oldugunu, daha diisiik enerji kayb1 ve artan sistem verimliligi ile sonuglandigini gostermektedir.
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Sekil 13. BM algoritmasi ile kontrol edilen FV panel ¢ikis giicii grafikleri
Figure 13. Output power of solar panel with FL algorithm

Cizelge 6. Her bir algoritmanin ayr1 ayr1 uygulanmasi ile elde edilen gii¢ tablosu
Table 6. The obtained power by using each algorithm

L . .| D&Gileelde Al ile elde BM ile elde
Isima seviyesi | Sicaklik seviyesi - " - . - .
edilen gii¢ edilen gii¢ edilen gii¢
ilk durum 800 W/m? 25°C 315W 32w 33W
1100 W/m? 25°C 45 W 45 W 46 W
1200 W/m? 25°C 49W 50 W 50 W
1000 W/m? 25°C 40W 41W 41W
900 W/m? 25°C 36 W 37TW 38W
- . .| D&Gileelde Al ile elde BM ile elde
Isima seviyesi | Sicaklik seviyesi - o - . . .
S edilen gii¢ edilen gii¢ edilen giic
Ikinci durum 77606 72 25°C 40W 4TW 4TW
1000 W/m? 35°C 3TW 3T W 38W
1000 W/m? 45°C 325W 33W 34w
- . .| D&Gileelde Al ile elde BM ile elde
Isima seviyesi | Sicaklik seviyesi - o - . . .
edilen gii¢ edilen giic edilen giic
800 W/m? 25°C 31w 31w 32w
Ugiincii durum 1100 W/m? 25°C 45 W 45 W 46 W
1200 W/m? 35°C 45 W 45W 46 W
1000 W/m? 45°C 32w 33W 33W
900 W/m? 45°C 30w 30W 31W

Sonug olarak, giines panellerinden gii¢ liretiminin optimize edilmesi amaciyla olusturulan modelde,

Bulanik Mantik tekniginin, verim agisindan diger tekniklere gére (D&G ve Al) iistiin performans

gosterdigi kanitlanmistir.

SONUC (CONCLUSION)

Bu ¢alismada, maksimum gii¢ noktas: takip sisteminde kullanilan degistir ve gozetle, artimli iletkenlik
ve bulanik mantik yontemlerinin performans karsilastirmasi ve degerlendirmesi sunulmustur. Ug adet

maksimum gii¢ noktas1 takip tekniginin performansimni dogrulamak icin, algoritma modelleri
Matlab/Simulink'te olusturulmus ve simiilasyon sonuglar: toplanmistir. Bulanik mantik tekniginin daha
iyi takip basarisina sahip oldugu, degisken 1simim ve degisken sicaklik altinda bile maksimum gii¢ elde
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edebilecegi gosterilmistir. Bu nedenle bulanik mantik teknikleri, geleneksel tekniklere kiyasla daha ¢ok
tercih edilebilir. Ayrica bulanik mantik algoritmas: maksimum gii¢ noktasinda kararli durumdaki
salinimlarin ve gii¢ kayiplarinin azalmasini saglar.

Ilerleyen calismalar, STMicroelectronics-32 bit ARM kullanilarak bulamk mantik algoritmasinin
uygulanmasina yonelik olacak ve gergek bir fotovoltaik sistemde test edilecektir. Fotovoltaik gii¢ {iretim
sisteminin verimini arttirmak i¢in bulanik mantik tabanli algoritmanin dogrulugunu ve etkililigini
gostermek {izere deneysel sonuglar elde edilecektir.
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OZ: Bu galisma, kaliksaren hidrazin amit tiirevi iceren Merrifield recinesi (KIMR) ile modifiye edilmis bir
QCM sensoriin sulu ortamdaki p-nitrofenol (PNF) i¢in algilama ¢alismalarini agiklamaktadir. Bu amagla
oncelikle KIMR hazirlanarak yapisi karakterize edildi ve daha sonra QCM kristal yiizeyine kaplanda.
Elde edilen KIMR modifiyeli sensoriin PNF algilama ¢alismalari, PNF icin iyi bir algilama gosterdigini
ortaya ¢ikardi. Boylece sulu ortamda farkli konsantrasyon ve farkli pH’larda algilama g¢alismalar:
gerceklestirildi. Sonuglardan limit algilama degerinin 0,34 mM oldugu ve en iyi algilamanin pH 10 da
gerceklestigi anlasildi. Ayrica Langmuir ve Freundlich adsorpsiyon izotermlerinden KIMR’nin
adsorpsiyon kapasitesi, 372 mg/g olarak hesapland.

Anahtar Kelimeler: Adsorption, Kaliksaren, Kuartz kristal mikrobalans, p-Nitrofenol, Sensor

Sensing of p-Nitrophenol in Aqueous Media on QCM Sensor Coated with Calixarene Derivative
Immobilized Merrifield Resin

ABSTRACT: This study describes the sensing studies of QCM sensor which modified with calixarene
hydrazine amide derivative immobilized Merrifield resin (CIMR) for the p-nitrophenol (PNP) sensing in
aqueous media. For this aim, first CIMR was prepared and its structure was characterized, and then it
was coated onto the QCM crystal surface. The PNP sensing studies of CIMR modified QCM sensor
revealed good results for PNP sensing. Thus, it was performed the sensing studies at different
concentration and pHs in aqueous media. From the results, it was found that the limit of detection was
0.34 mM and optimum pH value was 10 for PNF sensing by CIMR modified QCM sensor. Moreover, it
was calculated the adsorption capacity of CIMR as 372 mg/g from the Langmuir and Freundlich
isotherm models.

Key Words: Adsorption, Calixarene, Quartz Crystal Microbalance, p-Nitrophenol, Sensor
GIRIS INTRODUCTION)

Endiistrinin gelismesi bircok avantaji beraberinde getirirken, bunun yaninda kirlilik olugturmas:
gibi dezavantajlara da sahiptir. Organik kirleticilerin varlig1 ve toksik etkileri, ylizey ve yer alt1 sularinin
kirlenmesinde, bitki, hayvan ve insan hayatin etkileyecek diizeyde kirlilik kaynagi olusturmaktadar.
Organik kirleticiler arasinda; fenolik malzemeler ve tiirevleri, atik sularda bulunan kirleticilerden 6nemli
kirleticilerdir. Bu malzemeler, farmasotik, petrokimya ve kimyasal tiretim proseslerinde
kullanilmaktadirlar. Fenolik hidrokarbonlarin olusturdugu kirliligin giderilmesi igin farkli metotlar
gelistirilmistir. Bu amacla, kimyasal oksidasyon, ekstraksiyon, adsorpsiyon gibi giderme yontemleri
kullanilmistir (Lai ve dig, 2014; Yu ve dig, 2010; Dolaksiz ve dig, 2017).

Atik sularda kirliligi gidermeden oOnce, kirliligin hangi boyutlarda oldugunu belirlemek igin
kantitatif analiz yapilmasi gerekmektedir. Bu amagcla sensor teknolojilerinin kullanimi 6n plana
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¢ikmaktadir. Bilinen sensor teknolojileri arasinda, Kuartz Kristal Mikrobalans (Quartz Crystal
Microbalance — QCM) teknolojisi, kiitle hassasiyeti olan piezoelektrik temelli bir sensor gesididir.
Nanogram seviyesinde algilamaya izin veren bu sensor teknolojisi, kristal yiizeyinde meydana gelen
kiitle degisimini Sauerbrey denklemi sayesinde (Sauerbrey, 1959) frekans degisimine doniistiirerek
analiz yapilmasina izin verir.

QCM olgiim teknigi, algilayict molekiiliin farkli analitlere karsi algilama 6zelliklerinin
incelenmesinde kullanilan tekniklerden biridir. Adsorpsiyon islemi, algilayici molekiiliin analit ile
etkilesmesiyle yiizeyde meydana gelen frekans degisiminin belirlenmesi prensibine dayanir.
Adsorpsiyon islemine baglh olarak meydana gelen kiitle degisimi, molekiiller aras: veya molekiil ici
iyon—proton degisiminden kaynaklanabilmektedir.

Sens6r uygulamalarinda, algilayict molekiiller olarak polimerler ve makromolekiiller
kullanulmaktadir. Bunlardan birisi de p-ter-biitilfenol ve formaldehitin bazik ortamda kondenzasyon
reaksiyonu sonucunda olusan halkali yapidaki “kaliksaren” molekiilleridir. Tiirevlendirilebilme
yetenegi smirsiz olan bu molekiiller, farkli fonksiyonel gruplar ile tiirevlendirilerek host-guest
etkilesimlerinin incelenebilmesine olanak tanimaktadirlar (Temel ve dig., 2017).

Bu calismada ise hidrazinamit fonksiyonel grubu igeren bir kaliksaren tiirevi, Merrifield reginesine
immobilize edilerek polimerik bir yap1 (KIMR) elde edilmis ve bu yap1 sulu ortamlarda p-nitrofenol
(PNF) algilanmasi igin sivi temashh QCM sisteminde algilayici yiizey olarak kullanulmistir. Boylece
onemli bir organik kirletici olan PNF'nin KIMR kaplanmis QCM yiizeyinde algilanma calismalari
gergeklestirilmistir.

MATERYAL VE YONTEM (MATERIAL AND METHOD)
Kimyasallar ve Cihazlar (Chemicals and Instrumentations)

Sentezlenen molekiillerin erime noktasinin belirlenmesi igin Ez-Melt aparati kullanildi. Varian
marka 400 MHz NMR Spektrometresi, Perkin Elmer marka 100 FTIR spektrometresi ve Leco marka
CHNS-932 Anaylzer Elementel Analiz cihazi ile sentezlenen yapilar karakterize edildi. Sentezler
sirasinda, Merck marka Kieselgel 60 Fzs ince tabaka kromatografisi kullanilarak sentezler takip edildi.
Calisma sirasinda kullanilan tiim malzemeler ve reaktifler analitik kalitede olup Merck ya da Sigma
Aldrich firmasindan tedarik edildi.

QCM sensor galismalarint gergeklestirmek icin Stanford Research System (California, ABD) marka
QCM200 cihaz1 kullanildi. QCM sisteminde 5 MHz temel frekans degerine sahip altin elektrotlu kuvars
kristaller kullanildi. QCM kristallerinin temizlenmesi i¢in, ISOLAB marka ultrasonik banyo kullanildi.
Tiim ¢alismalar Labconco-5220120 glove box iinitesi igerisinde gerceklestirildi.

Algilayic1t Molekiiliin Sentezi ve Merrifield Reginesine immobilizasyonu (Synthesis of Sensing Molecules
and immobilization on Merrifield Resin)

Algilayict malzeme olarak kullanilacak kaliks[4]aren tiirevi, literatiirde belirtildigi gibi sentezlendi
(Gutsche ve Igbal, 1990; Collins ve dig., 1991; Maity ve dig, 2011). Sentezlenen algilayict molekiiliin
Merrifield reginesine immobilizasyonu igin literatiirdeki bilinen yontem uygulanarak asagida verildi.
Sentez semas: ise Sekil 1’de gosterildi.
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Sekil 1. Kaliksaren hidrazin amit tiirevinin sentez semasi ve Merrifield recinesine immobilizasyonu (i)
formaldehit, NaOH, difenileter; (ii) metilbromoasetat, K2COs, aseton; (iii) hidrazin hidrat, kloroform-

metanol (1:3); (iv) Merrifield recinesi, Nal, K2COs, kuru aseton
Figure 1. Synthesis of calixarene hydrazine amide derivative and its immobilization on Merrifield resin (i) formaldehyde, NaOH, diphenyl
ether; (ii) methylbromoacetate, K2COs, acetone; (iii) hydrazine hydrate, chloroform-methanol (1:3); (iv) Merrifield resin, Nal, K2COs, dry
acetone

Merrifield reginesi (0,0252g, 0,0504 mmol), potasyum karbonat (0,375 g), sodyum iyodiir (0,75 g), ve
0,4 g 4 nolu bilesik (0,504 mmol) kuru aseton (50 mL) igerisinde 48 saat boyunca geri sogutucu altinda
kaynatildi. Siiresi tamamlandiktan sonra karisim siiziiliir ve iizerinden aseton ile yikandi, ardindan
¢oziicli vakum altinda kuruluga kadar uzaklastirildi. Diklorometan igerisinde ¢6ziilen kati madde, HCl
ile ekstrakte edilip, asitligi giderildi. Organik faz ayrildi, kurutuldu ve ¢oziiciisii uzaklastirilarak KIMR
elde edildi. (Memon ve dig, 2006). IR: 3316 cm! (N-H), 1689 cm! (C=0), 1047 cm™ (C-O).

Modifiye QCM Sensorlerinin Hazirlanmasi (Preparation of Modified QCM Sensors)

QCM kristallerinin yiizeyi modifiye edilmeden oOnce, kristaller ultrasonik banyo igerisinde
kloroform ile yikandi, saf su ve aseton ile ylizeyi temizlendi, ultra saf azot gazi ile kurutuldu.
Temizlendikten sonra, QCM kristali modifiye edilmeden 6nce temel frekansi kaydedildi.

KIMR maddesinin 1,0 mM olacak sekilde kloroform igerisinde ¢ozeltisi hazirlandi. Hazirlanan
¢Ozelti damlatma yontemiyle QCM kristalinin yiizeyine damlatilarak, ¢oziiciiniin u¢gmasi beklendi.
Coziiclisii tamamen uzaklastiktan sonra, frekans degeri kaydedilerek, kaplama oncesi ve sonrasindaki
fark hesaplanarak kaplama miktar: belirlendi.

p-Nitrofenol (PNF) Algilama Calismalar1 (Sensing Studies of p-Nitrophenol)

Buradaki QCM sisteminin ¢alisma prensibi daha onceki ¢alismada verilmistir (Temel ve Tabakci,
2016). Calismalarda kullanilan sivi temasl Ol¢iim sistemi ise Sekil 2'de goriilmektedir. Buna gore,
oncelikle modifiye QCM kristalleri, QCM akis hiicresine yerlestirildi. Ardindan peristaltik pompa
yardimi ile sistemden saf su gegirilerek sistemin kararli hale gelmesi saglandi. Daha sonra, PNP ¢6zeltisi
sisteme verildi ve gerceklesen adsorpsiyon sonucundaki frekans degisimi kaydedildi. Adsorpsiyon
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tamamlandiktan sonra, sisteme yeniden saf su verildi ve bu kez de desorpsiyon sonucundaki frekans
degerinin baslangi¢ degerine gelmesi beklendi.

Analit Cozeltisi

l—_\

E

QCM Hiicresi

Peristaltik Pompa

Frekans olcer

Sekil 2. S1v1 temasli 6l¢iim sisteminin gosterimi
Figure 2. Presentation of liquid contact measuring system

BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

Sentez ve Karakterizasyon (Synthesis and Characterization)

Kaliksarenler, farkli analit molekiilleri ile kompleks yapabilme Ozelliklerine sahip makrosiklik
yapidaki bilesiklerdir ve sensor galismalarinda algilayict molekiil olarak kullanilabilmektedirler. Sensor
calismalarinda, algilayict molekiiller ile analit arasindaki etkilesim dolayisiyla gerceklesen algilama
Olciilerek malzemenin algilama 6zelligi belirlenmektedir (Temel, 2013). Bu ¢alismada ise hedef algilayici
molekiile ulagsmak igin Oncelikle p-ter-biitilkaliks[4]aren tiirevleri(1-4), literatiir metoduna gore
sentezlenmis ve karakterizasyonlar: yapilmistir (Gutsche ve Igbal, 1990; Maity ve dig, 2011; Memon ve
dig, 2006). Daha sonra 4 no'lu bilesigin Merrifield reginesi iizerine immobilizasyonu ile KIMR polimerik
yapisi elde edilmistir. Hazirlanan KIMR i¢in FT-IR ile karakterizasyon islemi yapilmus ve ilgili spektrum
Sekil 3'te verilmistir. Bilindigi gibi 698 cm™ da goriilen pik Merrifield yapisina ait olan C-Cl bagina aittir.
Dolayistyla KIMR'nin FT-IR spektrumu incelendiginde Merrifield’a ait 698 cm'deki bu pikin
kayboldugu, C-O i¢in 1047 cm™, C=0 igin 1689 cm™ ve N-H icin 3316 cm piklerin olustugu goriilmiistiir.
Boylece immbolizasyon isleminin gerceklestigi dogrulanmistir.
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Dalga sayisi (cm™")
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Merrifield Reginesi

KIMR

Sekil 3. Merrifield recinesi, 4 no'lu bilesik ve KIMR i¢in FTIR Spektrumlari
Figure 3. FTIR spectra for Merrifield resin, compound 4 and KIMR

Modifiye QCM Kiristallerinin Hazirlanmasi ve Sulu Ortam Algilama Calismalar

Hazirlanan polimerik KIMR maddesi, QCM kristalleri yiizeyine damlatma metodu kullanilarak
kaplanarak KIMR modifiyeli bir QCM sensor edilmistir. QCM sensoriin modifiye edilmeden 6nce ve
sonraki frekans degerleri arasindaki fark ya da QCM kristali {izerindeki kaplamanin frekans degeri 780
Hz olarak hesaplanmistir. KIMR modifiyeli QCM sensorii daha sonra Sekil 2'de gosterilen QCM
sistemindeki akis hiicresine yerlestirilerek sulu ortamda PNF algilama ¢alismalari i¢in kullanilmistir.

p-Nitrofenol algilama calismasi (Sensing studies of p-Nitrophenol )

KIMR modifiyeli QCM sensoriiniin 102 M PNF c¢ozeltisine karsi frekans degisimi, Sekil 4'te
verilmistir. Frekans degisimi incelendiginde, PNF ¢0zeltisini algilama sonrasinda, adsorpsiyon
stirecinin tamamlandiktan sonra, ortama saf su verilerek desorpsiyon isleminin gerceklestigi ve bu
sayede QCM sensoriiniin yiizeyinde analit kalmadigi ve bir sonraki ¢alisma icin uygun oldugu
goriilmiistiir. Bilindigi gibi bir sensoriin, analit ve algilayici molekiilleri arasindaki stokiyometrik orani
hesaplanabilmektedir. Stokiyometrik oran, bir mol algilayict molekiiliin ka¢ mol analit tuttugunu
belirlemek i¢in kullanilan bir parametredir. Literatiirde (Temel ve dig, 2017) belirtildigi gibi hesaplanan
stokiyometrik oran bu ¢alisma i¢in 0,296 olarak bulunmustur.
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Sekil 4. PNF (102 M)'ye kars1 KIMR modifiyeli QCM sensdriiniin frekans degisimi
Figure 4. Frequency change of KIMR modified QCM sensor towards 102 M PNF

Konsantrasyon c¢alismasi (Concentration study)

KIMR kapli QCM sensorlerinin farkli konsantrasyondaki PNF ¢ozeltilerine karst sulu ortamda
algilama ¢alismalar1 da gerceklestirilmistir. Buna gore 102 — 102 M araligindaki farkli PNF ¢ozeltilerinin
algilama sonucundaki frekans degisimi ve regresyon grafigi Sekil 5'te verilmistir. Sekil 5'teki sonuglara
gore, PNF c¢ozeltisinin konsantrasyonu arttikca sensdr tepkisinin de giderek arttig1 gorilmiistiir.
Regresyon grafigine gore, R? degeri 0,9996 olarak ortaya ¢ikmistir. Limit algilama degeri ise literattirdeki
gibi hesaplanarak (Temel ve dig, 2017) 0,34 mM olarak bulunmustur.
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Sekil 5. Farkli konsantrasyonlardaki PNF ¢ozeltilerine karst KIMR modifiye QCM sensoriiniin frekans
degisimi
Figure 5. Frequency change of KIMR modified QCM sensor towards different concentration of PNF
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pH calismasi (pH study)

Bilindigi gibi amino grubu igeren maddelerin pH’a bagh olarak adsorpsiyon ozellikleri
degismektedir (Korpayev ve dig, 2018). Bu nedenle, algilama sirasinda ortamin pH degeri algilama
Ozelliklerini degistirebilmektedir. Bu nedenle algilama ¢alismalarinda pH degerinin etkisi incelenmistir.
Buna gore pH degeri 2-10 arasinda degisen PNF ¢ozeltilerine kars: frekans degisim degerleri Sekil 6'da
verilmistir.

- - N
o o =1
L 1 1

Frekans Degisimi (-AHz)

4]
1

Sekil 6. Farkli pH degerlerindeki PNF ¢ozeltilerine karst KIMR modifiye QCM sensériiniin frekans
degisimi
Figure 6. Frequency change of KIMR modified QCM sensor towards PNF solutions at different pH

Adsorpsiyon izotermleri (Adsorption isotherms)

Farkli PNF baslangi¢ konsantrasyon calismasi sonuglarindan faydalanilarak Langmuir ve
Freundlich izotermleri ¢izilerek Sekil 7 ve 8de gosterilmistir. Sekil 7’deki Langmuir izoterminden
polimerin adsorpsiyon kapasitesi qo = 372 mg PNF/g adsorban, b = 0,013 L/mmol olarak hesaplanmustir.
Burada b degerinin biiyiik olmasi, adsorbanin adsorplama yeteneginin, diisitk konsantrasyon araliginda
iyi oldugunu gostermektedir. Ozellikle tek tabakali adsorpsiyonun meydana geldigi heterojen
adsorpsiyon sistemlerinde bu izoterm denge durumunu net olarak agiklayamaz. Adsorpsiyonun
elverigliligini bulmak icin boyutsuz R (dagilma) sabiti asagidaki gibi hesaplanir ve bu sabitin 0 ile 1
arasinda degerler almasi elverislilik durumunun saglandigina isaret eder. Burada Rr degerinin 0,883
olarak bulunmasi adsorpsiyonun Langmuir’e elverisli oldugunu gostermektedir.

32 =

y =0,00269x + 28,216
R2=0,9990

Ce/qe (g;/L)
S

28 L] L] L]
0 500 1000 1500
Ce (mg PNF/L)

Sekil 7. Langmuir izotermi
Figure 7. Langmuir isotherm
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Sekil 8’deki Freundlich izoterminden k = 0,045 ve n = 1,05 olarak hesaplanmistir. Freundlich
izoterminin dogrusalliga yaklasmasi, adsorpsiyonun Freundlich izotermine de uydugunu
gostermektedir. Adsorpsiyon izotermlerine ait degerler, Cizelge 1'de verilmistir.

log Ce (mg/L)
2,5 5 g/ 3

2 , 3,5
0,5 y————————————————
) -
% 1
£ y =0,95280x - 1.350
& R2=0.9999
215
2 «

Sekil 8. Freundlich izotermi
Figure 8. Freundlich isotherm

Tablo 1. Langmuir ve Freundlich izoterm model sabitleri ve katsayilar
Table 1. Langmuir and Freundlich isotherm model constants and correlation coefficients

Langmuir Freundlich
qo (mg/g) b (L/mmol) R? Ru K¢ (mg/g) n R?
372,22 0,0132 09990  O<Ri<1 0,0447 1.0495 0,9999

SONUCLAR (CONCLUSIONS)

Bu c¢alismada; hidrazin amit fonksiyonlu kaliks[4]arenin Merrifield reginesine immobilize
edilmesiyle polimerik yap1 (KIMR) hazirland1 ve karakterizasyonu gerceklestirildi. Daha sonra ise
hazirlanan KIMR'nin oldukga toksik olan p-nitrofenol (PNF) kirleticisine karsi adsorpsiyon ozellikleri
QCM metodu ile belirlendi. Bu amagla KIMR modifiyeli bir QCM sensor hazirlanarak sulu ortamda
PNF’ye kars1 algilama 6zellikleri incelendi. Elde edilen sonuglardan KIMR modifiyeli sensériin PNF’ye
kars1 iyi bir algilama gosterdigi, limit algilama degerinin 0,34 mM oldugu ve KIMR adsorpsiyon
kapasitesinin 372 mg/g oldugu belirlendi. Boylece farkli polimerik kaliksaren tiirevleri hazirlayarak
QCM yiizeyine kaplama yonteminin farkli algilama calismalar: i¢in de gerceklestirilebilecegi sonucuna
varilmigtir.
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OZ: Bu calismada, Ostemperleme sicaklik ve siiresinin 0stemperlenmis siinek dokme demirlerin mikro
yap1 ve sertligine etkisi detayli bir bigimde incelenmistir. GGG-50 kiiresel grafitli dokme demirlere
(KGGD) 950 °C’ de 2 saat dstenitleme 1s1l islemi uygulandiktan sonra 350 ve 320 °C sicakliklarda 90 ve 120
dakika siire ile stemperleme yapilmistir. Ostemperleme isleminden sonra numunelerin faz analizleri X-
1sinlar1 kirinim yontemiyle, mikroyapilar: ise optik mikroskop kullanilarak, mekanik 6zellikleri ise Brinell
sertlik testi ile incelenmistir. Her iki sicaklik ve siirede Ostemperleme isleminden sonra karakteristik
osferrit ve yiiksek karbonlu Ostenitten olusan Ostemperlenmis siinek dokme demir mikro yapisi elde
edilmistir. Ostemperleme sicaklig1 azaldikca ve siiresi arttikga numunelerin sertligi artmistir. Ayrica,
Ostemperleme siiresinin artmasiyla yiiksek karbonlu 0stenitin karbon ytizdesi de artmustir.

Anahtar Kelimeler: Kiiresel Grafitli Dékme Demir (KGDD), Mikroyapi, Ostemperleme, Sertlik

Effect of Austempering Temperature And Time on Microstructure and Hardness of Austempered
Ductile Cast Irons (ADI)

ABSTRACT: In this study, the effect of austempering temperature and time on microstructures and
hardness of austempered ductile iron (ADI) were investigated in detail. The GGG-50 nodular cast iron
samples were austenized at 950 °C for 2h, and then austempered at 350 and 320 °C for 90 and 120 minutes
in salt bath. Phase analysis of the samples were performed via X-ray diffraction analysis, microstructural
examination were done by light optical microscope and mechanical properties were investigated by Brinell
hardness test. After austempering heat-treatment the microstructure is characteristic austempered ductile
iron microstructure composed of ausferrite and high carbon austenite. Hardness increases with decreasing
austempering temperature and increasing austempering time. Moreover, the carbon content of high
carbon austenite increased with increasing austempering time.

Key Words: Nodular Cast Iron, Microstructure, Austempering, Hardness
GIRIS (INTRODUCTION)

Kiiresel grafitli dokme demirler (KGDD), dokiimden 6nce eriyik metale az miktarda Mg ve Ce gibi
elementlerin ilave edilmesi ile grafitin (karbonun) kiiresel sekilde olustugu dokme demir tiiriidiir
[Spengler, ve Briggs, 1972]. Sfero dokme demir olarak ta bilinen bu dokme demir tiirii diger dokme
demirlere kiyasla daha yiiksek mukavemet, tokluk, siineklik ve islenebilirligi sahiptir [izgiz, 1986; Askun
ve dig.,2003]. Bu iistiin 6zelliklerinden 6tiirii otomotiv sanayi, makina imalat sanayi, savunma sanayi, is
makinalari, demiryollar1 ve tarim makinalar: gibi birgok farkli sektorde genis uygulama alanina sahiptir
[Ucun ve dig., 2007]. KGGD’lerin sahip oldugu iistiin mekanik 6zellikler 6stemperleme ad1 verilen 1s1l
islem ile daha da iyilestirilmektedir [Hasirci, 2000]. C)stemperlenm@ siinek dokme demirler sahip
olduklar yiiksek dayanim, yiiksek tokluk, yiiksek asinma ve siirtinme direnci ve siineklik gibi mitkemmel
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mekanik ozelliklerin yamni sira diisitk yogunluk ve yiiksek dayanim/agirlik oranlarindan otiirii dévme
celiklerin yerini alabilecek yeni nesil malzemelerdir [Yalgin ve Ozel, 1999]. Ostemperlenmis siinek dokme
demirlerin essiz fiziksel ve mekanik 6zellikleri 1s1l islem neticesinde ortaya ¢ikan 6sferrit (beynitik ignemsi
ferrit) ve yiiksek karbonlu 6stenitten olusan mikro yapilarindan kaynaklanmaktadir [Konca ve dig., 2017].

Bu tip mikro yap: kiiresel dokme demirlerin dstemperleme adi verilen 1s1l iglemi neticesinde elde
edilmektedir. Sekil 1’de de gosterilen Ostemperleme 1s1l islemi ¢ok dikkatli bir sekilde uygulanmali ki
perlit, beynit ve martenzit olusumu gozlemlememelidir. Dokme demirlere uygulanan dstemperleme 1s1l
islemi geliklere uygulanan gibi {i¢ basamaktan olusmaktadir: (i) tam bir dstenitik (y) matris elde etmek i¢in
850-1050 °C ‘de yeterli siirede yapilan dstenitleme, (ii) 250-400 °C aras1 bir sicaklifa su verme ve (iii) su
verilen sicaklikta 1-4 saat 6stemperleme islemi. Fakat celiklere uygulanan 6stemperleme igsleminden farkl
olarak tamamen beynitik doniisiim istenmemektedir [Blackmore ve Harding, 1984; Keough ve Hayrynen,
2010; Tun ve Lwin, ,2008; Yescas-Gonzales, 2001; Meier ve dig., 2013,]. Ostemperleme isleminde iki asamali
faz doniistimii meydana gelmektedir [Sadighzadeh, 2015; Gundlach ve Janowak, 1983; Voigt ve Loper,
1984; Kovacs, 1994; Sadighzadeh ve dig., 2011; Bahmani ve dig., 1997].

Ik asama: y — a + yHc
Ikinci asama: ync — a + carbide

Birinci asamada Ostenit beynitik ferrit (Osferrit) ve yiiksek karbonlu Ostenite dontismektedir. Bu
asamada dayanim ve tokluk en yiiksek degerlerine ulasmaktadir. Eger birinci asama uzun siirerse yiiksek
karbonlu dstenit ferrit ve karbiire doniismektedir (ikinci asama). Ikinci asama doniisiim olusan karbiirlerin
mekanik Ozelliklere olumsuz etkisinden otiirti ¢ok istenilmemektedir. Mikro yapida karbiirlerin
bulunmasi stineklik ve toklugun 6nemli Ol¢iide azalmasina sebep olmakla beraber islenebilirligi de
olumsuz etkilemektedir. Birinci asamanin sonu ile ikinci asamanin baslangici arasinda gegen siireye islem
penceresi (processing window) adi verilir ve en uygun mekanik Ozellikler bu siirecte elde edilir
[Sadighzadeh, 2015].
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Sekil 1. C)stemperleme 151l islemini gosteren izotermal sicaklik-zaman-doniisiim diyagrami
[Hayrynen ve dig., 2002].

Figure 1. Temperature- time-transformation diagram showing austempering heat-treatment [Hayrynen ve dig., 2002].

Ayrica, 6stemperleme sicaklik ve siiresi dstemperlenmis siinek dékme demirlerin mikro yapilarimi
dolayis1 ile de mekanik 6zelliklerini etkileyen en énemli faktorlerdir. Ostemperleme sicakligi nispeten
yiiksek (350-400 °C) segilirse, mikro yapidaki yiiksek karbonlu Ostenit miktar: artar bu da yiiksek siineklik
ve kirilma tokluguna, nispeten daha diisiik sertlik ve dayanimin ortaya ¢ikmasin saglamaktadir. Bununla
birlikte daha diisiik 6stemperleme sicaklig1 (<350 °C) segilirse, yiiksek dayanim, yiiksek sertlik ve asinma
direnci fakat diisiik kirllma toklugu gozlemlenmektedir. Ostemperleme siiresi yiiksek olursa, yukarida
bahsedilen ikinci agsama reaksiyon meydana gelir. Bu reaksiyon neticesinde olusacak sert ve kirilgan
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karbiir parcaciklar: siinekligi ve kirilma toklugunu 6nemli ol¢lide azaltmaktadir. Literatiirde Osferrit
olusumu igin 400 °C gibi ¢ok yiiksek 6stemperleme sicakliginda 30 dakika 1s1l iglemin yeterli oldugu, cok
diisiik Ostemperleme sicakliklarinda (~230 °C) 4 saat 1s1l islemin en iyi mekanik o6zelliklerin elde
edilmesinde yeterli oldugu belirtilmistir [Rao ve Putatunda, 2003; Eric ve dig., 2006; Sohi ve dig., 2004; Hsu
ve dig., 2000; Kim ve dig., 2008; Sellamuthu ve dig., 2018]. Bu ¢alisma kapsaminda, 350 ve 320 °C sicaklikta
90 ve 120 dakika Ostemperlenen ticari safliktaki GGG-50 KGDD’in mikro yapisal degisiklikleri ve
neticesinde malzeme sertligine etkisi incelenmistir.

MALZEME VE METOT (MATERIALS and METHOD)
Numunelerin Uretimi (Production of the Samples)

Calisma kapsaminda Tablo 1'de verilen kimyasal kompozisyona sahip GGG-50 KGDD malzemeler
kullanilmistir. Numunelerin dokiim islemi Konya Organize Sanayi Bolgesi'nde bulunan Kurtsan Porya
Sanayi tesislerinde yapilmistir. Ergitme isleminde 1500 kg kapasiteli Inductotherm marka orta frekansh
indiiksiyon ocagr kullamilmistir. Ocaga sarj olarak sfero piki, gelik hurdasi ve sfero déndii hurdas:
yiiklenmistir. Ergime isleminden sonra sivi metale dokiim sicakliginda (1450 °C) kiiresellestirme ve
asilama islemleri uygulanmistir. Kiiresellestirme islemi tundish potasinda FeSiMg7 kiiresellestirici
kullanlarak yapilmis olup, asilama islemi ise dokiim potasinda Fe-Si (75% Si) alasimi kullanilarak
yapilmustir. Daha sonra sivi metal kum kaliplara dokiilerek sogutulmaya birakilmistir. Numunelerin
kimyasal analizi OBLF RS1000-162 model optik emisyon spektrometresi kullanilarak gergeklestirilmistir.
Karbon esdegeri asagidaki esitlik kullanilarak % 4.59 olarak hesap edilmistir.

%Si + %P
CE = %C +——— 1)

Cizelge 1. GGG-50 KGDD numuneye ait kimyasal analiz degerleri.

Table 1. Chemical composition of GGG-50 nodular cast iron specimen
Fe C Si Mn Cu P S Mg Cr Ni Mo
denge 378 240 0.221 0.609 0.029 0.011 0.046 0.025 0.019  <0.001

Isil islem (Heat-Treatment)

Ostemperleme 151l islemi Ankara Sincan Organize Sanayi Bélgesi'nde bulunan Déksan Isil Islem
tesislerinde gerceklestirilmistir. Numunelere 950 °C’ de 2 saat Ostenitleme 1s1l islemi uygulandiktan sonra
320 ve 350 °C sicakliklarda 90 ve 120 dakika siire ile 5stemperleme yapilmigtir. Ostemperleme kosullarmi
gosteren ¢izim Sekil.2’de verilmektedir. Ostemperleme islemi Petrofer AS135 1s1l islem tuzu (50% NaNOs-
50% KNO:s) igeren sicaklik kontrollii tuz banyosunda gerceklestirilmistir. Tuz banyosu Ostemperleme
stiresince motorlu bir mikser tarafindan karistirilmistir. C)stemperleme islemi tamamlandiktan sonra
numuneler oda sicakligina sogutulmaya birakilmis ve sonrasinda yiizeyindeki tuz tabakasinin giderilmesi
igin yikanmustir.
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Sekil 2. KGDD'lere uygulanan dstemperleme 1s1l isleminin grafiksel gosterimi.
Figure 2. Graphical represantation of austempering heat-treatment.

Karakterizasyon (Characterization)

Numuneler mikro yapisal inceleme icin standart metalografik numune hazirlama islemleri
kullanilarak hazirlanmistir. Bu islem kapsaminda numuneler 6nce zimparalanmis, sonra 1 pm Al0s ile
parlatilmis ve sonunda da %2 Nital ¢ozeltisi ile daglanmistir. Numunelerin 1s1l islem Oncesi ve sonrasi
mikroyapi incelemesi Nikon Eclipse MA100 model optik mikroskop kullanilarak yapilmistir. Alasimin faz
analizi Bruker D8 Advance model X-1s1n1 kirinim cihazi (XRD) kullanilarak yapilmustir. Olgiimler, tarama
huz1 2°/dk ile 20=40-100° araliginda olacak sekilde ve dalga boyu 1.5406 A olan Cu-Ka 1s1masi kullanilarak
gerceklestirilmistir. Numunelerin Brinell sertlik degerleri EMCO Test DuraVision 300 model sertlik 6l¢gme

cihazi kullanilarak 182,5 kgf yiik altinda ve 2,5 mm bilya ile yapilmistir. Numunelerden en az 5 farklh
6l¢lim alinarak ortalama sertlik degerleri hesap edilmistir.

BULGULAR (RESULTS)

Isil islem gormemis dokiilmiis haldeki GGG-50 KGDD’e ait mikroyap: fotograflar1 Sekil.3’te
verilmektedir. Numune mikroyapisi kiiresel grafitler, ferrit (beyaz renkli bolgeler) ve perlitten (koyu
renkli bolge) meydana gelmektedir. Mikro yapida herhangi bir karbiire ve dokiim hatasina
rastlanilmamistir. Dokiilmiis haldeki sertlik degeri ise yaklasik 175 HB olarak Ol¢iilm{istiir.

Sekil 3. Dokiilmiis haldeki GGG-50 kiiresel grafitli dokme demlr numuneye ait m1kroyap1 fotograflar:

(a) parlatilmis ve (b) daglanmuis yiizey.
Figure 3. Microstructure of as-cast GGG-50 nodular cast iron sample: (a) polished and (b) etched surface.

350 ve 320 °C’de 90 ve 120 dakika 6stemperleme islemine maruz birakilan numuneye ait mikroyap:
fotograflari Sekil 4.’te verilmektedir. Numunelerin tamaminda stemperlenmis siinek dokme demir mikro
yapist gozlemlenmistir. Bu tip mikro yapi1 ayrintili incelendiginde (Sekil 5) kiiresel grafitler ile birlikte koyu
renkli Osferrit (beynitik veya ignemsi (asikiiler) ferrit) ve acik renkli yiiksek karbonlu (kalint1) Ostenit
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agikca goriilmektedir. Ayrica, 6stemperleme 1si1l islemi sonrasinda mikro yapilarda (Sekil 4) az miktarda
da olsa karbiirlerin olustugu (beyaz renkli) gozlemlenmistir.

Mikro yapi fotograflar1 detayli incelendiginde dstemperleme sicaklik ve siiresinin fazlarin biiyiikliigii,
miktar1 ve dagilimi gibi mikro yapisal 6zelliklere ¢ok fazla etki etmedigi sadece mikro yapinin sicakligin
azalmasiyla birlikte bir miktar inceldigi gozlemlenmistir. Yiiksek dstemperleme sicakliklarinda karbonun
difiizyon hiz1 yiiksek olup daha kalin morfolojide osferrit fazi olusmasina neden olmaktadir. Bu durum
Sekil 1" de verilen izotermal soguma egrileri de agiklanabilmektedir. Celiklerdeki duruma ¢ok benzer
KGDD metallerde de izotermal doniisiim (6stemperleme) sicakligina bagli olarak {ist ve alt beynit
(beynitik ferrit, Osferrit) olusmaktadir. Nispeten daha diisiik sicakliklarda olusan alt beynitin sertligi,
dayanimi ve kirilganlig: {ist beynite gore daha yiiksektir.

Sekil 4. C)étempeﬂeme 151l islemi uygulanmig numunelere ait mikroyap: fotograﬂarl () 350 °C 90
dakika, (b) 350 °C 120 dakika, (c) 320 °C 90 dakika ve (d) 320 °C 120 dakika.
Figure 4. Microstructures of austempered specimens: (a) 350 °C 90 min., (b) 350 °C 120 min., (c) 320 °C 90 min. and (d) 320 °C 120 min.

biiyiitme) fotografi.
Figure 5. High magnification (1000X) microstructure of austempered specimen (350 °C 90 min).
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Cizelge 2’de verilen Brinell sertlik sonuglarina gore Ostemperleme sicaklik ve siiresinin mekanik
ozellikleri 6nemli 6l¢iide etkiledigi ortaya ¢ikmustir. Bu sonuglara gore dstemperleme sicaklig1 azaldikga
ve Ostemperleme siiresi arttikca numunelerin sertligi artmistir. Ayrica stemperlenmis halde dlgiilen tiim
sertlik degerleri dokiilmiis haldeki sertlik degerine 6nemli Ol¢iide fazladir.

Cizelge 2. Isil islem sartlarina gore elde edilen ortalama sertlik degerleri.
Table 2. Mean hardness values of as-cast and austempered specimens.

Numune Brinell Sertlik Degeri
Dokiilmdis 175

350 °C 90 dakika 268

350 °C 120 dakika 273

320 °C 90 dakika 302

320 °C 120 dakika 309

Ostemperleme siiresinin artmasiyla sertlikte meydana gelen artis yiiksek karbonlu dstenitin karbon
igeriginin Ostemperleme siiresinin artmasiyla dogrudan iligkilidir. Bu iliskiyi dogrulamak icin
Ostemperleme 1s1l islemine maruz birakilan numunelere X-1sinlar1 kirmim analizi uygulanmis ve elde
edilen kirmim desenlerinden (Sekil 6) yiiksek karbonlu Ostenitin kafes parametresi ve kafes
parametresinden de asagidaki ampirik esitlik kullamlarak ostenitin karbon konsantrasyonu hesap
edilmigtir [Roberts, 1953].

ay= 0.3548 + 0.0044Cy @)

Bu esitlikte ay Ostenitin kafes parametresi (nm) ve Cy Ostenitin agirlikca karbon yiizdesidir.
Hesaplamada dstenite ait (111), (220) ve (311) diizlemlerine ait Bragg acilar1 dikkate alinmistir. Ostenitin
hesaplanan kafes parametresi ve karbon yiizdeleri Cizelge 2’'de verilmistir. Bu sonuglara gore Ostenitin
kafes parametresi ve dolayisiyla karbon yiizdesinin 6stemperleme siiresi ile dogru orantili oldugu ortaya
cikmistir. Ostenitin karbon miktarindaki artis numunelerin sertliginin artmasina sebep olmustur.

Cizelge 3. Isil islem sartlarina gore hesap edilmis yiiksek karbonlu dstenitin kafes parametresi ve

karbon miktari.
Table 3. Calculated lattice parameter and carbon content of high carbob austenite phase of austempered specimens.

Numune Ostenit Kafef Ostenit Karbon I¢erigi
Parametresi (A) (% ag.)
350 °C 90 dakika 3,6355 1,9877
350 °C 120 dakika 3,6418 2,1309
320 °C 90 dakika 3,6435 2,1706
320 °C 120 dakika 3,6457 2,2212
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Sekil 6. Farkli sicaklik ve siirelerde 0stemperlenmis numunelere ait x-1s1nlar1 kirinim desenleri.
Figure 6. X-ray diffraction patterns of austempered specimens.

SONUCLAR VE TARTISMA (CONCLUSION)

Bu ¢alisma kapsaminda iki farkli sicaklikta (350 ve 320 °C) ve iki farkli siirede (90 ve 120 dakika)
Ostemperleme 1sil islemine maruz birakilan GGG-50 KGDD’in mikro yapisinda meydana gelen
degisiklikler ve bu degisikliklerin sertlige etkisi incelenmistir. Her iki sicaklik ve siirede de Osferrit ve
yliksek karbonlu ostenitten olusan Ostemperlenmis kiiresel dokme demir mikro yapisi elde edilmistir.
Ostemperleme 1s1l islemi neticesinde dokiilmiis numunenin sertligi onemli olciide artmistir.
Ostemperleme sicaklig1 azaldikca ve Ostemperleme siiresi artttkca numunelerin sertligin de artis
gozlemlenmistir. Sertlikte meydana gelen artisin sebebi sicakligin azalmasiyla alt beynitik bolgeye
yaklasma ve siirenin artmasi ile de ytiiksek karbonlu 6stenitin igindeki karbon yiizdesindeki artisa baglidur.
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O2Z: Betonarme kolonlar tagtyici sistemlerin moment aktaran kritik yapisal sistemleridir ve yeterli dayanim
ve siineklikte tasarlanmalidir. Betonarme kolonlarin sargi donatisi 6zellikle depreme maruz kaldiklar
durumlarda sarg; etkisi ile kolonlarin dayamim ve siinekliginin artirmasinda 6nemli rol oynar. Betonarme
kolonlarda sargi donatis1 boyuna donatinin yerel burkulmasini geciktirmek, kesme kuvvetine karsi
koymak, ani kesme kirilmasini 6nlemek ve sarg etkisi ile dayanim ve siinekligi artirmak igin kullanilir.
Sismik yiiklere maruz kalan betonarme elemanlarin davranisi, esas olarak betonun nihai dayanimina ve
siinekligine baghdir. Bu parametreleri arastirmak i¢in degisik geometride betonarme kolon modelleri
tasarlanmistir. Sargl donat1 ¢capinin ve sargi donati araliginin betonarme kolon modellerinin davranisina
etkisi analitik olarak arastirilmistir. Sarg: donatilari ile sarilmis betonarme kolon modellerinin davranisini
arastirmak icin literatiire sunulmus olan analitik modeller kullamilmistir. Farkli parametrelerde tasarlanan
sargili kolon modelleri i¢in gerilme-birim sekil degistirme egrileri ¢izilmis ve elde edilen sonuglar
karsilastirilarak yorumlanmustir.

Anahtar Kelimeler: Sargili beton, Sargi donatisi, Sarguli beton dayanimi, Siineklik, Gerilme-sekil degistirme
iliskileri

Analytical Investigation of Confined and Unconfined Concrete Strength of Reinforced Concrete
Columns

ABSTRACT: Reinforced concrete columns are the critical members of moment-resisting structural
systems and have to be designed adequately in strength and ductility. Transverse reinforcement in
concrete columns plays an important role in the improvement of strength and ductility of columns,
especially when they are subjected to severe ground motion. Transverse reinforcement in concrete
columns can be used to delay the local buckling of longitudinal bars, resist shear forces, avoid the sudden
shear failure and confine the concrete to improve the strength and ductility. The behavior of reinforced
concrete members subjected to seismic loads is mainly based on the ultimate strength of concrete and its
ductility. Reinforced concrete column models having different cross-section have been designed to
investigate these parameters. The effects of the transverse reinforcement spacing and transverse
reinforcement diameter on the behavior of column models have been analytically investigated. Previously
proposed analytical models were used to investigate the behavior of the reinforced confined column
models. Stress-strain relationships were obtained for the confined concrete columns and the obtained
results were compared and interpreted.

Key Words: Confined concrete, Confining reinforcement, Confined concrete strength, Ductility, Stress-strain
relationship



Betonarme Kolonlarin Sargisiz ve Sargili Beton Dayaniminin Analitik Olarak Arastirilmas: 613

GIRIS INTRODUCTION)

Meydana gelen yikici depremler, mevcut binalarin deprem performanslarinin belirlenmesi
konusundaki c¢alismalarin 6nemini arttirmistir. Siddetli depremlerde yapilarin depreme dayarnikli
performans tasarimi ve analizi; dogrusal ve dogrusal olmayan tasarim ve analiz olarak iki farkli davranis
olarak ayrilmaktadir. Dogrusal elastik olmayan davranisin daha iyi anlasilabilmesi icin sargisiz ve sargil
beton modelleri, gerilme-sekil degistirme bagintilar: ve kesitlerin siinekliklerinin hesaplanmas: gereklidir.
Betonarme yapisal elemanlarin kesit davrarusi, kesitte kullanilan malzeme, kesitin geometrisi ve kesite
etki eden yiiklemelere baghdir. Yapilarin depreme karst dayanikhi olabilmesi i¢in, yapisal elemanlarin
yeterli dayanimlarinin yaninda bu dayanimlarimi siirdiirebilmeleri i¢in elemanlarin siinek olmalar:
gerekmektedir. Yapisal elemanlarin yeterli siineklikte olabilmelerini saglamak icin sargi donatisi
kullanilir. Sargi donatili betonarme yapisal elemanlarin gerilme-sekil degistirme davranisi, sargi donatisiz
betonarme yapisal elemanlarinkine gore farklilik gostermektedir. (Foroughi, 2018).

Betonarme yapilarin ve yapisal elemanlarin davranisi, elemanlarin gerilme-sekil degistirme ve
deformasyon oOzelliklerine bagli olarak degisir. Sargili betonun eksenel basing gerilmeleri altindaki
davranisinin belirlenmesinde farkli arastirmacilar tarafindan ¢ok sayida deneysel ve kuramsal ¢alisma ve
davramis modeli Onerilmistir. Bu ¢alismada sargili betonarme elemanlar i¢cin Mander ve dig. (1988a),
Saatcioglu ve Ravzi (1992) tarafindan sargili ve sargisiz betonarme elemanlar i¢in onerilmis olan eksenel
yiik altindaki davramis modelleri incelenmistir. Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992)
davramis modelleri kullanilarak sargili ve sargisiz betonarme yapisal elemanlarin davrams: dikkate
alinarak sargili beton basing dayanimi analitik olarak arastirilmistir. Degisik geometride toplam 33 adet
betonarme kolon modeli tasarlanmistir. Betonarme kolon modellerinin tasariminda Tiirkiye Bina Deprem
YoOnetmeligi (2018)’de verilen hiikiimler dikkate alinmistir. Degisik geometrilerde tasarlanan her
betonarme kolon modeli i¢in {i¢ farkli sargi donat1 ¢api, her sargi donat1 ¢ap: igin i¢ farkh sargt donati
aralig1 olmak iizere toplam 99 adet betonarme kolon kesit modelinin sargili beton basing dayanimlar
arastirilmistir. Sargili beton basing dayanimlar: hesaplanarak kesitlerin gerilme-sekil degistirme iliskileri
elde edilmistir. Farkli Ozelliklerde sargili beton modellerinde sargili beton basing dayanimlari
hesaplanarak gerilme- birim sekil degistirme iligkileri elde edilmis ve elde edilen sonuglar farkl
parametrelere gore karsilastirilarak yorumlanmistir. Boyuna donati ¢api, sargit donati ¢apr ve sargi
donatis1 araliginin degisiminin betonarme kesitlerin davranisina etkisi Mander ve dig. (1988a) ve
Saatcioglu ve Ravzi (1992) modeline gore incelenmistir. Mander ve dig. (1988a) ve Saatcioglu ve Ravzi
(1992) modelinden elde edilen sonuglar karsilagtirilmistir.

GERILME- SEKIL DEGISTIRME BAGINTILARI (STRESS-STRAIN RELATIONSHIP)

Deprem etkileri altindaki betonarme yapisal elemanlar biiyiik sekil degistirmelere maruz
kaldiklarinda yiik tasima kapasitelerini sargt donatisi arasinda kalan ¢ekirdek betonun davranisi belirler.
Sarg1 donatilar ile sarilmis betonarme yapisal elemanlarin davranisini arastirmak icin Mander ve dig.
(1988a), Saatcioglu ve Ravzi (1992) modeli kullanilmistir. Tasarlanan betonarme kolon modellerinde
arastirilan ve dikkate alinan parametreler sirasiyla sargi donati ¢api ve araligi, boyuna ve sargi donatisinin
kesitteki dagilim1 ve yerlesim plani, kesit geometrisi ve boyutlaridir.

Sargili Beton icin Mander Modeli (Mander Model for Confined Concrete)

Mander beton modeli, dairesel, spiral, dikdortgen sargi donatili, dairesel, kare veya dikdortgen kesitli
betonarme yapi elemanlarin monotonik veya gevrimsel yiikler altindaki davraniglarini tanimlamak
amactyla gelistirilmistir. Sargili beton davrarusi ile ilgili gelistirilen bu model, Mander (1983), Mander ve
dig. (1988a) ve Mander ve dig. (1988b) tarafindan yapilan calismalara dayanmaktadir. Mander ve dig.
(1988a) dairesel, spiral, dikdortgen sargi donatiya sahip sarilmis betonarme kesitler igin gerilme-birim
sekil degistirme bagintis1 dnermistir.
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Mander modeline gore kare ve dikdortgen kesitler i¢in sargili beton basing dayanimi (Confined concrete
strength for square and rectangular sections according to Mander model)

Al
be
'
—— X Etkisiz gy —
| sartlmis
— balge
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Sarilnus Kesit y—
——— Z AT T T
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b
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Sekil 1. Sarg: donatili kesitlerde etkin sarilmis beton ¢ekirdek alani

Figure 1. Effectively confined core for rectangular hoop reinforcement

Sargi betonun net en-kesit alan1 (A..) Denklem 1 ile hesaplanmaktadir.

Acc:bcdc(l'pcc) (1)
Etkili sarg1 bolgesi alani; toplam etkisiz sarg1 bolgesi olan parabollerin alanindan ¢ikararak (A;) Denklem
2 ile hesaplanmaktadir.

Tr(w')?
6
Etkili olarak sarilan kesit alani (A.) Denklem 3 ile hesaplanmaktadir.

A= (bcdc_i (W6'i)2> (15) (1- %) 3)

Etkili olarak sarilmis olan alanin (A.), sargili beton en-kesit alanina (A.) oram (k.) olarak sarg: etkisi
katsayisi, dikdortgen sargi donatili kesitler i¢in Denklem 4 ile hesaplanmaktadir.
SR (-2)(-3)
A (1'2i ob.d.) \1"25.) \12q;
ke=2—= 4)
ACC (1_pcc)

Etkin sargi gerilmesini ifade etmek igin Asx ve Asy kesit lizerinde x ve y yonlerinde kullanilan sargi
donatilarmin en-kesit alam olmak iizere, p, ve Py bu yonlerde donati orani Denklem 5, 6 ve 7 ile

A= 2)

hesaplanmaktadir.
Ag Asy
Tod  PyTsp PPy ®)
x ve y yoniinde betona uygulanan etkili yanal basinglar: asagidaki denklemlerden hesaplanmaktadir.
A As
fIx= E 'fyh=px‘fyh , fly= S_b); ‘fyh=py°fyh (6)
\ Asx 1 ASY
f Ix:ke S_dc fyh:ke-flx , f ly:ke S_bc fyh:ke'fly (7)
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Mander modeline gore dairesel kesitler icin sargili beton basing dayanimi (Confined concrete strength for
circular concrete sections according to Mander model)

L dS' L

1 1
| |
| |
| |
| |
| \

Etkili Sarilnug Etkisiz Sanilnug )

Kesit

B-B Kesiti A-4 Kesiti
Sekil 2. Sarg1 donatili kesitlerde etkin sarilmis beton ¢ekirdek alani

Figure 2. Effectively confined core for circular hoop reinforcement

Dairesel kesitler i¢in sargili betonun net en-kesit alani (A..) Denklem 8 ile hesaplanmaktadr.
Tt
Ac=7d5(1-p,.) ®
Etkili olarak sarilan kesitin iki sargt donatisinin net araliginin ortasinda etkili olarak sarilan kesit alani (A.)

Denklem 9 ile hesaplanmaktadir. Burada s diisey dogrultuda iki spiral veya dairesel net araligi, d,, ise

cekirdek capidir.
2

AT (g8 2—ﬂd2 .5 9
e_4 5'2 _4 s 'zds ()

Dairesel etriyeler i¢in sargi etkisi katsayis1 Denklem 10 ile hesaplanmaktadir.

Ae -Zd
ke= == 757 10
A (1'PCC) (10)

Benzer sekilde dairesel spiraller igin de Denklem 11 ve 12 ile hesaplanmalidir.
SV

_a,_(2)

¢ Acc (1'pcc)

Spiral veya dairesel etriyelerle sarilmis cekirdek betona uygulanan yanal sargi basinci asagidaki

denklemden hesaplanmaktadir.
26 Agp=fy s d (12)
Burada fy;,; sarg1 donatisinin akma dayanimi, Ayp; sargt donati gubugunun alani, f;; betona uygulanan

k (11)

yanal sargi basinci ve s; spiral veya dairesel etriyelerin merkezinden merkezine dl¢giilen mesafedir. p_; sargi

donat1 hacminin ¢ekirdek betonunu hacmine orani Denklem 13 ile hesaplanmaktadir.
Agpmds 4A,

= 1
e %ds S ds S ( 3)
Denklem (12) ve denklem (13)’ten;
1
fi= 5 psfyh (14)
Dairesel kesitli kolonlarda betona uygulanan etkili yanal basing degeri Denklem 15 ile hesaplanacaktir.
o1
f1=§kepsfyh (15)

Sargili beton basing dayanimi (f;C) icin Denklem 16 kullanilmaktadir.

Co 7.94f  f
f.=f, | -1,254+2,254 [1+———-2— | MPa (16)
fCO fCO

Sargili betonda beton basing gerilmesi ., basing birim sekil degistirmesi €. 'nin fonksiyonu olarak Denklem
17 ile verilmektedir. Asagidaki baglantilarda f. ve €. sirasiyla herhangi bir andaki beton dayanimin ve
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karsilik gelen sekil degistirmeyi temsil etmektedir. Monotonik olarak yiiklenen betonda olusacak gerilme

asagidaki bagintilar ile bulunabilir.
feexr

<l (17)
Normalize edilmis beton birim sekil degistirmesi x ile r degiskenine iliskin bagintilar Denklem 18, 19, 20,

21 ve 22’de verilmistir.

x= % (18)
8CC f‘
— [1+5 (f—l)] (19)
co
r= Ee (20)
Ec'Esec
E.=5000,/f'., MPa (21)
_ f'cc
Esec_ - (22)
eCC

Betondaki en biiytik birim sekil degistirme degeri ¢, enine donatida olusan ilk kopma anindaki degere
karsilik gelir. Sargili betondaki maksimum basing birim sekil degistirmesi ¢., Denklem 23’te verilmistir:
14.p . fyy €
f'CC
Burada p_ toplam enine donatinin hacimsel oranini, &, enine donati geliginde maksimum gerilme

£0a=0.004+ (23)

altindaki birim uzama sekil degistirmesini gostermektedir.
Sargili beton i¢in Saatcioglu ve Ravzi modeli (Saatcioglu and Ravzi models for confined concrete)

Saatgioglu ve Ravzi (1992) ¢ok sayida dikdortgen ve dairesel sargi donatili betonarme numune
tizerinde yaptiklari ¢calismada sargi donatili betonarme elemanlarda gerilme-sekil degistirme (c-€) modeli
gelistirmislerdir. Sargili beton dayanimi, yanal sarg1 basing etkisi dikkate alinarak Denklem 24’teki gibi
yazilir.

f=ksfotkioy (24)
Normal dayanimli betonlar igin genelde ks=0.85 varsayilir. Saat¢ioglu ve Ravzi (1992) k; icin deney
sonuglari ile iyi bir uyusum gosteren Denklem 25i 6nermektedir

7

1= 0,07 (25)

Saat¢ioglu ve Ravzi modeline gore dairesel kesitler icin sargili beton basing dayanimi (Confined concrete
strength for circular concrete sections according to Saatcioglu and Ravzi model)

Sik adimlarla yerlestirilmis dairesel veya spiral sargi donatisinin ve kolon boyuna donatisinin
mevcudiyeti ile de beton gekirdek etrafinda saglanacak yanal sarg: basinci diizgiin yayili olarak kabul
edilebilir (Saatcioglu ve Ravzi, 1992). S6z konusu basing statikten Sekil 3’te goriildiigii gibi hesaplanabilir.

p—— - A sp a
Z T . Y 13’\\1\' -Agy
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\"‘J/ A -7 \"'\‘"\‘ /
2 e o |
L“-I{\ ~ ~a ,:i/ ‘\\'\\
\ ¥
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Sekil 3. Dairesel kolonlarda yanal sarg: basinci
Figure 3. Lateral Pressure in Circular Columns
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Dairesel fretle sarilmis beton i¢in gikarilan 0, Denklem 26’da verilmistir. Bu denklemde A, s ve fy,

sirasiyla fretin kesit alani, aralig1 ve akma dayanimidir. D ise ¢ekirdek ¢apidir.
2A,
0= WS) fywk (26)

Saatcioglu ve Ravzi modeline gore kare kesitler icin sargili beton basin¢ dayanimi (Confined concrete
strength for square concrete sections according to Saatcioglu and Ravzi model)

Asagidaki sekilde gosterildigi gibi, sargimin kare oldugu durumlarda sargi donatisinda egilme
deformasyonu hakimdir. Bu nedenle koselerde sarg: etkisi belirginken bu etki, sargi donatisinin agiklik
ortasinda azalmaktadir. Bunun i¢in, dikdortgen sarg: donatisinin s6z konusu oldugu durumlarda, betona
uygulanan basing diizgiin yayili degildir (Sekil 4).

Sekil 4. Kare kolonlarda yanal sargi basinci
Figure 4. Lateral Pressure in Square Columns

Basing dagilimindaki bu degismeyi dikkate alabilmek i¢in o, yerine, esdeger diizgiin yayili basing oy,
kullanilmasi 6nerilmektedir.

fCC:k3fC+k1C72e (27)
6,7

K 8)
Deneysel verilerden yararlanarak o,. Denklem 29 ve 30’dan ¢ikartilmistir (kare kesit bxx=bxy).

GZG:EOK ¢ ( . ) (29)

olywk Sinox

) (D) (30)
Esdeger sarg1 basinci, ortalama sargi basinciru 8 ile tanimlanacak bir azaltma katsayisina bagli olarak
tanimlanmistir.

B=0,26 (ti) (E) (i) <1,0 (31)

a/\s/\o,

Denklem 31’deki “a” sargi donatisina mesnet olusturan iki boyuna donat1 merkezi arasindaki uzakliktir.
Boyuna donatinin mesnet olabilmesi icin, bu donatinin etriye kosesinde yer almasi veya cirozlarla
tutturulmus olmasi gerekir.

Saatcioglu ve Ravzi modeline gore dikddrtgen kesit icin sargili beton basing dayanimai (confined concrete
strength for rectangular concrete sections according to Saatcioglu and Ravzi model)

Dairesel ve kare kesitler icin belirtilen hesap yontemi, dikdortgen kesitli kolon elemanlarda da
kullanilabilir. Dikdortgen kesitli elemanlarda uzun kenara etkiyen sargi basinci, kisa kenara etkiyen sargi
basincina gore beton dayamimu tizerinde daha ¢ok etkili olmaktadir. Deneysel verilerin incelenmesi
sonucunda dikdortgen kesitli kolon elemanin uzun ve kisa kenarlarina etkiyen sargi basmncinin kenar
uzunluklari ile orantili oldugu anlasilmaktadir (Saatgioglu ve Ravzi, 1992).
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Sekil 5. Dikdortgen kolonlarda yanal sargi basinct

Figure 5. Lateral Pressure Distribution in Rectangular Columns

Sekil 5'te goriilecedi gibi 0y, Ve 02y kolon gekirdek alanina etkiyen ve sirasiyla by, ve by, kenarlarina dik
olarak yayildig1 kabul edilen esdeger yanal sarg: gerilmeleridir.

O2exPix 026y b
O'ze=( 2 k 2ey ky) (32)
(bkx+bky)
2 Aoxfywisina 2 Aoy fywisina
T b YT (b >

Dikdortgen kesitlerde, "8" azaltma katsayist her iki yon icin de ayr1 ayr1 hesaplanmalidir:

B.=0,26 J (k;k) (b:X) (012) <1,0, B,=0,26 J (%) (%) (o%y) (34)

y

O-2ex=[3xo-2></ O'Zey=[3yo-2y (35)
Sarg1 donatili betonun c-¢ egrisinin elde edilebilmesi icin fe'nin hesaplanmasi yeterli degildir. f"ye kars:
gelen birim kisalmanin (g..)’da tanimlanmasi gereklidir. Ayrica egrinin €. dan sonraki boliimii de
tanimlanmalidir. Saatcioglu ve Ravzi (1992) e, i¢in Denklem 36 ve 37’yi 6nermislerdir (e.,= 0,002).

€coc=eo[1+54] (36)
Kq05e
"o, (37)
0.85fc'ye kars1 gelen birim kisalma icin Denklem 38 ve 39 tanumlanmaktadir.
8c8522260 P €coctEuss (38)
Ay Sina
- y (39)

b s(bitbiy)
Sargili beton gerilme iligkisi, betonun en biiyiik gerilme degerine kadar bir dogru ile ifade edilmistir.
Sargili beton dayaniminin %20’sinin sonrasi kalic1 dayanim seviyesi olarak kabul edilmistir. Saatcioglu ve
Razvi (1992) beton modeli, yanal sarg1 basincinin sifir veya ihmal edilebilir bir degerde olmasi durumunda
Hognestad (1951) tarafindan onerilen sargisiz beton modeli haline gelmektedir (Saatcioglu ve Ravzi,
1992).

1

271+2%
Egrinin birinci blimii: o~f [(22) - (<) ]1 Tt (40)
Egrinin ikinci bolimii: o ~f+ (%) (ec€coc) (41)

MATERYAL ve METOT (MATERIALS and METHODS)

Bu calismada; ilk olarak dogrusal elastik olmayan davranisin daha iyi anlasilabilmesi i¢in gerilme-
sekil degistirme bagintilar;, Mander ve dig. (1988a), Saatcioglu ve Razvi (1992) tarafindan sargili
betonarme elemanlar igin Onerilmis olan eksenel yiik altindaki davramis modelleri hakkinda bilgi
verilmistir. Mander ve dig. (1988a), Saatcioglu ve Razvi (1992) modelleri kullanilarak sargili ve sargisiz
beton davrarnusi dikkate alinarak kolon modellerinin sargili beton basing dayanimlari arastirilmistir.
Sargili kolon modellerinin gerilme- birim sekil degistirme (c-¢) egrileri elde edilmistir.
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Bu calismada, betonarme kolon kesitlerine ait tasarim parametrelerinin, kesit davranisina etkisini
incelenmek amaciyla degisik geometri ve parametrelere sahip toplam 33 adet betonarme kolon modeli
tasarlanmigtir. Betonarme kolon modellerinin tasariminda TBDY, (2018)'de verilen hiikiimler dikkate
alinmistir. Degisik geometrilerde tasarlanan her betonarme kolon modeli i¢in ii¢ farkli sarg1 donat1 ¢ap,
her sarg1 donat1 ¢ap1 igin ii¢ farkli sargi donat1 aralig1 olmak tizere toplam 99 adet betonarme kolon kesit
modellerinin sargili beton basing dayanimlar: arastirilmistir. Tasarlanan betonarme kolon modellerinin
ti¢ farkli malzeme modelinden olustugu diistiniilmiistiir. Farkli malzeme modeli olarak; sargisiz beton
modeli i¢in kabuk betonu, sargili beton modeli i¢in ¢ekirdek betonu ve donat1 ¢geligi olarak 5420 igin
verilen degerler kullanilmistir (Cizelge 1). Tasarlanan betonarme kolon modellerine ait kesitlerin
geometrileri, donat1 yerlesim plani goriiniisii Sekil 6’da verilmistir. Sekil 6’da verilen betonarme kolon
modellerinde boyuna donat1 orani, sargi donatisi ¢ap1 ve araliginin betonarme kesitlerin davranisina etkisi
incelenmistir. Farkli kesitler igin tasarlanan boyuna donati orani, sargi donati ¢ap1 ve sargi donati araligina
sahip kesitlerin detaylar1 asagida verilmistir. Cizelge 2’de verilen kesitlerin her biri icin farkli sarg1 donati
cap1 ve sargl donat1 aralig1 icin Mander ve dig. (1988a), Saatgioglu ve Razvi (1992) modelleri kullanilarak
kesitlerin sargili beton basing dayanimlar1 hesaplanmaigtir.

Cizelge 1. Malzeme modellerinde kullanilan parametreler
Table 1. Material parameters used in the model

Malzeme Parametre Deger
Beton Stufi: Sargisiz betonun maksimum gerilmeye ulastig1 birim sekil-degistirme degeri (ec0) ~ 0.002
C30 ' Sargisiz betonun nihai birim sekil-degistirmesi (ecu) 0.0035
Karakteristik beton basing dayanima (fex) 30MPa
Donati geliginin akma birim sekil degistirmesi (esy) 0.0021
Donat Celii: Donati gel?{;%n?n peklegm(? ‘t')lrlm §'ek11 Vd'eg'1§t1rm.e51 (&sp) 0.008
5420 Donati geliginin kopma birim sekil degistirmesi (esu) 0.10
Donati geliginin karakteristik akma dayanimi (fyx) 420MPa
Donati ¢eliginin karakteristik kopma dayanimi (fsu) 550MPa
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Sekil 6. Tasarlanan kolon modellerinin kesit detaylar:
Figure 6. Section details of designed column models

Tasarlanan farkli geometri ve parametrelere sahip betonarme kolonlarin kesit bilgileri ve detaylar
Cizelge 2’de verilmektedir. Farkli parametrelere gore toplam 99 adet kolon modeli tasarlanmistir. Cizelge
2’de verilen betonarme kolonlarin her boyuna donati orani igin ti¢ farkli sargt donati ¢ap: ve iig farkli sargt
donat1 araligina gore sargili beton basing dayanimlari arastirilmistir. Sargili beton basing dayanimlar:
hesaplanarak kesitlerin gerilme-sekil degistirme iligkileri elde edilmistir. Farkli parametrelere gore elde
edilen gerilme-sekil degistirme iliskileri farkli kolon modelleri igin karsilastirarak yorumlanmistir. TBDY,
(2018)’e gore kolonlarda boyuna donat1 alani, briit kesitin %1’inden az, %4’tinden daha biiyiik olmayacak
sekilde tasarlanmistir. Kolon modellerinde boyuna donati olarak ®20’den ®40’a kadar farkli donatilar
kullanilmigtir.
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Cizelge 2. Tasarlanan betonarme kolon modellerine ait parametreler
Table 2. Parameters of reinforced concrete column models

Kare kolon Dairesel kolon ~ Dikdortgen kolon ~ Boyuna donati Sarg1 donatisi
No b h No D No b h Cap Cap Aralik(mm)
S1 CR1 REC1 ®20 ®8, ®10, ®12 50, 75, 100
S2 CR2 REC2 ®22 ®8, ®10, ®12 50, 75, 100
S3 CR3 REC3 ®24 ®8, 10, P12 50, 75, 100
S4 CR4 REC4 ™26 ®8, ®10, ®12 50, 75, 100
S5 CR5 REC5 ®28 ®8, @10, P12 50, 75, 100
S6 500 500 CR6 565 REC6 300 550 ®30 ®8, ®10, 12 50, 75, 100
S7 CR7 REC7 ®32 ®8, @10, P12 50, 75, 100
S8 CR8 RECS8 O34 ®8, @10, P12 50, 75, 100
S9 CR9 REC9 36 ®8, ®10, 12 50, 75, 100
S10 CR10 REC10 »38 ®8, 10, @12 50, 75, 100
S11 CR11 REC11 ®40 ®8, ®10, 12 50, 75, 100

ANALITIiK CALISMA (ANALYTICAL STUDY)

Tasarlanan yapisal betonarme kolonlarin yanal sargi basincina etkiyen parametreler sirasiyla boyuna
donat1 orani, sargi donatisi ¢api, sargl donatis1 araligi ele alinarak sargili beton basing dayanimu
hesaplanmistir. Boyuna donati oraninin, sargi donati ¢apinin ve sargl donati araliginin tasarlanan
betonarme kolonlarin davrams: iizerindeki etkisi Mander ve dig. (1988a), Saatcioglu ve Razvi (1992)
modellerine gore sargili beton basing dayanimlar1 hesaplanarak arastirilmistir. Farkli parametrelere gore
elde edilen gerilme-sekil degistirme iliskileri farkli betonarme kolon modelleri i¢in karsilastirilarak
yorumlanmustir. Saatcioglu ve Razvi (1992) modellerine gore kare en-kesitli kolon modelleri i¢in yapilan
hesap sonuglar1 Cizelgeler halinde 6zetlenmistir. Mander ve dig. (1988a) modeline gore tasarlanan kare
en-kesitli kolon modellerinde hesaplanan degerler incelendiginde asagidaki sonuglar elde edilmistir

(Cizelge 3).

Cizelge 3. Mander modeline gore kare en-kesitli kolon modellerinin hesap sonuglar:
Table 3. Calculation results of square cross-sectional column models according to Mander model

No | Boyuna donati  Sargi donatist A, (mm?) ke o5 fi(Mpa) £ (Mpa) f{.(Mpa) €cc €cu

D8/50 134940.88 0.70 0.0136  2.87 2.01 3727  0.0066 0.0212
D8/75 127046.73 0.659  0.009 1.91 1.26 33.32  0.0051 0.0168
®8/100 11939048 0.619 0.0068  1.43 0.890 31.18  0.0042 0.0143
®10/50 134820.86 0.705 0.0214 4.5 3.17 4272 0.0088 0.0276
S1 8020 ®10/75 12691523 0.664 0.0142 3.0 1.99 3720  0.0066 0.0221
®10/100 11924844 0.624 0.0107  2.25 1.40 3412  0.0054 0.0188
D12/50 134698.89 0.711 0.0310  6.51 4.63 48.57  0.0110 0.0340
D12/75 126781.85 0.669 0.0206  4.34 2.90 41.53  0.0083 0.0274
®12/100 11910457 0.629 0.0154  3.25 2.05 3748  0.0067 0.0234

Mander ve dig. (1988a) modeline gore kare en-kesitli kolon modellerinden hesaplanan sargili beton
i¢in gerilme-sekil degistirme bagintilar: tanimlanmistir. Sargili betonda basing gerilmesi f., basing birim
sekil degistirmesi .. 'nin fonksiyonu olarak elde edilen c-¢ iliskileri Sekil 7’de 6zetlenmistir. Farkli sarg:
donat1 araliklar icin Sekil 7’de verilen c-g¢ egrisi 8mm, 10mm ve 12mm sargi donati ¢apina gore
hazirlanmistir. Tasarlanan betonarme kolon modellerinde boyuna donati orani, sarg1 donati cap ve sargi
donat1 araliginin degisiminin, sargili beton dayanimina etkisi Mander ve dig. (1988a) beton modeline gore
hesaplanarak karsilagtirilmigtir.
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Sekil 7. Mander modeline gore kare en-kesitli kolonlarin gerilme-sekil degistirme grafikleri
Figure 7. Stress-strain curves of square cross-section column models according to Mander model

Tasarlanan kare en-kesitli betonarme kolon modellerinin Saatcioglu ve Ravzi (1992) modeline gore
hesap sonuglar1 Cizelge 4'te verilmistir.

Cizelge 4. Saatcioglu ve Ravzi modeline gore kare en-kesitli kolon modellerinin hesap sonuglar:
Table 4. Calculation results of square cross section column models according to Saatcioglu and Ravzi model

No | Boyuna donatt ~ Sargi donatist e o(MPa) o(MPa) ki f (MPa) &, €85 £020

D8/50 0.0068 2.865 1.912 6.00 36.97 0.0065 0.0153 0.0536
D8/75 0.0045  1.910 1274 6430 33.69  0.0052 0.0130 0.0470
®8/100 0.0034 1.433 0.956 6.751 31.95 0.0045 0.0118 0.0435
®10/50 0.0107  4.498 2396 5775 3933  0.0074 0.0244 0.0983
S1 8d20 ®10/75 0.0071  2.998 1597  6.187 3538  0.0058 0.0201 0.0820
®10/100 0.0053 2.249 1.198 6.497  33.28 0.0050 0.0178 0.0734
®12/50 0.0154  6.506 2.883 559  41.63  0.0083 0.0373 0.1630
D12/75 0.0103 4.338 1.922 5.995 37.02 0.0065 0.0300 0.1320
®12/100 0.0077  3.253 1.441 6.296 3457  0.0055 0.0262 0.1156

Saatcioglu ve Ravzi (1992) modeline gore kare en-kesitli kolon modellerinden hesaplanan sargili beton
icin gerilme-sekil degistirme bagintilar1 tanimlanmistir (Sekil 8). Farkli sargi donat1 araliklar: icin Sekil
8’de verilen o-¢ egrileri 8mm, 10mm ve 12mm sargi donat1 ¢apina gore hazirlanmistir.

Boyuna donat1 8®20, Sarg: donatis1 ®10
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Sekil 8. Saatcioglu ve Ravzi modeline gore kare en-kesitli kolonlarin gerilme-sekil degistirme grafikleri
Figure 8. Stress-strain curves of square cross-section column models according to Saatcioglu and Ravzi model

Tasarlanan dairesel en-kesitli betonarme kolon elemanlarinin yanal sargi basincina etkiyen
parametreler sirasiyla boyuna donati orani, sargl donatisinin ¢api ve sargi donatist aralif1 ele alinarak
sargili beton basing dayanimlari hesaplanmistir (Cizelge 5). Yapilan hesaplar sonucunda farklh
parametrelere gore gerilme sekil degistirme egrileri cizilmisgtir.
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Cizelge 5. Mander modeline gore dairesel en-kesitli kolon modellerinin hesap sonuglari
Table 5. Calculation results of circular cross-sectional column models according to Mander model

Boyuna Sargi
donatt donatist
»8/50 185507.90 0.968 0.0079 1.66 1.61 35.24 0.0085 0.0145
®8/75 176088.03 0.943 0.0052 1.11 1.05 32.12 0.0046 0.0117
®8/100 166913.60 0.918 0.0039 0.832 0.765 30.45 0.0039 0.0101
»10/50 184745.28 0.970 0.0124 2.61 2.53 39.83 0.0076  0.0187
CR1 8120 ®10/75 175345.04 0.945 0.0083 1.74 1.64 35.42 0.0059 0.0150
®10/100  166190.25 0.920 0.0062 1.30 1.20 33.00 0.0049 0.0128
®12/50 183984.23 0.972 0.0179 3.77 3.67 44.82 0.0095 0.0228
®12/75 174603.63 0.946 0.0120 2.52 2.38 39.12 0.0073 0.0184
®12/100  165468.47 0.921 0.0090 1.88 1.74 35.91 0.0060 0.0157

A, (mm?)  ke(mm?) p(mm?) fi(Mpa) f/(Mpa) fi(Mpa) &, Ecu

Mander ve dig. (1988a) modeline gore dairesel en-kesitli kolon modelleri i¢in hesaplanan sargili beton
gerilme-sekil degistirme bagintilar: tanimlanmistir. Sargili betonda basing gerilmesi f;c , basing birim sekil
degistirmesi €., 'nin fonksiyonu olarak elde edilen c-¢ iligkileri Sekil 9’da 6zetlenmistir. Farkli sarg: donat:
araliklar1 icin Sekil 9'da verilen c-¢ egrileri 8mm, 10mm ve 12mm sargi donati ¢apina gore hazirlanmistir.
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Sekil 9. Mander modeline gore dairesel en-kesitli kolonlarin gerilme-sekil degistirme grafikleri
Figure 9. Stress-strain curves of circular cross-section column models according to Mander model

Tasarlanan dairesel en-kesitli betonarme kolon modellerinin Saatgioglu ve Ravzi (1992) modeline gore
hesap sonuglar1 Cizelge 6’da verilmistir.

Cizelge 6. Saatcioglu ve Ravzi modeline gore gore dairesel en-kesitli kolon modellerinin hesap sonuglar:
Table 6. Calculation results of circular cross-sectional column models according to Saatcioglu and Ravzi model

No | Boyuna donatt  Sargi donatist e 0,(MPa) Ky  f (MPa) ¢, €85 €020

D8/50 0.0079 1.665 6.143 35.73 0.0060 0.0162 0.0603
D8/75 0.0052 1110 6.581  32.80  0.0048 0.0104 0.0348
D8/100 0.0039 0.832 6.911 31.25 0.0042 0.0081 0.0252
10/50 0.0124 2.612 5.690 40.36 0.0078 0.0291 0.1214
CR1 820 ®10/75 0.0082 1.741 6.096 36.12 0.0061 0.0170 0.0644
®10/10 0.0062 1.306 6.402 33.86 0.0052 0.0123 0.0429
®12/50 0.0179 3777 5345 4569  0.0099 0.0501 0.2246
D12/75 0.0120 2.518 5.726 39.92 0.0076 0.0276 0.1143
®12/100 0.0090 1.888 6.013 36.85 0.0064 0.0189 0.0727
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Sekil 10. Saatcioglu ve Ravzi modeline gore dairesel en-kesitli kolonlarin gerilme-sekil degistirme
grafikleri

Figure 10. Stress-strain curves of square cross-section column models according to Saatcioglu and Ravzi model

Mander ve dig. (1988a) modeline gore tasarlanan dikdortgen en-kesitli kolon modellerinde
hesaplanan degerler incelendiginde asagidaki sonugclar elde edilmistir (Cizelge 7).

Cizelge 7. Mander modeline gore dikdortgen en-kesitli kolon modellerinin hesap sonuglari
Table 7. Calculation results of rectangular cross-sectional column models according to Mander model

fo Ny h ke by h K
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
D8/50 0.0207 343 5.23 4.33 2.48 3.78 3.13 4255 0.0087 0.0268
D8/75 0.0138  2.29 3.49 2.89 1.52 2.32 1.92 36.83 0.0064 0.0216
®8/100 0.0103 1.72 2.62 2.17 1.04 1.59 1.32 34.63 0.0052 0.0184
®10/50 0.0325  5.39 8.25 6.82 3.93 6.02 497 4984 0.0115 0.0346
REC1 ®10/75 0.0216  3.59 5.50 4.54 241 3.68 3.04 4216 0.0085 0.0281
®10/100 0.0162  2.69 4.12 3.41 1.65 2.53 2.09 37.68 0.0068 0.0243
®12/50 0.0471  7.79 11.98 9.88 5.74 8.82 7.28 57.34 0.0145 0.0426
D12/75 0.0314 5.19 7.98 6.59 3.51 5.40 4.45 4791 0.0108 0.0348
©12/100 0.0235  3.89 5.99 4.94 2.41 3.70 3.05 42,19 0.0085 0.0302

No | Sarg:i donatisi s

SCC SCM

Mander ve dig. (1988a) modeline gore dikdortgen en-kesitli kolon modellerinden hesaplanan sargil
beton i¢in gerilme-sekil degistirme bagintilar: tanimlanmistir. Sargili betonda basing gerilmesi f;c , basing
birim sekil degistirmesi e .. 'nin fonksiyonu olarak elde edilen c-¢ iliskileri Sekil 11’de 6zetlenmistir. Farkl
sarg1 donat1 araliklari icin Sekil 11’de verilen c-g egrileri 8mm, 10mm ve 12mm sarg1 donat1 ¢capina gore
hazirlanmugtir.
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Sekil 11. Mander modeline gore dikdortgen en-kesitli kolonlarin gerilme-sekil degistirme grafikleri
Figure 11. Stress-strain curves of rectangular cross-section column models according to Mander model
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Tasarlanan dairesel en-kesitli betonarme kolon modellerinin Saatgioglu ve Ravzi (1992) modeline gore
hesap sonuglar1 Cizelge 8'de verilmistir.

Cizelge 8. Saatgioglu ve Ravzi modeline gore dikdortgen en-kesitli kolon modellerinin hesap sonuglari
Table 8. Calculation results of rectangular cross-sectional column models according to Saatcioglu and Ravzi model
Sargqi o o) o 02 g

dO?’lﬂiSl P (l\/ﬁ)a] (MPy’a) (lélef;a: (MIy’a] (l\/ﬁ)a] K1 (l\'/ﬁga) Ecoc €085 €020

D8/50 0.0096 343 523 159 333 276 564 41.04 0.0081 0.0240 0.0928
D8/75 0.0064 229 349 106 222 184 6.04 36.60 0.0063 0.0144 0.0490
®8/100  0.0048 1.72 262 080 166 138 634 3424 0.0054 0.0105 0.0328
®10/50 0.0150 5.39 825 2.00 4.18 346 542 4428 0.0093 0.0404 0.1752
REC1 ®10/75 0.0100 3.59 550 133 279 231 581 3891 0.0072 0.0227 0.0899
®10/100 0.0075 2.69 412 100 209 173 610 36.06 0.0061 0.0158 0.0578
®12/50 0.0218 779 1198 241 5.04 417 526 4744 0.0106 0.0639 0.295
®12/75 0.0145 519 798 1.60 336 278 563 4117 0.0081 0.0345 0.1492
®12/100 0.0109 3.89 599 120 252 209 591 3784 0.0068 0.0232 0.0940

No
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Sekil 12. Saatcioglu ve Ravzi modeline gore dikdortgen en-kesitli kolonlarin gerilme-sekil
degistirme grafikleri

Figure 12. Stress-strain curves of rectangular cross-section column models according to Saatcioglu and Ravzi model

Farkli boyuna donat1 oranina sahip kare en-kesitli betonarme kolon kesitleri Mander ve dig. (1988a),
Saatgioglu ve Razvi (1992) modelleri kullanilarak kesitlerin sargili beton basing dayanimlar:
hesaplanmustir. Cizelge 9 ve 10’da kare en-kesitli betonarme kolon kesitlerinin farkli boyuna donati orani
i¢in sargili beton basing dayanimlari sunulmustur.
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Cizelge 9. Mander modeline gore kare en-kesitli kolon modellerinin hesap sonuglari
Table 9. Calculation results of square cross-sectional column models according to Mander model

Y f fee

No | Boyuna donatr  Sarg: donatist ol (MPa)  (MPa) (MPa) Ece Ecu

S1 8D20 2.87 2.01 37.27 0.0066 0.0212
S2 8d22 2.86 2.03 37.39 0.0067 0.0212
S3 8024 2.86 2.06 37.52 0.0067 0.0211
S4 8d26 2.86 2.08 37.65 0.0068 0.0210
S5 828 2.86 2.10 37.78 0.0068 0.0210
S6 8M30 ®8/50 0.0136 2.86 2.13 3792 0.0069 0.0209
S7 8d32 2.86 2.16 38.05 0.0069 0.0209
S8 8034 2.86 2.19 38.19 0.0070 0.208
S9 8M36 2.86 2.22 38.33 0.0070 0.0207
S10 8D38 2.86 2.25 38.47 0.0071 0.0207
S11 840 2.86 2.28 38.62 0.0071 0.0206

Cizelge 10. Saatcioglu ve Ravzi modeline gore kare en-kesitli kolon modellerinin hesap sonuglari
Table 10. Calculation results of square cross-sectional column models according to Saatcioglu and Ravzi model

No | Boyuna donati  Sargi donatis o3 ( Molzja )« A/?Ylia ) (folga ) Ecoc Ec85 €20

S1 8d20 2.86 1.91 36.97 0.0065 0.0153 0.053
S2 822 2.86 1.92 36.99 0.0065 0.0153 0.053
S3 8d24 2.86 1.92 37.02 0.0065 0.0153 0.053
S4 8d26 2.86 1.92 37.04 0.0065 0.0153 0.053
S5 8M28 2.86 1.93 37.06 0.0065 0.0154 0.053
S6 8M30 ®8/50 0.0068 2.86 1.93 37.09 0.0065 0.0154 0.053
S7 8d32 2.86 1.94 3711 0.0065 0.0154 0.053
S8 8M34 2.86 1.94 37.14 0.0065 0.0154 0.053
S9 8d36 2.86 1.95 37.16  0.0065 0.0154 0.053
S10 8M38 2.86 1.95 37.18 0.0065 0.0154 0.054
S11 8d40 2.86 1.96 3721 0.0065 0.0154 0.054

ARASTIRMA SONUCLARI ve TARTISMA (RESEARCH RESULTS AND DISCUSSION)

Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerinden elde edilen sargili beton basing
dayanimlarini karsilastirmak amaci ile sayisal ¢alismalar yapilmistir. TBDY, (2018)’de verilen kosullara
gore incelenen kolon modellerinde farkli boyuna donati ¢ap, farkli sargi donatisi ¢ap1 ve araligina sahip
betonarme kesitleri Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerine gore sargili basing
dayanimlar1 hesaplanmistir. Farkli sargi donat1 ¢ap1 ve aralig: icin Mander ve dig. (1988a), Saatgioglu ve
Ravzi (1992) modelleri kullanilarak betonun gerilme sekil degistirme grafikleri elde edilmistir. Modeller
icin yapilan hesap sonuglar1 Cizelgeler halinde Ozetlenmistir. Kare en-kesitli betonarme kolon
modellerinde Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerine gore hesaplanan sargili
beton dayanimi ve maksimum gerilmeye kars1 gelen birim kisalma degerlerinin karsilagtirmas: Cizelge
11’de verilmistir. Farkli boyuna donati orani, farkli sargi donatisi ¢ap1 ve araliklarinda tasarlanan
modellerde hesaplanan degerler incelendiginde ¢alisma sonucunda asagidaki sonuglar elde edilmistir.
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Cizelge 11. Kare en-kesitli betonarme kolon modellerinde hesaplanan sonuglarin karsilastirmasi
Table 11. Comparison of calculated results in square cross-section reinforced concrete column models

Mander modeli Saatgioglu modeli
No | Boyuna donat:  Sargi donatist
foc (MPa) Ecc f..(MPa) €coc
»8/50 37.27 0.0066 36.97 0.0065
»8/75 33.32 0.0051 33.69 0.0052
®8/100 31.18 0.0042 31.95 0.0045
®10/50 42.72 0.0088 39.33 0.0074
S1 8120 ®10/75 37.20 0.0066 35.38 0.0058
®10/100 34.12 0.0054 33.28 0.0050
®12/50 48.57 0.0110 41.63 0.0083
®12/75 41.53 0.0083 37.02 0.0065
®12/100 37.48 0.0067 34.57 0.0055

Kare en-kesitli betonarme kolon modellerinde Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992)

modellerine gore gerilme-sekil degistirme grafikleri elde edilmistir. Kare en-kesitli betonarme kolonlarin
Mander ve dig. (1988a), Saatgioglu ve Ravzi (1992) modellerine gore gerilme-sekil degistirme grafiklerinin

kargilagtirilmasi Sekil 13’te karsilagstirmali olarak verilmistir.
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Sekil 13. Kare en-kesitli betonarme kolonlarin Mander, Saatgioglu ve Ravzi modellerine gore gerilme-

sekil degistirme grafiklerinin karsilastirilmasi
Figure 13. Comparison of stress-strain curves of square cross-section reinforced concrete columns according to Mander, Saatcioglu and Ravzi
models

Dairesel en-kesitli betonarme kolon modellerinde Mander ve dig. (1988a), Saatgioglu ve Ravzi (1992)
modellerine gore hesaplanan sargili beton dayanimi ve maksimum gerilmeye kargi1 gelen birim kisalma
degerlerinin karsilastirmasi Cizelge 12’de verilmistir.
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Cizelge 12. Dairesel en-kesitli betonarme kolon modellerinde hesaplanan sonuglarin karsilastirmasi
Table 12. Comparison of calculated results in circular cross-section reinforced concrete column models

Mander modeli Saatcioglu modeli
No | Boyunadonat:  Sargi donatist
fec (MPa) €cc foe (MPa)  €qoc
D8/50 35.24 0.0085 35.73 0.0060
D8/75 32.12 0.0046 32.80 0.0048
®8/100 30.45 0.0039 31.25 0.0042
®10/50 39.83 0.0076 40.36 0.0078
CR1 10020 ®10/75 35.42 0.0059 36.12 0.0061
®10/100 33.00 0.0049 33.86 0.0052
®12/50 44.82 0.0095 45.69 0.0099
D12/75 39.12 0.0073 39.92 0.0076
®12/100 3591 0.0060 36.85 0.0064

Dairesel en-kesitli betonarme kolonlarin Mander ve dig. (1988a), Saatgioglu ve Ravzi (1992)
modellerine gore gerilme-sekil degistirme grafiklerinin karsilastirilmasi Sekil 14’te karsilastirmali olarak

verilmistir.
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Sekil 14. Dairesel en-kesitli betonarme kolonlarin Mander, Saat¢ioglu ve Ravzi modellerine gore

gerilme-sekil degistirme grafiklerinin karsilastirilmasi
Figure 14. Comparison of stress-strain curves of circular cross-section reinforced concrete columns according to Mander, Saatcioglu and Ravzi

models

Dikdortgen en-kesitli betonarme kolon modellerinde Mander ve dig. (1988a), Saatgioglu ve Ravzi
(1992) modellerine gore hesaplanan sargili beton dayanimi ve maksimum gerilmeye karg1 gelen birim
kisalma degerlerinin karsilastirmasi Cizelge 13’de verilmistir.
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Cizelge 13. Dikdortgen en-kesitli betonarme kolon modellerinde hesaplanan sonuglarin karsilagtirmasi

Dikdortgen en-kesitli betonarme kolonlarin Mander ve dig. (1988a), Saatgioglu ve Ravzi (1992)
modellerine gore gerilme-sekil degistirme grafiklerinin karsilastirilmasi Sekil 15'te karsilastirmalr olarak

S. B. YUKSEL, S. FOROUGHI

Table 13. Comparison of calculated results in rectangular cross-section reinforced concrete column models

Mander modeli Saatgioglu modeli
No | Boyuna donat:  Sargi donatist |
fee (MPa) €cc fee MPa)  £qoc
D8/50 42.55 0.0087 41.04 0.0081
D8/75 36.83 0.0064 36.60 0.0063
®8/100 34.63 0.0052 34.24 0.0054
®10/50 49.84 0.0115 44.28 0.0093
REC1 10920 D10/75 42.16 0.0085 38.91 0.0072
®10/100 37.68 0.0068 36.06 0.0061
®12/50 57.34 0.0145 47 44 0.0106
D12/75 47.91 0.0108 41.17 0.0081
®12/100 42.19 0.0085 37.84 0.0068

verilmistir.
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Sekil 15. Dikddrtgen en-kesitli betonarme kolonlarin Mander, Saatcioglu ve Ravzi modellerine gore
gerilme-sekil degistirme grafiklerinin karsilagtirilmasi

Figure 15. Comparison of stress-strain curves of rectangular cross-section reinforced concrete columns according to Mander, Saatcioglu and

Ravzi models
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Kare en-kesitli betonarme kolon modellerinde farkli boyuna donati orani i¢cin Mander ve dig. (1988a),
Saatcioglu ve Ravzi (1992) modellerine gore hesaplanan sargili beton dayanimi ve maksimum gerilmeye
kars1 gelen birim kisalma degerlerinin karsilastirmasi Cizelge 14'te verilmistir.

Cizelge 14. Kare en-kesitli betonarme kolon modellerinde hesaplanan sonuglarin karsilagtirmasi
Table 14. Comparison of calculated results in square cross-section reinforced concrete column models

Mander modeli Saatcioglu modeli
No | Boyuna donatt  Sargi donatist
fee (MPa) €ac fee (MPa) €coc
S1 8320 37.27 0.0066 36.97 0.0065
S2 8®22 37.39 0.0067 36.99 0.0065
S3 8D24 37.52 0.0067 37.02 0.0065
S4 8D26 37.65 0.0068 37.04 0.0065
S5 8d28 37.78 0.0068 37.06 0.0065
S6 8®30 D8/50 37.92 0.0069 37.09 0.0065
S7 8D32 38.05 0.0069 37.11 0.0065
S8 8d34 38.19 0.0070 37.14 0.0065
S9 8D36 38.33 0.0070 37.16 0.0065
S10 8d38 38.47 0.0071 37.18 0.0065
S11 8D40 38.62 0.0071 37.21 0.0065

Yapilan hesaplarin sonucunda sarg: donat1 capinin ve sargi donati araliginin sargili beton basing
dayanimi ve siinekligi {izerinde etkili oldugu goriilmistiir. Tim modeller icin 6zellikle sargi donatisi
oraninin betonarme kolon kesitlerin yanal sargi basmcinin tizerinde etkili oldugu goriilmiistiir. Sargi
donat1 araliginin siklasmasi kesitin siinekligi ve tasima kapasitesi {izerinde daha fazla etkiye sahiptir.
Betonarme kesitin gercek davranisi gormek icgin sargi donatisi oranimi dikkate alan beton modeli
kullanilmalidir. Sargi donatisi oraninin artmasi kesitin siinekligini ve yanal sarg1 basincin arttirmaktadir.

Farkli geometri ve parametrelerde tasarlanan betonarme kolon modellerinin Mander ve dig. (1988a),
Saatcioglu ve Ravzi (1992) modellerine gore hesaplanan sargili beton dayanimi ve maksimum gerilmeye
kars1 gelen birim kisalma degerlerinin karsilastirmas: Sekil 13, 14, 15 ve Cizelge 11, 12, 13'te verilmistir.
Kare en-kesitli betonarme kolon modellerinde farkli sarg: donatisi orani ve araligina gére Mander ve dig.
(1988a), Saatgioglu ve Ravzi (1992) modellerinden elde edilen sonug degerlerin karsilastirmasindan, sargili
beton basing dayanimlarinda farklilik goriilmektedir. Kare en-kesitli betonarme kolon modellerinde 8mm
sarg1 donatisi ¢cap1 ve 50mm sargi donatisi arali1 icin Mander ve dig. (1988a) ve Saatcioglu ve Ravzi (1992)
modellerinden hesaplanan sargili beton basing dayanimlar arasindaki fark fazladir. Sekil 13 ve Cizelge
11’den goriilecegi gibi sarg1 donati araliginin artmasi ile her iki model i¢in hesaplanan sargili beton basing
dayanimindaki farklar azalmaktadir. Sarg1 donatisi aralig sabit iken sarg1 donati ¢apinin artmasi ile her
iki modele gore hesaplanan sargili beton basing dayanimlarinin arasindaki farklarin artmakta oldugu
sonucu elde edilmistir (Sekil 13 ve Cizelge 11).

Dairesel en-kesitli kolon modellerinde farkli sargi donatist orani ve araligina gore Mander ve dig.
(1988a), Saatcioglu ve Ravzi (1992) modellerinden elde edilen sonug degerlerin karsilastirmasindan sargili
beton basing dayamimlarinda farkliliklarin ihmal edilebilecek diizeyde oldugu goriilmektedir. Dairesel
en-kesitli kolon modellerinde sarg1 donat1 aralig1 ve sargi donatisi ¢apinin degismesi durumunda her iki
modele gore hesaplanan sargili beton basing dayanimlarinin arasinda olusan farkliliklarin ¢ok az oldugu
sonucu elde edilmistir (Sekil 14 ve Cizelge 12).

Dikdortgen en-kesitli betonarme kolon modellerinde farkli sargi donatist oran1 ve araligina gore
Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerinden elde edilen sonug degerlerin
karsilastirmasindan, sargili beton basing dayanimlarinda farkhiliklarin olustugu goriilmektedir.
Dikdortgen en-kesitli kolon modellerinde 50mm sargi donati araligi i¢in Mander ve dig. (1988a),
Saatcioglu ve Ravzi (1992) modellerinden hesaplanan sargili beton basing dayanimlari arasindaki
farkliliklarin biiyiik oldugu goriilmektedir. Betonarme kolon kesitlerinde sabit sargi donatist ¢ap: igin
artan sargi donatisi araligina gore her iki model icin hesaplanan sargili beton basing dayanimlar:
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arasindaki farklarin azaldig: goriilmektedir. Betonarme kolon kesitlerinde sabit sargi donatis1 aralig1 igin,
sargl donatisi ¢capinin artmasi ile Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerinden
hesaplanan sargili beton basing dayanimlar: arasindaki farklarin artmakta oldugu sonucu elde edilmistir
(Sekil 15 ve Cizelge 13).

Tasarlanan betonarme kolon kesitlerinde boyuna donati oraninin sargili beton basing dayanimina
etkisini arastirmak icin kare en-kesitli betonarme kolon modellerinde farkli boyuna donati oram igin
Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerine gore hesaplanan sargili beton dayanimi
ve maksimum gerilmeye kars: gelen birim kisalma degerlerinin karsilastirmas: Cizelge 14’te verilmistir.
Sonuglardan goriilecegi gibi sabit sarg1 donatisi ¢ap1 ve aralig1 i¢in, boyuna donati oraninin degismesi her
iki modelde de sargili beton basing dayaniminda ihmal edilebilecek diizeyde farkliliklar olusturmustur.

SONUC (RESULTS)

Sayisal calismalarda farkli geometri ve parametrelerde tasarlanan kolon modellerinden elde edilen
sonuglarin karsilastirilmasi Cizelgeler ve Sekiller halinde 6zetlenerek sunulmustur. Modellerde kullanilan
sargl donatisinin akma dayanimlari sabit olsa da farkli caplarda ve araliklarda sargi donatist kullaniminin,
farkli geometride tasarlanan betonarme kolon kesitlerinin yanal basing dayanimini etkiledigi sonucu elde
edilmistir. Sargr donat1 sayist (x ve y yoniinde sargi donati kol sayisi) veya sargi donati oraninin
artirilmasinin ayni etkiyi yaratmasi beklenmelidir, dolayisiyla sargi donatisi artirildiginda da kesit tasima
giicli artmasi olagandir. Sargi donati arali1 azaltildik¢a ve sarg1 donatisi ¢api arttikca, sargi etkisi dolayisi
ile stineklilik artmaktadir.

Farkli geometri ve parametrelerde tasarlanan betonarme kolon modellerinin Mander ve dig. (1988a),
Saatgioglu ve Ravzi (1992) modellerine gore hesaplanan sargili beton dayanimi ve maksimum gerilmeye
kars1 gelen birim kisalma degerlerinin farkli oldugu sonucu elde edilmistir. Dairesel en-kesitli betonarme
kolon kesitlerinde her iki modelden hesaplanan sargili beton basing dayanimlarinda yakin sonuglar elde
edilmistir. Hesaplanan sargili beton basing dayamimlar1 arasindaki fark, kare ve dikdortgen en-kesitli
kolon modellerinde dairesel en-kesitli kolon modeline gore daha fazla oldugu goriilmektedir. Tasarlanan
betonarme kolon modellerinde her iki modele goére hesaplanan sargili beton dayanimlarinda en gok fark,
dikdortgen en-kesitli kolon modellerinde elde edilmistir. Mander ve dig. (1988a), Saatgioglu ve Ravzi
(1992) modellerinde sargili beton basing dayanimlar: arasindaki farklar, kolon kesitlerindeki sarg: donatisi
cap1 ve araligina gore degismektedir. Bu farkliliklar sargi donati capinin artmas: ile artmakta ve sargi
donatisi araliginin artmasi ile azalmaktadir. 8mm ¢apindaki sargi donatis1 igin sargili beton basing
dayanimlar: arasindaki farklar azalmakta ve 50 mm sargi donatisi aralig1 icin iki modelden elde edilen
farklar artmaktadir. Sabit sarg1 donatisi ¢ap1 ve araligi igin tasarlanan betonarme kolon modellerinde farkl
boyuna donati oranlar1 i¢cin Mander ve dig. (1988a), Saatcioglu ve Ravzi (1992) modellerinden hesaplanan
sargili beton basing dayanimlar: arasinda ihmal edilecek kadar kiigiik farkliliklar goriilmiistiir. Boyuna
donat1 oraninin artmasi sargili beton basing dayanimi, maksimum gerilmeye kars: gelen birim kisalma ve
kolon kesitlerinin siinekliginde 6nemli etkiye sahip olmadig1 goriilmiistiir.
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ABSTRACT: Epoxy resins have been extensively used in a wide range of industrial applications owing to
their superior properties like good electrical insulation, adhesiveness and high mechanical strength. They
have moderate viscosity and curing temperatures lower than 200 °C, thus have been ideal candidates for
protective coatings in electronic, aerospace and marine industries. In order to combine superior properties
of epoxy with enhanced mechanical strength for bulk, structural applications, various nanomaterials
including clays and graphite have been incorporated into epoxy resins. However, sufficient level of
enhancement in mechanical strength and thermal resistance could not be provided due to excessive
agglomeration of nanosized particles. Agglomeration limited the wettability of particles by the monomer,
leading to decreased polymerization efficiency at the polymer-reinforcer interface. In this study, the
aluminum layer in TisAlC. (MAX (312); ternary carbides), was chemically etched leaving a layered
structure possessing graphene-like electrical conductivity (TisCz) with good mechanical strength. Both,
MAX and MXene were incorporated into epoxy monomer at identical ratios. The incorporation of TisC2
layers resulted in disappearance of (002) peak in XRD analysis. This indicated the delamination of MXene
layers inside epoxy matrix. The glass transition temperature (Ts) of epoxy shifted from 175 to 180 °C and
183 °C by 4 wt. % incorporation of MAX and MXene respectively. The microhardness increased from 18.9
+ 1.8 to 27.5 £ 5 when 4 wt. % MXene, and to 20.6 £ 2.9 when 4 wt. % MAX incorporated. This study
indicates that it is possible to produce highly reinforced MXene/epoxy composites and use them in
structural applications while the agglomeration is prevented.

Key Words: Layered carbide, epoxy, MAX, MXene, composite
TisA1C2/TisC2 Katkilanmis Epoksi Kompozitlerinin Uretimi

OZ: Epoksi recineler, iyi elektrik yalitimi, yiiksek yapiskanlik ve mekanik mukavemet gibi {istiin
Ozellikleri sayesinde endiistride genis bir uygulama yelpazesinde yaygin olarak kullanilmaktadir. Orta
derecede viskoziteye ve 200 °C' nin altinda kiir sicakligina sahiptirler. Boylece elektronik, havacilik ve
denizcilik endiistrilerinde koruyucu kaplamalar i¢in ideal adaylardir. Epoksinin iistiin 6zelliklerini yiiksek
mekanik mukavemet ile birlestirerek yapisal uygulamalarda kullanabilmek icin killer ve grafit gibi gesitli
nanomalzemeler ile desteklenmistir. Bununla birlikte, nano-boyutlu yapilarin agir1 topaklanmasi
nedeniyle mekanik 6zellikler ve 1s1l dayaniminda yeterli artis saglanamamistir. Topaklanma pargaciklarin
monomer tarafindan 1slatilabilirligini sinirlandirarak polimer matris ile destek parcaciklari ara yiiziinde
polimerlesme verimini diistirmiistiir. Bu ¢alismada, TisAlC2 (MAX 312) yapisinda bulunan altiminyum
(Al) tabakasi daglanarak grafen benzeri iletkenlige sahip 2-boyutlu TisC: tabakalar1 (MXene) elde
edilmistir. Her iki yapi, MAX ve MXene, esit oranlarda epoksi monomerine katkilanarak
polimerlestirilmistir. mL- (¢ok tabakali) MXene katkilanan numunelerin XRD analizlerinde (002) pikinin
kayboldugu goriilmiistiir. Bu durum, MXene tabakalarinin delamine oldugunun gostergesidir. Ag. %4
oraninda MAX ve MXene katkilandiginda epoksinin cam gegis sicakligr (Tg) 173 °C'den sirasiyla 180 ve
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183 °C’ye yiikselmistir. Ag. %4 oraninda MXene katkilandiginda epoksi mikrosertligi 18,9 £ 1,8 HV’den
27,5 + 5 HV’e, Ag. %4 oraninda MAX katkilandiginda ise 20,6 £ 2,9 HV’e yiikselmistir. Bu ¢alisma
topaklanmanin onlenerek, yiiksek katkili MXene/epoksi kompozitlerinin iiretilebilecegini ve yapisal
uygulamalarda kullanilabilecegini gostermektedir.

Anahtar Kelimeler: Tabakali karbiir, epoksi, MAX, MXene, kompozit

INTRODUCTION

Epoxy resins are thermosetting polymers which contain two or more epoxide groups in their structure
(Jin, Li, and Park 2015; May 1987). They can be produced via heat or light curing reactions using a broad
range of curing agents (Jin, Li, and Park 2015). Until recently, owing to their low cost, ease of
processability, adhesiveness, electrical insulation and thermal resistance, they have been used in various
industrial applications including production of hardware components like integrated circuits, transistors
or capacitors and as general-purpose protective coatings or structural glues in automotive, aerospace and
marine applications (Liu et al. 2018; Wang et al. 2016).

Incorporation of inorganic particles such as nanoparticles, fibers, nano-clays and graphene
toughened epoxy resins by particle bridging, crack path deflection and pinning mechanisms (Kumar and
Roy 2018; Wang, Jin, and Song 2013; Li et al. 2017; Poonpipat et al. 2017; Yousri, Abdellatif, and Bassioni
2018). However, as the content of reinforcing fillers increased to enhance mechanical properties further,
dispersion problems arose. Researchers showed that small amount of nano fillers could provide similar
mechanical strength to that of conventional micro/macro fillers (usually required >10 wt. %) provided at
higher ratios (Yousri, Abdellatif, and Bassioni 2018). Then by incorporating nanofillers, larger amount of
particle surfaces could be wet by the epoxy monomer, leading to decrease in cured polymer chain mobility
under stress. Accordingly, the thermomechanical properties were notably enhanced.

Among various nanofillers, influence of incorporating clays (Laouchedi, Bezzazi, and Aribi 2017) and
carbonaceous materials (Choi 2013) (carbon fibers, graphite, graphene layers, etc.) into epoxy matrix were
one step ahead. As clay layers were incorporated, they were dispersed in the matrix and monomer could
wet the surfaces between the layers. The incorporation of clay (i.2 montmorillonite) layer stacks
(intercalative) limited the mobility of polymer chains and led to increase in thermomechanical
performance, dimensional stability, toughness and stiffness (Souza et al. 2014). Carbon fibers with high
strength were incorporated into epoxy and composites were usually used more extensively in structural
applications due to their superior specific stiffness and strength properties (Choi 2013). However, the
entanglement of fibers, thereby aggregation in the matrix was a notable problem that needed to be
addressed. Carbon nanotubes, having a nanoscale morphology combined with good conductivity, were
also used for the reinforcement of epoxy. Similarly, they showed low dispersibility and weak mechanical
interlock at the tube-epoxy matrix interface (Sowichai et al. 2012; Prolongo et al. 2013). Graphene,
atomically thin layers of carbon, has superior surface area (2630 m?/g) and thermal conductivity (5000
W/m*s) (Rao et al. 2009; Kausar, Anwar, and Muhammad 2016). Owing to its good thermomechanical
performance, epoxy/graphene composites were also produced. However, graphene layers started to
aggregate in epoxy after 2 wt. % incorporation. It has been stated by many researchers that it is not possible
to disperse graphene platelets in polymers including epoxy, without applying chemical functionalizations
(Xu et al. 2012; Atif, Shyha, and Inam 2016; Radovic et al. 2011). In this regard, the need for epoxy
nanofillers which allow for high loading percentages without agglomeration and provide clay
morphology with carbon-like properties was undeniable.

MAX phases (Mn+1AXn, n=1,2 or 3) are a large family of layered, hexagonal early-transition-metal
carbides/nitrides, in which M denotes for an early transition metal, A for an A-group (13 and 14) element
and X for carbon (C) or nitrogen (N). MAX phases are ideal fillers for developing mechanically strong
structural polymer matrix composites. They are elastically stiff and electrically and thermally conductive.
They combine ease of machinability with excellent mechanical properties, especially at high temperatures
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(>1000 °C) MXenes, on the other hand, are a large family 2 dimensional (2D) carbides/nitrides which are
derived from MAX phases through wet chemical etching of A layer (Anasori, Lukatskaya, and Gogotsi
2017). They possess excellent electrical conductivity, a clay-like texture when intercalated with water and
small ions, opening the door for a wide range of applications including molecular delivery and structural
composites (Barsoum, 2013).

MXenes exhibit graphene-like electrical performance and layered morphology like clays, allowing to
combine advantageous properties of graphene and clays. Compared to graphene, they offer wider range
of properties on account of their surface terminations formed during or after etching. When incorporated
in epoxy and well-dispersed, -OH, -O, -F terminations (Tx) can provide different properties and/or a strong
mechanical interlock at the matrix-filler interface simultaneously. As the most commonly investigated
MXene, TisC2-(Tx), has proven its electrical performance comparable to graphene, which is strongly related
to its surface terminations (Anasori, Lukatskaya, and Gogotsi 2017).

Many critical questions related to epoxy-filler interface are required to be answered. Comparing
the interface behavior of a strong carbide material at bulk and layered morphologies can be the first step
to understand the influence of interface morphology on structure and to deliver enhanced
thermomechanical behavior (Zaman et al. 2015). In this respect, this study involves the production of
TisC2 MXenes through well-known lithium fluoride/hydrogen chloride (LiF/HCI) etching procedure
from MAX phases. As-prepared etched powders were composed of Ti-C octahedral layers which were
held into each other from one side, forming an accordion-like shape. This type of structure was referred
to “multi-layered” (mL-) TisCo. mL-TisC2 particles were incorporated into epoxy matrix, structural
properties, thermomechanical behavior and hardness of the composites were tested and compared with
neat and TisAlC2 (MAX) incorporated epoxy.

This study is the first report to investigate and compare the microstructure and
thermomechanical properties of TisAIC2 and TisC2Tx incorporated epoxy composites. It shows that
viscous epoxy resins can be reinforced with mL- TisCoTx and form exfoliated composites without
agglomeration of the TisC2Tx layers in the epoxy matrix. Moreover, a scalable method combining mL-
MXene washing, filtering and drying is reported for the first time in literature. The total time used for 2
g of MAX was 40 min at the longest, whereas it takes 100-120 min when centrifugal washing was
performed.

MATERIALS AND METHODS

Synthesis of TisAlCz (MAX)

The typical route for the production of TisAlC: particles were described previously (Ghidiu et al. 2014)
(Naguib et al. 2011). Typically, commercially provided Ti2AlC and TiC powders were dry-mixed at
stoichiometric ratio (1:1, molar) for 24 h using ball mills. After that, this powder mixture was sintered at
1350°C for 2 h under argon atmosphere. The sintered bulk sample was crushed, powdered and sieved to
200 mesh.

Etching of TisAlC2

In MAX phases, M-A bonds are chemically more reactive than M-X bonds, so that it is possible to
leach Al layers between Ti-C layers (Poonpipat et al. 2017). For selective etching of Al layers, a well-
understood etching method of MAX phases was followed (Ghidiu et al. 2014). TisAlCz particles were
poured into a LiF (Alfa Aesar) dissolved acidic aqueous solution. Typical etching solution contained 20
mL of aqueous HCI (6M). As LiF powders were dissolved completely in the acidic solution, TizAIC:z
particles were added. The LiF: TisAlC2 molar ratio was kept as 1:5. The solution was stirred at ambient
conditions (2543 °C, 1 atm). Then, etching reaction was performed at 40 °C for 24 h under continuous
stirring at 500 rpm. After the reaction was complete, the etched powders were separated from the acidic
solution and washed using a vacuum-operated Buchner funnel system. In a typical washing procedure,
20 mL of etched solution was poured onto the filter paper (0.22 pm) placed in the Buchner funnel. First,
the acidic liquid was separated from particles by vacuuming. The precipitates were collected on the filter
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paper inside the funnel. Then, 250 mL of distilled water was poured inside the funnel in 50 mL volumetric
parts (5x) and each 50 mL solution was refiltered for 5 min. Then, identical procedure was repeated for
100 mL of ethanol (99 %, 2x). After washing was completed, particles were vacuum-filtered until the
supernatant pH reached 7.0 (220 min) and completely dried. Then, the particles were kept under vacuum
until use. Using this simple, funnel washing strategy eliminated the centrifuging step and provided faster
washing and separation of precipitated mL-TisC:Tx directly from the remaining acid solution and
unwanted by-products.

Production of TisAlC2/mL-TisC2 Embedded Epoxy Composites

In a typical composite preparation procedure, certain amounts of TisAlC2 and TisCz particles (Table 1)
were added into 8 g of EPON 828® and mixed in a centrifugal mixer (Thinky® ARE-250) for 10 min at
2000 rpm, followed by 5 min of degassing. After homogeneous mixture was obtained, 2.24 g of PACM®
(Amicure, bis-(p-aminocyclohexyl) methane) was added into the mixture and further mixed for 20 min at
2000 rpm, without degassing. The mixture was then transferred to the rubber mold and cured at 95 °C for
2 h, post cured at 160 °C for 2 h. Heat curing was performed under atmospheric conditions.

Characterization and Testing

Powder X-ray diffraction (XRD) analysis was performed on TisAlC2 and TisCz particles and on
MAX/MXene composite formulations given in Table 1. Prior to analysis, composites were ground to 200
mesh powders. XRD analyses were carried out by Rigaku X-ray diffractometer (Rigaku SmartLab®,
Drexel University) in Bragg-Brentano mode using monochromatic Cu K-alpha rays (1.54056°A). The scan
step was 0.04°/s and the powders were scanned at 2 theta of 5-65° at 1 s/° resolution.

TisAlCz, TisC2 particles and cross section surfaces of TisAlC2/TisC2 embedded epoxy composites were
analyzed using scanning electron microscope (SEM, Zeiss Supra 50VP ®with EDS (Oxford), Drexel
University). The operating voltage was 10 kV and samples were coated with 10 nm of platinum before
analysis.

Thermomechanical strength of the TisAlCz/TisC2embedded epoxy composites was tested using single
cantilever measurement DMA system (TA Instruments®, Drexel University) with a heating rate of
5°C/min. Each sample was heated up to 300 °C.

A Vickers microhardness tester (AOB Test Systems®, Gaziantep University) was used to evaluate
hardness of composites. Prior to tests, the surfaces were manually ground using 600 and 1000 grit SiC
papers. In each test, 40 measurements were performed on top and bottom surfaces (20 per each surface)
using 1 kg load with 10 s dwell time.

Table 1. MAX and mL-MXene reinforced composite formulations

. . Reinforcer/
Compaie ZZPACM T”(‘;)ICZ T(‘;(;z EPON 828
(wt. %)
Neat Epoxy - - -
MAX-1 0.04 - 0.4
MAX-2 0.21 - 2
MAX-3 8.0/2.24 0.43 - 4
ML-1 - 0.04 0.4
ML-2 - 0.21 2

ML-3 - 0.43 4
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RESULTS AND DISCUSSION

Structural Analysis of MAX and MXene

In Figure 1a, XRD pattern of TisAlC: (before etching, MAX) is shown with that of mL-TisCz particles
(after etching, mL-MXene). TisAlCz2 and mL-TisC2morphologies are shown in Figure 1b-c. TisAlC2 (MAX)
exhibited typical diffraction peaks at 9.52°, 19.00°, 34.12°, 35.03°, 36.72°, 38.98°, 41.66°, 48.41°, 56.41° and
60.80° corresponding to (002), (004), (101), (102), (103), (104), (105), (107), (109) and (1010) crystallographic
planes, respectively (JCPDS #01-074-8806). After etching of the Al layers from the MAX structure, almost
all of the (h0l) peaks disappeared as also observed by the previous researchers (Ghidiu et al. 2014). The
intensity of (00l) peaks diminished/disappeared and a new, intense peak at 6.53° formed. TisAlC: is
composed of Al layers, which are sandwiched between the octahedral TisC2 layers. The diffraction of
crystalline (00]) planes in the XRD pattern corresponds to the presence of these octahedral layers. As Al
layers in MAX phase were eliminated by etching, the interplanar (d-) spacing between TisC: layers
increased, leaving an accordion-like morphology as shown in Figure lc. This separation of layers is
reflected to the XRD pattern as shifting of the (00l) peaks to smaller degrees in compliance with the Bragg’s
Law, which states that the diffraction angle decreases by the increase in the d-spacing. This shifting is
clearly observed in (002) plane. The newly formed peak at 6.53° is the shifted (002) peak after etching
(referred as (002)*). The calculated “c” lattice parameter was 2.74 nm, which was identical to the one
obtained by previously performed centrifugal washing (Ghidiu et. al. 2014). Considering an equivalent
amount of increase must occur in interplanar spacing between (004) planes based on crystallographic
principles, a shifted, less intense (004) peak was expected to present at angles smaller than 5°. The positions
of the remaining (h0l) peaks (i.e. (104)) on the other hand, were not shifted since they correspond to the
inner crystal structure of octahedral layers.

In this etching and washing procedure that uses the Buchner Funnel, most of the (h0l) peaks were
eliminated indicating that the procedure was an effective washing procedure to remove unreacted (or
unetched) MAX from the solution. This study shows for the first time that funnel filtering is a time-efficient
technique for high capacity-MXene washing and drying per unit time. In a completely etched structure,
the (002) peak at 9.52° completely disappears (Ghidiu et al. 2014). Then, the presence of a small non-shifted
(002) together with (104) peak after etching, indicate that Buchner funnel washing was effective on
elimination of etched Al products from mL-MXene, but more prolonged time of reaction was required for
complete etching of Al layers when MAX-to-LiF molar ratio of 1:5 is used. In the conventional washing
procedure, the total time for washing, filtering and centrifuging to get dry mL-MXene was approximately
100 min. In the current study, using the Buchner funnel, etched MXene solution (containing unreacted LiF
and by-products) could be washed, filtered and dried totally in 40 min. Moreover, the method can provide
control of d-spacing (002) by intercalating more/less water between the layers during washing in the
funnel. Controlling the d-spacing by changing the washing parameters can allow for delivery of various
molecules within MXenes. The method prevented powder losses which occur in the conventional method
upon solution transfer from tube to disposal during centrifugation.
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Figure 1 a) XRD patterns of TisAlCz+(before etching) and TisCz (after etching), and SEM images of b)
TisAlCz2and ¢) TisCz particles. Inset XRD patterns show the zoomed versions of the patterns in 2-theta of
5-12° range (left) indicating the shifting of the (002) from 9.52° to 6.53° ((002)*), and in 2-theta of 33-45°

range (right) indicating the disappearance of (h0l) peaks.

Structural Analysis of the Composites

As shown in Figure 1b-c, the MAX particles are bulk, chunky particles containing Al between TisCz
layers, whereas mL-TisCz particles are accordion-like structures in which the layers are attached to each
other on one side, containing large spaces in between. Incorporating these materials separately into epoxy
monomer using an identical procedure can reveal the efficiency of epoxy chain and the TisC2 layer
interaction at the interface and final composite properties can be analyzed comparably.

There are two important structural concerns about layered composites in literature, which are the
delamination and the agglomeration of the fillers. Delamination on one hand, can provide strong
mechanical interlock leading to enhanced degree of mechanical strength only when the agglomeration is
avoided. Agglomeration is the reason behind the reinforcement threshold that is observed in most
nanocomposite formulations. Due to increased level of agglomeration of nano-fillers in the matrix, the
mechanical properties could be enhanced only up to a specific limit, unless chemically
functionalized(Srivastava and Pandey 2019) (Ma et al. 2010).

XRD is an efficient tool to determine the delamination degree of layered fillers in polymer matrices.
Normally, the disappearance of characteristic diffraction peaks of layers in the composite XRD pattern can
demonstrate whether the layers are fully exfoliated in the matrix or not. In this study, the increased d-
spacing (i.e. donz) after Al layer etching provides as extra spacing for monomer wetting, thereby a strong
mechanical interlock at the cured filler-polymer matrix interface is expected. Epoxy resins are amorphous;
there should be no peaks present in their XRD pattern except for the wide hump that is characteristic for
an amorphous structure. The XRD peaks of filler can then be easily distinguished in the composite XRD
and the position of the (00l) peaks can disclose intercalation behavior of monomer between the spaces
(further shifting to lower degrees) and complete delamination of the octahedral layers (disappearance of
(001)). In Figure 2a-g, the XRD patterns of the composites are shown with respect to that of neat epoxy.
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Figure 2. XRD patterns of MAX (MAX1/3) and MXene composites (ML1/3) compared to neat epoxy; a)
Neat epoxy b) MAX1, c) MAX2, d) MAXS3, e) ML1, f) ML2, g) ML3 and Schematic representation of h)
Epoxy/MAX, i) Epoxy/MXene composite structures.

Neat epoxy resin (Figure 2a) showed a wide diffraction peak with a maximum around 18° due to the
scattering of cured epoxy molecules revealing its completely amorphous nature. TisAlC2 and mL-TisC2
particles were incorporated into epoxy at 0.4, 2 and 4 wt. % (Table 1). When TisAlC2 particles were
incorporated at 0.4 and 2 wt. % (MAX1-2; Figure 2b-c), the peak at 9.52° which is attributed to the (002)
plane of unetched MAX, was slightly present and the amorphous hump of epoxy was lost. As mentioned
before, composites were ground into submicron powders prior to XRD analysis. The presence of a
broadened (002) peak of TisAlC2suggests that the TisAICz particles (as composites were ground into -200
mesh powders) were coated with a thin layer of epoxy, such that the diffraction could occur majorly from
disorted (002) cystallographic planes. As the reinforcement was increased to 4 wt. % (MAX3; Figure 2d),
the (002) peak of TisAlC: particles disappeared, only a small (006) peak (at 27.42°;V) was recognized with
the epoxy hump. The increase in scattering of X-rays from epoxy suggests that surfaces of the octahedral
layers of MAX were chemically attracted to epoxy chains. Epoxy-TisAlCz surface attraction (surface was
made up of octahedral TisC: layers) was an expected as yet uncleared result in literature since TisCz layers
were previously shown to functionalized with -O, -OH, -F surface terminations (Anasori, Lukatskaya, and
Gogotsi 2017). It should and will be analyzed with an appropriate experimental set up in future studies.
As the reinforcement increased, more epoxy reacted with, and covered the distorted TisCzlayer surfaces
leading to thickening of the epoxy layer on the layer surfaces and increased the intensity of the amorphous
hump (Figure 2h). Two conclusions can be drawn from these XRD results. First, MAX particles were
neither broken nor delaminated inside the amorphous matrix at any ratio. Secondly, increasing the
amount of TisAlCz increased the epoxy wetting in the epoxy/MAX composites.

For mL-TisCz2incorporated composites (Figure 2e-g), at all ratios of incorporation, only the amorphous
hump was present; neither the (002)* peak of TisCz (at 6.53°) nor the (002) peak of unetched TisAIC: (at
9.52°) were not seen. Note that (006) peak was not observable in the XRD pattern of the mL- TisCz before
incorporation into epoxy because of its very small relative intensity. But a slight (006) peak at its original
position was present at ML3 composite again indicating a neglectable amount of unreacted MAX in the
matrix. These XRD patterns clearly demonstrate that ML1/3 composites are exfoliated composites rather
than intercalated. As the interlayer spacing of (00l) surfaces are filled with epoxy in intercalated
composites, the broad amorphous peak as well as (00]) peak with lowered intensity can be seen in the XRD
spectra. But, if the layers are separated completely as in this case; namely exfoliation or delamination,
(002)* peak is lost and only epoxy peak present, since all the layers are separated and covered with a thick
layer of epoxy (Figure 2i).

XRD analysis revealed the delamination of mL- TisCz layers during composite processing. The
interlocking efficiency between the epoxy monomer and the TisAlC2 and mL-TisCz layers were analyzed
by DMA analysis. In Figure 3, the storage modulus (G’), loss modulus (G”’) and tan delta (3§, loss factor)
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of composites are compared with neat epoxy, as a function of temperature. The interlocking degree
between the filler surfaces and the polymer is directly related to the crosslinking efficiency, which can be
investigated by comparing G’, G”, tan 8 and the T value. The G’ is the parameter to indicate the ability
of the polymer to store deformation energy in an elastic manner. The higher the crosslinking, the higher
is the G’. G” on the other hand, is a measure of energy dissipated as heat, attributed to the viscous
behavior of the polymer. Tan delta (3), loss factor, is the ratio of G’ to G’. A high tan & value indicates that
the polymer has a high, nonelastic strain component, while a low value indicates a structure which is more
elastic. T is the maxima of the temperature range, where the polymer structure changes from rigid to a
rubbery state (Ehrenstein, Riedel, and Trawiel 2012). Ty is directly influenced by the polymer chain
mobility and the crosslinking density. As the epoxy chain movement is restricted (e.g. by fillers), the
crosslinking density decreases. In a polymeric network where crosslinking density is low, it is easier to
change from a solid to rubbery state (Ehrenstein, Riedel, and Trawiel 2012).

In this study, low-temperature G’ (i.e. 50 °C; G’s0) of composites was compared with neat epoxy. The
G’s0 of epoxy was 1800 MPa. G’s0of MAX1-3 composites were 655, 648 and 2200 MPa, respectively (Figure
3a-d). Only when 4 wt. % TisAlC2 particles were incorporated, the G’; the capacity of the composite to
support mechanical loads with recoverable viscoelastic deformation, increased. This increase in G’ from
1800 to 2200 MPa with 4 wt. % TisAlC2 incorporation was probably due to the interfacial interactions
between octahedral layer surfaces of TisAlCz2and epoxy chains, which inturn restricted the movement of
the local epoxy chains around the layers. The negative effect of TisAlC2 incorporation (MAX1,2) at low
ratios was due to the agglomeration of TisAlC: particles in some regions of the matrix. The difference in
the regional movement in the matrix, the phase separation, was evident from the two peaks occurred in
the G” (Figure 3b, at 86 and 175 °C). The agglomerated volume of particles inhibited complete wetting of
particles by the epoxy monomer. In these regions, presence of MAX particles were dominant; epoxy chains
could not crosslink and were highly mobile, thereby the G’ decreased (G” increased) remarkably. This
result was also supported by the XRD patterns of MAX1 and 2, in which diffraction from the distorted
TisAlC:z surfaces (00) was dominant over amorphous epoxy hump. As TisAlCz content was increased
further (MAX2), this phase separation started to disappear and at 4 wt. % incorporaton (MAX3), the
structure became highly crosslinked.

G’s0 value of MXene composites (ML1-3) were 1000, 1205, 2200 MPa, respectively. Similar to MAX
composites, only when 4 wt. % mL-TisCz was reinforced, the G’ value increased remarkably compared to
neat epoxy. The value of G’ at 4 wt. % of MAX and MXene incorporation was equivalent (2200 MPa),
pointing out that unmodified TisCz surfaces in MAX was equivalently reactive upon epoxy interaction to
the (-O, -OH, -F) terminated TisC2 surfaces, which is formed after etching.

As mentioned before, T is a direct indication of the degree of crosslinking in a polymer. It is reliable
to measure Ty from tan & (Souza et al. 2014). It has been stated that rigid fillers increase the G’ of the
polymer and shift Tg to higher temperatures by restricting the movement of the chains (Kaya, Tanoglu,
and Okur 2008; Kausar, Anwar, and Muhammad 2016; Choi 2013; Rao et al. 2009). As the polymer chain
movement is restricted, the polymer would be more stable against fracture. Thereby, incorporation of rigid
MAX and MXene fillers increased the G’ of the polymer and shifted Ts to higher temperatures by
restricting the movement of the epoxy chains. By incorporating 0.4, 2 and 4 wt. % TisAlC2 to epoxy, Tg
decreased from 175 °C to 90 °C then increased to 160 °C and 180 °C, respectively. By incorporating 0.4, 2
and 4 wt. % mL-TisC2 to epoxy, Tgdecreased from 175 °C to 160 °C then increased to 173 °C and 180 °C,
respectively. Segmental movement of the epoxy chains were restricted in filler accumulated regions,
causing the formation of two distinct peaks in the G”. However, mL-MXenes were distributed more
homogeneously in the structure, which is why a second Tg peak was not observed in ML1 composite
compared to the identical incorporation of TisAlC2(MAX1).
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Figure 3. a-g) Storage modulus (G’) and Loss modulus (G”’) variation of a) neat epoxy, b) MAXI, c)
MAX2, d) MAX3, e) ML1, f) ML2 and g) ML3 composites and h) Tan delta (3) variation in TisAIC2 (MAX-
1/3) and mL-TisC2 (ML-1/3) -epoxy composites as a function of temperature.

In summary, epoxy was reinforced with mL-TisC2 (MXene) at 0.4, 2, and 4 wt. % and the cured
composite structure was compared to epoxy reinforced with TisAlC2 (MAX) at identical ratios. In MAX
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structure, the interplanar spacing between the octahedral TisCz layers were filled with Al, so that the epoxy
could not wet between the layers. But in MXene composites, the layers were exfoliated during processing
leading to good dispersion inside the monomer and could be filled with epoxy providing a homogeneous
microstructure, which was deducted from the absence of segmental differences in epoxy chain movement
during heating of MXene composites. XRD analysis showed that the MXene layers were delaminated
during processing, possibly due to harsh high-shear mixing conditions. T of epoxy shifted from 175 to
180 and 183 °C by 4 wt. % incorporation of MAX and mL-MXene. To get these enhanced structural
properties, neither MAX, nor MXene particles were chemically treated, showing the potential of MXene
composites to serve as alternative materials to currently used structural composites in the industry.

Morphology and Microhardness of the Composite Surfaces

Until recently, the best candidate for reinforcing polymers have been recognized as the clays with
nano layer thicknesses and graphene. However, it has been shown that the surfaces of both clay layers
and graphene must be chemically modified before incorporation, since they stack face to face in the
agglomerated tactoids making them incompatible with hydrophobic polymers (Zabihi et al. 2018). Results
in this study showed that MAX and MXenes can be incorporated into epoxy and be well-dispersed
without chemical treatment, probably owing to the interactions of TisCz surfaces with epoxy chains. In
Figure 4a-c, the representative SEM micrographs of the composites are shown.

35
—8u— Ti AIC, reinforced d
—e— mL-Ti,C, reinforced
. 304
>
<
©
=
2
o —_—
S 20 /
o
RS —
=
15 LG
epoxy
10 T T

Reinforcement % (wt.)

Figure 4. SEM micrographs of a,b) MAX3, ¢) ML3 composites d) Vickers microhardness of MAX1-3 and
ML1-3 composites

The SEM image of the bulk MAX3 composite in Figure 4a, reveals that the large, agglomerated chunks
of TisAlCz are well-dispersed inside the epoxy matrix. The size of the agglomerates were roughly larger
than 10 pm. XRD analysis revealed that, when ground into particles, the X-rays were majorly diffracted
from the epoxy at 4 wt. % incorporation. This means that the epoxy chains covered and strongly bound to
the TisAlIC2 particles as illustrated in Figure 2b. In Figure 4b, one of the agglomerates inside a crack is
clearly observed. Despite the fact that large aggomerates are stress concentrators thereby critically harmful
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for the mechanical properties upon crack propagation, they can act as crack deflection or bridging particles
upon plastic deformation up to certain degree of reinforcement. In Figure 4d, this positive effect of MAX
incorporation on surface hardness of epoxy is obvious. At low reinforcement (0.4 wt. %), the Vickers
microhardness was not influenced remarkably. Two different Tg values obtained by DMA analysis
indicated a phase separation inside this composite matrix. Since the ratio of MAX particles was low, the
major portion of the hardness was influenced by the epoxy matrix. The microhardness of neat epoxy was
18.9 +1.85 HV. Because of the segmental differences in the composite structure, hardness decreased to 17.9
+1.68 HV at 0.4 wt. % TisAlICz2 content. As the MAX content increased to 2 wt. %, the microhardness value
increased (MAX1) to 20.85 + 4.71 HV (MAX2). As the reinforcement was increased further to 4 wt. %,
hardness did not increase further ; average hardness was identical with a lower standard deviation (20.65
+2.96 HV). A narrower deviation from the average is a sign of enhanced homogeneity in dispersion of the
particles in the matrix, which was clear in Figure 4a.

In Figure 4c, the SEM image of the bulk ML3 composite is shown. The white areas are the cross sections
of the TisCzlayers. As the figure shows it clearly, the mL-TisC2 layers were almost completely exfoliated
(delaminated) upon composite processing, probably during high-shear mixing. Exfoliation was also
indicated by the XRD analysis; from the disappearance of the (002) peak corresponding to the interplanar
spacing between the (002) octahedral multilayers. The peak is expected to shift to lower degrees as the
space between the layers is filled with epoxy. But, if the layers are completely seperated, the peak signal
is completely lost like in ML3 composite in Figure 4c. As the Figure 4c shows, the composite microstructure
was relatively homogeneous, the exfoliated layers were well-dispersed. This homogeneous structure
influenced microhardness remarkably. The microhardness of epoxy first did not change (18.8 + 1.70 HV)
then incresed to 23.25 +4.65 HV and 27.45 + 5.05 HV, by 0.4, 2 and 4 wt. % mL-TisC2 addition, respectively.
The incorporation of TisCz layers enhanced the resistance of the epoxy surface to mechanical loading.

CONCLUSIONS

This study was performed to show the potential use of MXenes as epoxy reinforcer for structural
applications that necessitate good mechanical properties without sacrificing from advantageous
properties of epoxy. Results demonstrated that both MAX and MXene particles could be incorporated up
to 4 wt. % and interlocked with epoxy chains at the interface without necessitating of the MAX/MXene
chemical functionalization as such in clay/ and graphene/epoxy composites. The applied high-shear
mixing caused in-situ delamination of mL-TisC2Tx layers and dispersion in the matrix without
agglomeration. The enhancement in storage modulus and Ts was slightly more pronounced in MAX
composites, however, incorporation of TisCz layers into epoxy at identical ratios influenced hardness
remarkably more than TisAlC2 particles. Storage modulus was the measure of elastic resistance of the
material to mechanical loading. Ts was a measure to compare the crosslinking efficiency. These two
properties were related to each other and both depend on the inhibition of polymer chain movement
during heating/mechanical loading. So, even in agglomerated form, large MAX particles could act as
particulate blocks against polymer chain movement owing to the increased crosslinking between the
monomer and TisAlC: particle surfaces. This increased the storage modulus of epoxy from 1800 to 2200
MPa by 4 wt. % reinforcement. A similar effect was observed in ML composites. The amount of increase
in Ty was evident but lower in MXene incorporated composites compared to that of MAX incorporated.
The microhardness increased 46 % only by 4 wt. % mL-TisCz2 reinforcement. These improvements
confirmed the potential use of two-dimensional layered carbides in overcoming the shortcomings of epoxy
matrix in structural composites. Owing to the attractive features of the TisCz layers, these composites carry
potential to be used in a diverse area of applications including electromagnetic shielding, aerospace and
marine applications.
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OZ: Cinko stanat (Zn2SnQs, ZTO) nanoparcaciklar hidrotermal yontemle 180 °C ve 24 saatte basarili bir
sekilde sentezlenmistir. Sentezlenen nanoparcaciklarin yapisal, morfolojik ve optik 6zellikleri X-151m1
kirinimi, Taramali elektron mikroskobu (SEM), Fourier Doniistimlii Infrared Spektrofotometre spektrumu
ve UV-Visible spektroskopisi ile karakterize edilmistir. X-1s1n1 kirtnim methodu sonucunda elde edilen
pik desenleri incelendiginde sentezlenen yapinin ters kiibik spinel formda olustugu ve ortalama kristal
boyutunun ~22 nm oldugu belirlenmistir. SEM goriintiileri, sentezlenen nanopargaciklarin kiiresel
morfolojide olustugunu gostermektedir. Ayni1 zamanda sentezlenen Zn2SnOsnanopargaciklarin Rodamin
B (RhB) boyar maddesinin bozunumuna kars1 davranisi UV ve goriiniir 151k altinda incelenmistir. 180
dakikalik yiiksek siddetli UV 1s1$ina maruz birakilma sonucunda RhB boya c¢ozeltisinin % 82’si
bozunurken daha diisiik enerjili goriiniir 1sik altinda 420 dakikalik 1s1ma sonucunda da % 86’siun
bozundugu gozlemlenmistir.

Anahtar Kelimeler: Cinko stanat, Fotokatalitik aktivite, Hidrotermal metot, Rodamin B.

Investigation of Photocatalitic Performance of Zinc Stanate (Zn2Sn0O4) Nanoparticles Synthesized by
Hydrotermal Method

ABSTRACT: Zinc stanate (Zn25nOs, ZTO) nanoparticles were successfully synthesized by hydrothermal
method in 180 °C and 24 hours. Structural, morphological and optical properties of synthesized
nanoparticles were characterized by X-ray diffraction (XRD), Scanning electron microscopy (SEM),
Fourier Transform Infrared Spectrophotometer and UV-Visible spectroscopy. When the XRD was used,
the inverted cubic spinel structure was determined with ~ 22 nm the mean crystal size. According to the
SEM images, the nanoparticles have spherical morphology. At the same time, the behavior of synthesized
ZTO nanoparticles against degradation of Rhodamine B (RhB) dye was investigated under UV and visible
light. As a result of exposure to 180 minutes of high intensity UV light, 82% of the RhB dye solution was
degraded, while 86% degradation was observed as a result of 420 minutes of radiation under lower energy
visible light.

Keywords: Zinc stanate, Photocatalytic activate, Hydrothermal method, Rhodamine B.
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GIRIS INTRODUCTION)

Yar1 iletken malzemeler oOzellikle optik ve elektronik uygulamalarda yaygin bir sekilde
kullanilmaktadir. Islemciler, giines panelleri, kapasitorler, varistorler, sensdrler gibi pek cok alanda
kullanilan yar iletkenlerin 6nemi gittikce artmaktadir. Fotokatalitik uygulamalarda da katalist olarak
sikca kullanilan yar1 iletkenler kirletilen atik sularin temizlenmesi adina olduk¢a 6nemlidir.

Literatiirde CdSe, TiOz, ZnO gibi iki bilesenli yar1 iletkenlerin fotokatalitik uygulamalarda yaygin bir
sekilde kullanildig: goriilmektedir [Yildirim ve ark., 2013]. Giintimiizde daha yiiksek kimyasal kararliliga
sahip olmalarindan dolay1 fotokatalitik uygulamalarda iki bilesenli sistemlerden ii¢ bilesenli sistemlere
bir gecis s6z konusudur. Zn2SnOs yapist genis bant araligina sahip (3.6 eV), n tipi ve {i¢ bilesenli (II-IV-
VI oksitleri - A"2BVOs) bir yar1 iletkendir. Yiiksek elektrik iletkenligi ve kimyasal kararliligtyla birlikte
sergiledigi tistiin optik 6zelliklerinden dolay1 son zamanlarda oldukga ilgi cekmektedir [Wang ve ark.,
2017]. Gosterdigi iistiin Ozelliklerden dolay1 sensorlerde, lityum iyon bataryalarinda, sinerjik alev
geciktiricilerinde, boya hassaslastirilmis gilines pillerinde, fotokatalitik uygulamalarda, kaplama
malzemesi olarak antibakteriyel uygulamalar gibi pek ¢ok alanda kullanilmaktadir [Lou ve ark., 2006]. Bu
parcaciklarin sentezlenmesinde de pek ¢ok farkli yontem kullamilmaktadir. Yiiksek sicaklik kati hal
reaksiyonlar1 [Mihaiu ve ark., 2011], birlikte ¢oktiirme [Wang ve ark., 2007], sol-jel [Fu ve ark., 2002],
termal plazma [Lin ve ark., 2009] ve hidrotermal yontem [Annamalai ve ark., 2010] gibi yontemler Zn25nOx
nanopargaciklarin sentezinde kullanilmaktadir. Ttim bu sentez yontemleri arasinda hidrotermal yontem
diisiik sicakliklarda ve yiiksek basingta ZTO nanopargaciklarin yiiksek bir verimlilikte sentezlenmesini
sagladigindan dolayr ekonomik bir yontemdir [Liu ve ark., 2014]. Ayrica, hidrotermal yontem sivi
ortamindaki birlesenlerin kimyasal ve fiziksel doniisiimler ile istenilen fiziksel ve kimyasal 6zellikteki toz
sentezine olanak saglarken yine sentezlenecek tozlarin boyut ve morfolojilerinin kontrol edilmesine de
imkan vermektedir.

Zn:SnOs nanopargaciklarin son zamanlarda kullanilmaya baslandigi uygulamalardan biri de
fotokatalitik uygulamalardir. Bu uygulamalarda temel amag degisik ortamlarda (hava, su vb.) bulunan
kirlilikleri bir 1sin kaynagi kullanarak zararsiz hale doniistiirebilmektir. Bu amag¢ dogrultusunda
kullarulan yar1 iletken malzeme sahip oldugu bant araligindan daha biiyiik dalga boyuna sahip olan bir
UV veya goriniir 151k tarafindan uyarilir. Uyarilan elektronlarin degerlik bandindan iletkenlik bandina
gecmesi ile bir elektriksel iletkenlik olusur. Boylece yari iletken malzemede bir elektron-bosluk ifti olusur.
Olusan bu elektron-bosluk ciftleri malzemenin yiizeyine ulastiginda fotobozunum gerceklesmeye baslar.
Bunun sonucunda da zararli olan organik kimyasal atiklar zararsiz bir yapiya (COz, H20) doniismektedir.

Bu ¢alismada yiiksek safliga sahip olan Zn2SnOs nanoparcaciklarin hidrotermal yontem ile 180°C’de
24 saatte sentezlenmistir. Ardindan bu pargaciklarin fotokatalitik aktivitesi RhB boyar maddesine karsi
UV ve goriiniir 151k altinda incelenmistir.

DENEYSEL YONTEM (EXPERIMENTAL PROCEDURE)

Bu calisma kapsaminda yiiksek safliktaki Zn2SnOs nanoparcaciklarin hidrotermal yontem ile
sentezlenmesi sirasinda kullanilan kimyasallar Cizelge 1’'de verilmistir.

Cizelge 1. Deney sirasinda kullanilan kimyasallarin listesi
Table 1. The list of the chemicals used in the experiments.

Kimyasalin Ad1 Formiilii Saflik Degeri  Markasi
Cinko asetat dihidrat CiHeOsZn.2H0 % 99.0 Aldrich
Kalay (IV) klorit pentahidrat CLiSn.5H20 % 98.0 Aldrich
Sodyum hidroksit NaOH =% 97 Merck
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Zn>Sn0Os (ZTO) Nanoparcaciklarin Sentezi (Synthesis of Zn2SnOs (ZTO) Nanoparticles)

Yukarida Cizelge 1’de verilen 6nciil kimyasallardan ¢inko, kalay ve sodyum hidroksit tuzlarinin mol

oranlar1 Zn:S5n:OH 2:1:9 [Annamalai, Carvalho ve 2010] olacak sekilde gereken ¢inko asetat tuzu 40 mL
deiyonize su igerisinde, oda sicakliginda manyetik karistirici yardimiyla yaklasik 2 saat boyunca
karistirilarak homojen bir soliisyon eldesi saglanmistir. Ardindan ayr1 bir beherde gereken miktarda kalay
klorit pentahidrat tuzu yine 40 mL deiyonize su igerisinde oda sicakliginda 1 saat karistirilarak homojen
ve seffaf bir soliisyon elde edilmistir. Daha sonra kalay soliisyonunun tamami damla damla cinko
soliisyonunun {izerine ilave edilmistir. Bu ilavenin sonucunda beyaz renkte Zn-Sn sulu ¢ozeltisi elde
edilmis olup bu ¢ozeltinin pH'1 2.36 olarak Ol¢iilmiistiir. Nihai soliisyonun pH degerinin ayarlanmasi
amactyla kullanilacak olan 2 M’ Iik sodyum hidroksit ¢ozeltisi hazirlanmistir. Hazirlanan sodyum
hidroksit sulu ¢ozeltisi ¢cinko- kalay ¢ozeltisinin {izerine damla damla ve oldukga yavas bir sekilde giiclii
karistirma altinda damlatilarak ana soliisyonun pH degeri 8 olarak ayarlanmustir.
Hazirlanan soliisyon dolum kapasitesi % 75 olan teflona aktarilip oradan da hidrotermal tinitedeki otoklav
igerisine yerlestirilmistir. Reaksiyon sicakli1 ve siiresi sirasiyla 180 °C ve 24 saat [Wang ve ark., 2015]
olacak sekilde ayarlandiktan sonra iinite calistirilarak reaksiyon baslatilmistir.24 saatin ardindan
kapatilan {initenin oda sicakligina dogal kosullarda sogumas: beklendikten sonra sistem acilip teflon
kabin tabanina ¢okelen parcaciklara sirasiyla santrifiij ile ayirma, distile su ile yikama ve kurutma islemleri
uygulanmistir. Ardindan kati pargaciklar 100 °C’deki etiivde 6 saat boyunca kurutma islemine tabi
tutulmustur.

Karakterizasyon (Characterization)

Sentezlenen nanopargaciklarin faz yapisinin analizi i¢in X-1sinlar1 kirinim (XRD) analizi uygulanmistir
(Cu Ka, ¢ekim hiz1 (2 derece/dakika). Taramali elektron mikroskobu (SEM) ile sentezlenen yapinin boyut
ve morfoloji analizlerin gerceklestirilmistir. Yine sentezlenen Zn:5nOs nanoparcaciklarin kimyasal bag
tipleri Fourier Doniisiimlii Infrared Spektrofotometre (FTIR) spektrumu ile arastirilmistir. Ardindan yar1
iletken Zn2SnOs nanoparcaciklarin fotokatalitik aktivitesi, laboratuvar ortaminda hazirlanan sulu RhB
boyar maddesinin UV ve goriiniir 1s1k altindaki bozunum degerlerinin UV-Vis spektrometresi ile dl¢iimii
sonucu belirlenmistir. Bu 6l¢iimler sirasinda UV 151k kaynagi olarak 6 adet Osram 8 watt UVC lambasi,
gortiniir 1s1tk kaynagi olarak da 1 adet Philips 23 watt lambasi kullanilmistir. Ayrica goriiniir 1s1k
deneylerinde 1s1g1n icindeki UV bolgeyi siizebilmek i¢in 1 adet Thorlabs FEL0400 filtresi kullanilmistir.

SONUCLAR VE TARTISMA (RESULTS AND DISCUSSION)

Sekil 1’de hidrotermal yontem ile 180 °C ve 24 saatte sentezlenen Zn2SnOs nanopargaciklara ait X-1sm1
kirinim deseni verilmektedir. Burada elde edilen kirmmim pikleri incelendiginde yapinin faz analizi
sonuglarinin Zn2SnOy4'tin (JCPDS kart no: 24-1470) verileri ile oldukga ortiistiigii goriilmektedir [Ben Ali
ve ark., 2015]. XRD analizinde ZnO fazina ait bir pik belirlenmemistir [Raoufi, 2013]. Ters kiibik spinel
yapiya sahip olan Zn:SnOs nanoparcaciklarin kafes parametreleri a=b=c=0.8656 nm olarak hesaplanmigtir
[Zhu ve ark., 2009]. Debye Scherrer yontemi kullanilarak Zn2SnOsnanopargaciklarin kristal boyutu 22,45
nm olarak hesaplanmigtir. XRD analiz sonucuna gore 180 °C ve 24 saatte hidrotermal reaksiyon
tamamlanmis olup uygun orandaki kimyasallar (Zn:Sn:OH=2:1:9) ile tepkimenin gerceklestigi
goriilmektedir [Fang ve ark., 2001].

Sekil 2’de sentezlenen ZTO nanoparcaciklara ait FTIR spektrumu goriilmektedir. Burada sentezlenen
Zn>SnOs yapisina ait olan karakteristik 390 cm’de Zn-O, 505 cm’de Sn-O ve 1052 cm’de ise Sn-O-Zn
baglarina ait pikler mevcuttur [Das ve ark., 2017]. 3500 cm™’de goriilen genis ve diisiik siddetli pik ise
numune iiretiminden sonra olusan nemlenmeden kaynakli -OH bagini gostermektedir.
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Sekil 1. ZTO nanoparcaciklara ait XRD kirinim deseni.
Figure 1. XRD pattern of ZTO nanoparticles.
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Sekil 2. ZTO nanoparcaciklara ait FTIR spektrumu.
Figure 2. FTIR spectra of ZTO nanoparticles.

Sekil 3'te sentezlenen ZTO nanoparcaciklarin diisiik ve biiylik biiylitmeli SEM goriintiileri
verilmektedir. Bu goriintiiler incelendiginde, taneciklerin ¢ogunlukla kiiresele yakin bir morfolojide
oldugu tespit edilmistir. Parcaciklarin ortalama tane boyutu 100 pargacik ile Image ] programi1 kullanilarak
hesaplanmis ve 30,1 + 2.6 nm olarak bulunmustur. Bu degerin XRD analizi ile belirlenen kristal boyutuna
yakin oldugu goriilmektedir. Nanopargaciklarin yiizeylerinde yer yer piiriizliliikk oldugu ve aym
zamanda pargaciklarin bir miktar aglomerasyona ugradig: da goriilmektedir.
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Sekil 3. ZTO nanopargaciklarin a) diisiik (100 kx) ve b) biiyiik (200 kx) biiyiitmeli SEM goriintiileri.
Figure 3. (a) The low (100 kx) and (b) high magnification (200 kx) SEM image of ZTO nanoparticles.

Sentezlenen ZTO nanoparcaciklarin fotokatalitik aktivitesinin incelenmesi i¢in UV 15181 altinda RhB
boyar maddesinin bozunum reaksiyonu zamana bagl olarak incelenmistir. ilk olarak 400 ml 5 ppm’lik
sulu RhB boya ¢ozeltisi stok olarak hazirlanmistir. Ve fotokatalitik deneyler RhB ¢ozeltisine ZTO
nanopargaciklarin eklenerek 1siga maruz birakilmasiyla gerceklestirilmistir. Boya ¢ozeltisinden her
seferinde 3 mL'lik numune alinarak Cary 5000 UV-Vis-NIR spektrofotometresi ile sogurma spektrumlari
Ol¢tilmiigtiir.

ZTO nanoparcaciklarin fotokatalitik aktivitelerin belirlenmesi igin ilk olarak RhB boyar maddesinin
katalizor yoklugunda UV 1s18a kars: kararlilig: incelenmistir. 5 ppm’lik RhB boyar maddesinin 3 saatlik
UV 1s1ik altinda zamana bagli bozunum grafigi Sekil 4 (a)’da verilmistir. Burada RhB sulu ¢ozeltisi 554
nm’de giiclii ve karakteristik bir sogurma piki sergilemistir [Sung-Suh ve ark., 2004]. Sekil 4 (a)’dan
goriildiigli gibi katalizor yoklugunda UVC 1sinlamas: altinda RhB oldukga kararli davranmaktadir [Ali
ve ark., 2015]. Sekil 4 (b)'de ise 30’ar dakikalik araliklarla alinan boya ¢ozeltileri goriilmektedir. Isiga
maruz kalma siiresi artmasina ragmen boya ¢ozeltisinin renginde bir degisiklik olmadig1 gozlemlenmistir.
Bu sonuca gore kataliz ilavesinde gozlemlenecek fotokatalitik aktivitenin katalizden kaynaklanacagi
sonucuna ulagilabilir.
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Sekil 4. (a) RhB boyar maddesinin (5 ppm) katalist yoklugunda UVC 15181 altinda fotokatalitik bozunum

spektrumu, (b) Boya ¢ozeltisinin UVC 1s1k altinda farkli zamanlarda elde edilen goriintiileri.
Figure 4. (a) Real-time UV-Vis absorption spectra of the photodegradation of RhB solutions and (b) Appearance of dye solutions under the UVC
light.

RhB boyar maddesinin UV 15181 altinda kararliligi oOlgiildiikten sonra ZTO nanopargaciklarin
fotokatalitik aktivitesinin belirlenmesi i¢in boya ¢6zeltisinin icerisine ZTO katalisti ilave edilmistir. Tlk
olarak tutunma-salinma dengesinin saglanmasi icin katalist eklenmis sulu boya ¢ozeltisi karanlik ortamda
manyetik karigtiric1 yardimiyla 1 saat karistirilmigtir. 1 saatin sonunda ¢ozeltiden 3 ml'lik numune alinip
santrifiij ile ¢Oktiirme isleminden sonra numunenin Ol¢iimii alinmistir (bu islem her defasinda
tekrarlanmuistir) . Isik tarafindan bir uyarilma olmadig: icin herhangi bir bozunum gozlemlenmemistir.
Ardindan 1sik agilip her 15 dakikada bir Ol¢iim alinarak toplam 180 dakika boyunca ZTO
nanoparcaciklarin UV 15181 altindaki foto bozunumu incelenmistir. Sekil 5'te RhB'nin sogurma pik
siddetinin UV 1s18a maruz kalma siiresi ile azaldig1 goriilmektedir. Aym zamanda boya ¢ozeltisinin 180
dakika sonra renginde meydana gelen degisim de fotograflanmis ve Sekil 5 icerisinde verilmistir. Bu
sonuca gore RhB'nin 554 nm’de sergiledigi keskin pikinin absorbans degerindeki degisim ilave edilen
katalizor maddeden kaynaklanmaktadir [Zhao ve ark., 2016].
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Sekil 5. ZTO nanopargaciklarin UVC 15181 altinda RhB boyar maddesini fotokatalitik bozunum
spektrumu. Boya ¢ozeltisinin UVC 1s1k altinda 0. ve 180. dakikada elde edilen goriintiileri sekil
icinde verilmistir.

Figure 5. Real-time UV-Vis absorption spectra of the photodegradation of RhB solutions containing ZTO nanoparticles. Appearance
of dye solutions are also given as insets in the Figure.

ZTO nanopargaciklarin UV 15181 altindaki fotokatalitik aktivitesinin incelenmesinin ardindan goriiniir
151k altindaki davranisinin incelenmesi amaciyla yine 5 ppm’lik RhB sulu ¢ozeltisi hazirlanmistir.
Hazirlanan boya ¢ozeltisinin 20 dakikalik araliklarla toplam 280 dakika goriiniir 1s1$a maruz birakilarak
sogurma spektrumu incelenmistir. Katalizor yoklugunda goriiniir 1s1k altinda 280 dakikalik 1s1ma
sonucunda boya ¢ozeltisinin sadece ~% 2’sinin indirgendigi ve RhB'nin goriiniir 151k altinda oldukga
kararli davrandigi belirlenmistir [Rakibuddin, 2017]. Ardindan boya ¢6zeltisine belirli bir miktarda ZTO
katalizorii ilave edilerek ¢ozelti toplam 420 dakika goriiniir 151§a maruz birakilmistir. 20 dakikada bir
Ol¢tim alinarak gerceklestirilen deney sonucunda katalizoér varliginda RhB boya ¢6zeltisinin bozunum
spektrum grafigi Sekil 6’da verilmektedir. 420 dakika sonunda katalizor varliginda bozunum orani ~% 86
olarak belirlenmistir. ZTO nanopargcaciklarin goriiniir 1s1k altinda sergiledigi fotokatalitik aktivite UV 151k
altinda sergilediginden daha diisiiktiir. Bu sonug¢ daha diisiik dalga boyuna sahip goriiniir 1sik altinda
ZTO'nun valans bandindan iletkenlik bandina uyarilacak elektron sayisinin az olmasi ve buna bagl
olarak olusacak elektron-bosluk cifti sayisinin az olmasi ile agiklanabilir. Sonug¢ olarak hidrotermal
yontemle 180°C, 24 saatte sentezlenen ZTO nanoparcaciklarin UV ve goriiniir 151k altinda da iyi
fotokatalitik aktivite sergiledigini goriilmiistiir.
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Sekil 6. Goriiniir 151k altinda ZTO nanopargaciklar iceren RhB ¢ozeltisinin absorpsiyon spektrumunun

zamanla degisimi. ZTO nanoparcaciklarin ilave edilmedi durumdaki degisim sekil iginde verilmistir.
Figure 6. Photodegradation of MB solutions containing ZTO nanoparticles under Visible light illumination. RhB degradation without catalyst
addition is also given as inset in the figure.

SONUCLAR (CONCLUSIONS)

Hidrotermal yontem kullanilarak Zn25nOs nanopargaciklar basarili bir sekilde sentezlenmistir. XRD
sonucuna gore olusan pikler yapmin JCPDS kart verileri ile oldukca Ortliserek hedef malzemenin
sentezlendigini ve baska bir faza ait herhangi bir pik olusumunun olmadig goézlemlenmistir. SEM
goriintiilerinden sentezlenen nanoparcaciklarin ortalama 30,1 # 2.6 nm tane boyutuna sahip oldugu
belirlenmistir. Basarili bir sekilde yiiksek saflikta sentezlenen partikiillerin RhB boyar maddesinin
boznunumunda fotokatalitik aktivitesinin belirlenmesi amaciyla UV ve goriiniir 1sik altinda cesitli
deneyler gergeklestirilmistir. 180 dakikalik yiiksek siddetli UV 1s1g1a maruz birakilma sonucunda RhB
boya ¢ozeltisinin % 82’sinin indirgendigi, daha diisiik enerjili goriiniir 151k altinda 420 dakikalik 1s1ma
sonucunda da % 86’smnin indirgendigi belirlenmistir. Boylece genis bant araligina sahip olan ZTO
nanoparcactklarin hem UV hem de goriiniir 1sik altinda yiiksek fotokatalitik aktivite sergiledigi
gerceklestirilen deneyler ile belirlenmistir.
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OZ: Bu calismada, ayni sartlarda {iretilmis (benzer katilasma hizi ve benzer kimyasal bilesimde) farkh
Fe icerigine (% ag. 0.025, 0.05, 0.1) sahip AZ91 Mg alasimlarinin korozyon davranislari-Fe tolerans limit
degeri arasindaki iliski degerlendirilmistir. Numunelerin mikro yap1 analizleri Taramali Elektron
Mikroskobu (SEM) ve X Isim1 Difraktometre (XRD) kullanilarak yapilmistir. Korozyon davranislari
%3,5 NaCl c¢ozeltisinde, agirlik kayb:r ve potansiyodinamik polarizasyon test yontemleri kullanilarak
arastirilmistir. Mikroyap: analizlerinde, Fe igeriginin artmasi ile yapidaki “kismen ayrismis” veya
“lameller otektik” tipi  faz1 morfolojilerinde artis egiliminin daha fazla oldugu gozlenmistir. Sonuglar,
AZ91 alasimi Fe tolerans limit degerinin ~%0.05 oldugunu bu degerden sonra korozyon kaybinin
eksponansiyel olarak arttigini gostermistir.

Anahtar Kelimeler: AZ91 Mg alasumi, Mikro yapi, Korozyon

An Investigation of Relationship Between Corrosion Behaviour- Fe Tolerance Limit in AZ91 Mg
Alloys

ABSTRACT: In this study, relationship between Corrosion Behaviour-Tolerance Limit of Fe content
(0.025, 0.05, 0.1 wt. %) in AZ91 Mg alloys, cast under similar chemical composition and cooling rate,
were investigated. The microstructures of Mg alloys were analysed by Scanning Electron Microscopy
(SEM) and X Ray Diffractometry (XRD). The corrosion behaviours were evaluated by immersion tests
and electrochemical polarization measurements in 3.5 wt. % NaCl solution. Microstructure analysis
revealed that the increase of Fe content increased the “partially divorced” or “lamella eutectic” type 3
phase morphologies in the microstructure. Results indicated that the limit content value of Fe in AZ91
alloys was ~0.05 wt. % above which the corrosion loss had increased abruptly.

Key Words: AZ91 Mg alloys, Microstructure, Corrosion

GIRIS INTRODUCTION)

Magnezyum (Mg), diisiik yogunlugu nedeniyle telekomiinikasyon, mikro elektronik, otomobil ve
uzay endiistrisi gibi bircok miihendislik alaninda kullanilan en hafif metalik miihendislik malzemesidir
(Friedrich ve Mordike, 2006; Ikeo ve dig., 2015; Luo ve Sachedev, 2012; Pekguleryuz, 2013). Diisiik toksik
0zelligi nedeniyle, Mg ayni zamanda biyo-uyumlu ve biyo-bozunur bir metaldir. Bu nedenle, ortopedik
implant uygulamalarinda plaka ve vida iiretimi i¢in biyo-bozunur metalik implant malzemeleri olarak
gelecekteki kullanilabilme potansiyeli ilgi cekmektedir (Agarwal ve dig., 2016; Eddy ve dig., 2013).

Ancak, saf Mg'un dayaniminin diisitk olmasi nedeniyle kullanim alanindaki sinirlamalar degisik
alagimlarin {iretilmesine yol agmistir. Mg un 6nemli alasim gruplar1 Mg-Al, Mg-Zn ve Mg-toprak alkali
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metalleri (RE) olarak gruplandirilir. AZ91 Mg alasimi (Mg-%9Al-%Zn), daha iyi dokiim ve mekanik
Ozellikleri nedeniyle diger Mg alasimlarina gore daha yaygin olarak kullanilmaktadir (Ikeo ve dig.,
2015).

AZ serisi Mg alasiminin korozyon mekanizmalarini anlamaya yonelik son yillarda gesitli ¢alismalar
yaymlanmistir (Candan, 2017; Candan, 2018a; Candan, 2018b; Esmaily ve dig., 2017; Gusieva ve dig,
2015; Salman ve dig., 2010; Samaniego ve dig., 2013; Singh ve dig., 2015; Wang ve dig., 2012). Bu
calismalara gore genel olarak Mg ve alasimlarinin zayif korozyon direnci, ylizeyde olusan oksit
filmlerinin tamamen koruyucu olmamasi, 6zellikle safsizliklarin (Fe, Ni, Cu vb.) veya ikincil fazlarin
(Mg1Al, AIMn, Mg:Si vb.) galvanik veya bimetalik korozyona neden olmasina dayandirilmaktadir.
Magnezyum alasimlarinin korozyon dayanimini olumsuz etkileyen Fe, Si, Cu ve Ni gibi empiirite
elementleri alasimda her zaman bulunur (Pan ve dig., 2016a; Pan ve dig., 2016b). Fe empiirite elementi,
kiigiik bir miktar bile olsa, Mg alasimlarinin korozyon direncini énemli 6l¢lide azaltabilmektedir.
Ozellikle, endiistriyel uygulamalar i¢in Fe'nin tolerans limit degerlerinin bilinmesi maliyet/kalite orani
acisindan son derece 6nemlidir. Literatiirde Fe'nin olumsuz etkisi ile ilgili tolerans limit degerleri saf
Mg icin bulunmasina ragmen (Friedrich, 2006; Polmear, 2006), AZ91 alasimlari i¢in bu bilgi sinirhdir
(Song ve Atrens,1999).

Dolayisiyla bu ¢alismada, ayni sartlarda {iretilmis (benzer katilasma hizi ve benzer kimyasal
bilesimde) farkli Fe igerigine (%0.025, 0.05, 0.1) sahip AZ91 Mg alasimlarinin korozyon davraruslari-Fe
tolerans limit degeri arasindaki iligki degerlendirilmistir.

DENEYSEL CALISMALAR (EXPERIMENTAL)

AZ791 Mg alasimlarmin {retimi icin minimum safligit %99,90 olan Mg, Al ve Zn Kkiilgeler
kullanilmistir. Master alasimi, saf Mg ve Al alasiminin, 750 °C'de Ar gaz atmosferi altinda grafit pota
icinde eritilmis ve dokme demir kaliba (22 mm ¢ap, 220 mm uzunluk) dokiim yapilmistir. Optik
emisyon spektrometresi (OES) ile elde edilen alagimlarin kimyasal bilesimleri Cizelge 1'de
gosterilmektedir.

Cizelge 1. Deneylerde kullanilan alagimlarin kimyasal analizleri (% agirlik¢a orani)
Table 1. Chemical compositions of AZ9 Mg alloys used with various Fe contents (wt. %)

Alasim Al Zn Mn Fe Ti Cu Mg
AZ91 kontrol 9.1 085 | 028 | 0.018 | <0.002 | <20 | Kalan
AZ91+0.025Fe 890 | 0.85 | 030 | 0.022 | <0.002 | <20 | Kalan
AZ91+0.050Fe 9.00 | 0.83 | 032 | 0.045 | <0.002 | <20 | Kalan

AZ91+0.1Fe 9.15 | 0.87 | 0.29 0.12 <0.002 | <20 | Kalan

17 mm ¢apinda ve 12 mm kalinligindaki numuneler, dokiim alasimlarindan islenmistir. Numuneler
daha sonra 220, 400, 600, 800 ve 1200’liik zimpara kagidi ile zzimparalanip, ardindan 1 pm elmas pasta
ile parlatilmistir. Mikroyap: degerlendirmeleri taramali elektron mikroskobu (SEM) ile yapilmistir.
Numuneler alkolle temizlendikten ve tartildiktan sonra 3, 7 ve 21 giin boyunca %3,5 NaCl ¢ozeltisi
icinde daldirma testleri yapilmigtir. Daldirma testlerinden sonra, yiizeylerden korozyon iiriinlerini
uzaklastirmak i¢in 15 dakika boyunca 200 g/l CrOs igeren bir ¢dzelti iginde numuneler temizlenmis ve
hassas terazide tartilmistir. Korozyon kayiplari, numunelerin toplam yiizey alani goz dniine alinarak
mg/cm? biriminde hesaplanmustir.

Potansiyodinamik polarizasyon &lgiimleri icin, 1 cm? yiizey alanina sahip (numunelerin yiizeyleri,
daldirma deneylerinde oldugu gibi hazirlanmistir) 6rnekler (yani ¢alisma elektrotlar1) bakir kabloya
baglanmis ve bir epoksi regine tutucuya gomdiilmiistiir. Korozyon incelemelerinde DC105 Korozyon
Analiz yazilimina sahip bilgisayar kontrollii Gamry model PC4/300 mA potansiyostat/galvonostat
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kullanmilmistir. Kars1 elektrot olarak karbon elektrot ve referans elektrot olarak da doygun kalomel
elektrot (SCE) kullanilmigtir. Deney ¢alismalarinin tiimiinde, 6ncelikle sistemden akim ge¢meksizin,
%3,5 NaCl ¢ozeltisinin i¢ine ¢alisma elektrodunun ve referans elektrodunun daldirilmasindan itibaren
ikisi arasindaki korozyon potansiyellerinin mV olarak degisimi ilk 45 dk siireyle, zamana kars:
6lctilmiistiir. Denge potansiyeline (Ekor) ulagtiktan sonra potansiyodinamik polarizasyon egrileri, -2V -
+1V arasinda ImVs! tarama araliginda katodikten anodik ydne dogru kaydedilmistir. Tafel
egrilerinden korozyon potansiyeli (Exor) ve korozyon akim yogunlugu (Ixer) hesaplanmistir.

SONUCLAR ve DEGERLENDIRME (RESULTS and DISCUSSION)

Mikroyap1 (Micro structure)

AZ91 Mg alasiminin Fe oranina bagh mikro yapi karsilastirmalar: Sekil 1a-d'de verilmistir. SEM
analizi, AZ91 Mg alasiminin mikro yapisinin Mg matris (a) fazinin yan sira 6tektik MgizAlw () fazinin
olustugunu gostermistir. Literatiirde (Boby ve dig., 2015; Srinivasan ve dig., 2007) ve onceki
calismalarimizda (Candan, 2018a; Candan ve dig., 2016; Candan ve dig., 2011) rapor edildigi gibi,  faz1
Mgi7Aliz intermetalik bilesik olarak AZ91 alasiminda a-Mg matrisinde tane simrlart boyunca
olusmaktadir. Katilasmanin ilk asamalarinda, yapisal asir1 soguma ve Zn'nin ayrisma egilimi nedeniyle
dendrit kollarinin éniindeki Al'in zenginlesmesi meydana gelir. On kisimdaki zenginlesmis Al, a-Mg
ile 6tektik (3 fazini olusturur. AZ91 alagimimin mikro yapilarinda Fe miktar: arttikca 3 fazinin kabalasti$1
goriilmektedir (Sekil 1d).

fis sieeq

[, P

Sekil 1. Farkli Fe iceren AZ91 Mg alagiml
ve (d) AZ91+0.1Fe mikro yapr karsilagtirmasi
Figure 1. (Mgi7Al12 (3)) (Microstructure of (a) AZ91 control, (b) AZ91+0.025Fe, (c) AZ91+0.05Fe and (d) AZ91+0.1Fe alloys

Sekil 2’de AZ91 ve AZ91+0.1Fe alasimlarimin X-Ray Difraksiyon analizleri karsilastirilmistir.
Alasima 0.1Fe ilavesi durumunda (3 faz1 pik siddetlerinde artis oldugu gozlenmektedir. Sekil 3a, b'de
verilen yiiksek biiyiitmeli SEM mikro yapilari karsilastirildiginda, en diisiik ve en yiiksek Fe igeren
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AZ91 alasimlar: arasindaki fazlarin morfolojisinde 6nemli farkliliklarin oldugu goriilmektedir. SEM
mikro yapilarn literatiir 1s1§1inda degerlendirildiginde (Candan ve dig., 2016; Candan ve dig., 2011;
Candan, 2009; Dahle ve dig., 2001; Nave ve dig., 2000; Zhao ve dig., 2008),  faz morfolojisinin “kismen
ayrismis” ve/veya “lameller oOtektik” yapida oldugu goriilmektedir. AZ91 kontrol alasimi ile
kiyaslandiginda, Fe igeriginin artmasi ile alasimdaki 3 faz morfolojisinin kismen ayrismis veya lameller
otektik morfolojilerinde artis egilimi gozlenmistir.
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Sekil 2. AZ91 kontrol ve AZ91+0.1Fe alagimlarinin X-Ray Difraksiyon analizleri
Figure 2. XRD patterns of AZ91 control and AZ91+0.1Fe alloys

' §
Lameller .
otektik

r

Kismen ayr
d B gtektisi
Sekil 3. AZ91 kontrol ve AZ91+0,1Fe alasimlarinin ikincil fazlarinin morfolojisi
Figure 3. SEM morphology of secondary phases in (a) AZ91+0.1Fe and (b) AZ91+0.1Fe alloys

Korozyon (Corrosion)

3 ve 21 giin %3,5 NaCl ¢ozeltisinde bekletilen farkli Fe iceren AZ91 alasimlarinin makroskobik
fotograflari, Sekil 4a-d 'de verilmistir. Sekil 4’de goriildiigii gibi numunelerin korozyon direncinin Fe
artisiyla azaldig1 gozlenmistir. 21. giiniin sonunda, en fazla korozyona ugrayan alasimin, en yiiksek Fe
saflik oranina sahip olan AZ91+0.10Fe alasimi oldugu ve ayni alasimin tekrarlanan orneklerinden
bazilarinin tamamen ¢oziindiigli gozlenmistir. AZ91 Mg alasimlarinin Fe safsizlik oranlarina kars:
korozyon kayiplar1 Sekil 5'te verilmistir. Biitiin alasimlarda Fe safsizlik oranindaki artisa bagli olarak
korozyon kaybinin artti§1 ve yine korozyon kayiplari karsilastirildiginda, Fe igerigi %0,05’yi astiginda
korozyon kaybinda ani artis gozlenmistir.
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(d)

Sekil 4. AZ91 Mg alagiminin Fe oranina bagli %3,5 NaCl ¢ozeltisinde bekletilen numunelere ait
korozyon sonras1 makro yapi fotograflari (a) AZ91 kontrol, 3giin, (b) AZ91+0.1Fe, 3 giin, (c) AZ91

kontrol, 21 giin, (d) AZ91+0.1Fe, 21 giin
Figure 4. Macroscopical pictures of Mg alloys exposed to 3.5% NaCl (a) AZ91 control,3 days, (b) AZ91+0.1Fe, 3 days, (c) AZ91 control, 21
days and AZ91+0.1Fe, 21 days

Sekil 6 a-d’de, 3 giin %3,5 NaCl ¢ozeltisine daldirilan AZ91 ve AZ91+0.1Fe alasimlarinin kesit SEM
mikro yapilar1 verilmektedir. SEM analizleri korozyon kayb1 sonuglarini dogrulamakta olup en fazla
korozyona ugrayan alagimin AZ91+0.1Fe oldugunu gostermigtir. AZ91 kontrol numunesinin yiizeyi ile
kiyaslandiginda, yiiksek Fe igeren numunelerin korozyonunun yiizeyden i¢ kisimlara ilerledigi
goriilmektedir. Bu durum korozyonun [ fazlari boyunca i¢ kisimlara dogru ilerledigini isaret
etmektedir. %0.1Fe iceren numunelerin kesiti incelendiginde, biiyiik pargalarin  fazinu takip ederek
ylizeyden ayrildig: goriilmiistiir. Mikro yap1 boliimiinde aciklandig: gibi, yiiksek Fe icerigi kaba otektik
ve kismen ayrismis [ fazlara neden oldugu igin, bu fazlar boyunca korozyonun ilerlemesine neden
oldugu diistiniilmektedir. Daldirma deneyleri sirasinda, zamanla kat1 parcalarin yiizeyden ayrildig: ve
dibe biriktigi gozlemlenmistir ki bu yukaridaki goriisii desteklemektedir.
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Sekil 5. AZ91 Mg alagimlarinin Fe oranina bagl korozyon kayb1

Figure 5. Corrosion loss of AZ91 Mg alloys containing various Fe contents
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Sekil 6. 3 gﬁnlii korozy ortammda bkletlln (a) AZ91 kontrol ve (b) AZl+O.1Fe alagiminin Fe

Figure 6. Cross-sectional SEM images of (a) AZ91 control, (b) AZ91+0.1Fe alloys, immersed for 3 days

oranina bagh kesit SEM goriintiileri

AZ91 Mg alasimiin Fe oranina bagli potansiyodinamik polarizasyon egrileri Sekil 7’de ve
alasimlarin, potansiyodinamik polarizasyon egrilerinden elde edilen korozyon potansiyeli (Exor) ve
korozyon akimi yogunlugu (Ir) degerleri Cizelge 2'de verilmistir. AZ91 kontrol alasimi ile
kiyaslandiginda Fe oraninin artmasi ile alagimlarin korozyon akiminin artigr gozlenmistir. AZ91
kontrol alagiminin Ior degeri (25.43 pA/cm?) ve en yiiksek Fe iceren AZ91+0.1Fe alasiminin Ikor degeri
(161.10 pA/cm?) arasindaki fark 6 kattan fazladir. Fe igerigine bagli elektrokimyasal test sonuglar1 ve
korozyon kaybr testleri benzer egilim gostermektedir.
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Sekil 7. AZ91 Mg alasiminin Fe oranina baglh potansiyodinamik polarizasyon egrileri
Figure 7. Potentiodynamic polarization curves for AZ91 alloys containing various Fe contents

Cizelge 2. Polarizasyon egrilerinden elde edilen, AZ91 Mg alasimlarinin Fe oranina bagli korozyon

potansiyelleri (Ekor), korozyon akim yogunluklari (Ikr) ve korozyon hizlari (CR)
Table 2. Corrosion potentiasl (Ecorr), corrosion current densities (Ieor) and corrosion rates (CR) values of AZ91 Mg alloys with various Fe
contents, derived from the polarization curves

Alasim Ekor (V) Ikor (A/cm?) CR (mm/y)
AZ91 -1481 25.43 0.58
AZ91+0.025Fe -1454 36.72 0.84
AZ91+0.050Fe -1473 54.93 1.26
AZ91+0.10Fe -1528 161.1 3.68

Fe miktarinin artmasi ile korozyon artisi;

- Intermetaliklerin katot gorevi yaparak korozyonu hizlandirici etki yapmasina ve

- Mikro yap1 icerisindeki 3 6tektik fazindaki kabalasmasina dayandirilabilir.

Mg, tiim ikincil fazlardan daha aktiftir ve sonug olarak Mg matrisi anottur ve tercihen galvanik bir
ciftte korozyona ugrar (Song ve dig., 1998). Galvanik korozyonun temel prensibine gore, galvanik bir
hiicrede, biiyiik katoda (intermetalikler) karsin kiigiik anot (a—Mg) bulunmas: anodik metalin daha
fazla korozyona ugramasimna neden olur. Ayrica, Fe ilavesi ile hem ag seklinde olugsan hem de kabalagan
[ faz1 korozyonun i¢ kisimlara ilerlemesini kolaylastirmaktadir. Dolayisiyla bu da korozyon hizinin
artmasi anlamina gelir.

SONUCLAR (CONCLUSIONS)

e Tiim alasimlarda, tane siirlarinda 3 (Mgi7Al12) intermetalik fazi olusmaktadir. Alasimdaki Fe
oranindaki artis 3-fazinda kabalasmay1 tesvik etmektedir.

e Feigeriginin artmas ile alasimdaki (3 faz morfolojisinin kismen ayrismig veya lameller 6tektik
morfolojilerinde artis egiliminin daha fazla oldugu gozlenmistir.

e DPolarizasyon testleri, Fe orani artisi ile Irxor degerlerinin arttigini gostermistir.
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e AZ91 alasiminda Fe tolerans limit degerinin max. %0,05’e kadar oldugu ve bu degerden sonra
korozyon kaybinin eksponansiyel olarak arttig1 gozlenmistir.
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ABSTRACT: In this experimental study; five RC frames with a scale of 1/5, single spans and two storey
were produced so as to reflect the characteristics of existing structures. Two RC frames were used as the
reference specimens that without an infill wall and autoclaved aerated concrete blocks (AAC) infilled wall.
Three of these RC frames were strengthened as CFS (Cold Formed Steel) drywall system, infill RC shear
wall and both external RC shear wall and column jacketing. All specimens produced were tested under
reverse cyclic lateral loading and constant vertical loading. Strength, stiffness and energy dissipation
capacities of all test specimens are compared with each other. The lateral load carrying capacity and energy
dissipation capacities of strengthened specimens have occurred higher than reference specimens. But
initial stiffness and stiffness at the max lateral load of specimen strengthened with CFS drywall system
have occurred lower than reference specimen with AACW.

Key Words: Seismic behavior, Strengthening, Reversed cyclic lateral loading, Autoclaved aerated concrete block,
Cold formed steel wall system

1/5 Olgekli Betonarme Cergevelere Farkli Gii¢lendirme Metotlart Uygulanmasi Uzerine Deneysel
Calismalar

OZ: Bu deneysel ¢alismada; mevcut yapilarin 6zelliklerini yansitacak sekilde 1/5 6lgekli, tek aciklikli ve iki
katli 5 adet betonarme cerceve uretilmistir. Bu cercevelerden 2 adedi referans numune olarak biri bos
cerceve digeri gazbeton dolgu duvarl olarak kullanilmistir. Diger {i¢ adet betonarme cergeve ise sogukta
sekillendirilmis gelik (CFS) duvar sistemi, betonarme dolgu duvarli ve hem diizlem dis1 betonarme duvarl
hem de betonarme kolon mantolu olarak giiclendirilmistir. Uretilen tiim numuneler tersinir-tekrarlanir
yatay yiik ve sabit diisey yiikleme altinda test edilmistir. Test numunelerine ait dayanim, rijitlik ve enerji
tiikketme kapasiteleri birbirleri ile karsilastirilmistir. Giiglendirilmis numunelere ait yatay yiik tasima ve
enerji titkketme kapasiteleri, referans numunelere gore daha yiiksektir. Fakat sogukta sekillendirilmis gelik
(CFS) duvar sistemi ile giliclendirilen numunenin baslangi¢ ve maksimum yiikteki rijitlik degerleri,
gazbeton dolgu duvarli (AACW) referans numuneninkinden daha diisiik olmustur.

Anahtar Kelimeler: Deprem davramsi, Giiglendirme, Tersinir-tekrarlanir yatay yiikleme, Gazbeton blok, Sogukta
sekillendirilmis celik duvar sistemi

INTRODUCTION

Strengthening of existing structures due to possible earthquake in Turkey is an important issue. For
this reason, it is necessary find to new strengthening methods and to develop existing methods. Many
studies have been carried out on strengthening RC frames with different infill walls until today. These
experimental studies have been carried out on strengthening RC infill wall.
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In these studies, experiments with different parameters related to the infill walls have been carried
out. Higashi et al. (1980) investigated that strengthened RC frames with full infill walls and partial infill
walls. They obtained the result that the specimens with the partial infill wall made larger displacements
than the specimens with full infill wall. Hayashi et al. (1980) investigated that two methods of
strengthening. In the first method, RC frames were strengthened with infill RC shear walls, and the second
method was strengthened the surroundings of the columns of RC frames with mortar and welded wire
fabrics. These strengthening methods increased the strength and the ductility of RC frames. Altin et al.
(1992) investigated that the behaviors of RC frames strengthened with RC infill walls were tested under
reversed cyclic loading. The parameters in this study were the reinforcement detail of infill walls, the
connection between the frame and the infill walls, and the flexural capacity of columns. The test results
showed that, infill walls were increased strength, stiffness and rigidity of RC frames. Ozcebe et al. (2003)
investigated that the infill wall thickness, the connection details between infill wall and RC frame and
different the beam and column stiffnesses, as a parameter. This study showed that, the strengthening
increases the RC frame's lateral load carrying capacity and initial rigidity. Until today, various
strengthening methods have been carried out to improve the seismic behaviors of RC frames (Tankut et
al., 2005; Baran, 2005; Erdem et al., 2006; Kara and Altin, 2006; Anil and Altin, 2007; Altin et al., 2008; Baran
and Tankut, 2011; Baran et al., 2011; Korkmaz et al., 2011; Marius and Valeriu, 2012; Balik, et al, 2018).

Itis important to know the behavior of RC frames with brick infill walls in order to clearly demonstrate
the seismic contribution of strengthening works to RC frames. For this reason, many experimental works
on RC frames with brick infill walls have been made up to this time. Mehrabi et al. (1996) investigated that
the influence of masonry infill panels on the seismic performance of reinforced concrete RC frames. The
test results showed that indicate that infill panels can significantly improve the performance of RC frames.
Buonopane and White (1999) investigated that the earthquake behavior of the system by testing to 1/2
scaled, two-span and two-story brick-filled reinforced concrete frames under dynamic loading. In order
to estimate the lateral stiffness and displacement capacity of the system using experimental results,
different diagonal compressive member shapes were investigated analytically and the most suitable
diagonal compressive member model for experimental results was investigated. Lee and Woo (2002)
investigated that the effect of masonry infills on the seismic performance of 1/5 scaled RC frames with
non-seismic detailing. The test results showed that, masonry infills were increased strength, stiffness and
rigidity of RC frames. Zovkic et al. (2013) investigated that the seismic behaviors of RC frames with 1/2.5
scale the autoclaved aerated concrete blocks infills under constant vertical and cyclic lateral load. The test
results showed that RC frames with had much higher stiffness and initial strength than the bare frame.
Demirel et al. (2015) investigated that the effect of masonry infills and autoclaved aerated concrete blocks
infills on seismic behavior in 1/2 scaled RC frames. They found that the masonry infills increased the base
shear force by 43% but the capacity is quickly depleted, and the progressive drift values converge to the
bare frame. Besides, the autoclaved aerated concrete blocks infills were increased seismic performance of
RC frames. Adding RC infill wall to RC frames are widely used as structural strengthening method. Along
with that, various strengthening methods are used at the strengthening of RC structures. Suzuki et al.
(2017) investigated that the seismic behaviors of five RC frames with 1/4 scale the masonry infill walls
under constant vertical and cyclic lateral load. They used horizontal and vertical stacking of the infill wall
as parameters in their experiments. The experimental test results showed that the horizontally stacked
infill formed a typical diagonal compressive strut and showed infill seismic performance than higher
vertically stacked. Dautaj et al. (2018) investigated that the behaviour of masonry-infilled reinforced
concrete (RC) frames under various lateral strength. They found that the type of masonry unit influenced
to the failure mechanism of masonry-infilled RC frames.

In many studies, steel plates are often used in steel frames. Steel plates are rarely used for
strengthening reinforced concrete frames. Some studies related to this are given below. Elgaaly (1998)
investigated that the effect of thin steel plate infills on seismic behavior in % and 1/3 scaled RC frames.
The steel plates of these specimens were joined to the RC frames by welding and bolting. All test results
indicate that the behaviors of these specimens are stable in the post-buckling domain. Choi and Park (2011)
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investigated that the cyclic behavior of walls that are composed of three-story RC frames and thin steel
infill plates. The test results show that shear cracking and failure of the column-beam joints were
prevented by using the steel infill plates. Pan and Shan (2011) investigated that the structural strength of
cold-formed steel wall frames with sheathing under monotonic shear loading. They used three different
sheating material and two different thicknesses as thin steel plate in the test specimens. The test results
show that the mechanical properties of the sheathing material affect not only the loading capacity of the
specimens but also the structural behavior. Kamanli et al. (2011) investigated that 1/3 scaled the specimen
of thin steel plate shear wall and other test strengthened specimens under cyclic loading were performed.
Experimental results show that there is a significant increase in the horizontal load capacities of the
strengthened specimens. In addition, the use and function of the construction is very little affected by such
strengthening methods and the strengthening works can be carried out quickly. Akin et al. (2016) tested
that 1/3 scaled, one-bay and two-story five RC frames of thin steel plate shear walls. The test results
showed that the specimens with the steel plate increased horizontal load-carrying capacities and energy
dissipation capacities. Aykag et al. (2017) tested that 12 infill brick walls strengthened with perforated steel
plates and a infill brick wall under reversed cyclic loading. Plate thickness, bolt spacing, and anchorages
were test variables. According to the results, the strengthened specimens have increased ductility and
strength compared to the reference specimen.

Generally, Cold Formed Steel (CFS) profiles are frequently applied in light steel building designs in
1-3 storey buildings. In addition, a lot of work has been done on wood, gypsum and steel plates, which
are skeleton structures CFS profiles as sheats of wall materials. Fiilop and Dubina (2004) investigated that
the shear behaviour of six wall panel typologies. Different sheats of wall material, door opening and
skeleton types were used as test variable. They concluded that the shear-resistance of the test specimens
is important both in terms of stiffness and load bearing capacity. Pan and Shan (2011) tested that 13 wall
specimens under monotonic shear loading. Three different kinds of sheathing material were used in these
wall specimens and these sheathing materials were calcium silicate board, oriented-strand board. In
addition, the boards used in these specimens were produced in two different thicknesses. These
experiments were shown that the mechanical properties of these sheathing materials affect not only the
loading capacity of the specimens, but also the structural behavior. Baran and Alica (2012) tested that
thirteen OSB-sheathed CFS wall panel specimens under static lateral load. Different OSB thickness,
double-sided sheating, diagonal struts, CFS section size, and screw spacing were used as test parameters.
Test results showed that increased screw spacing reduced lateral load carrying and deformation capacity.
In addition, diagonal struts added to the panels and increased OSB thickness were increased lateral load
carrying capacity and initial stiffness. Ye et al. (2015) tested that the six full-scale walls specimens under
cyclic loading. Different sheath materials, stud section and spacing were used as test parameters. The
damages and the screw behaviors that occurred during these failure mechanisms were examined in detail.
Wang and Ye (2015) investigated that test specimens of nine full-scale CFS shear walls with strengthened
end studs under cyclic loading. Different sheating material, stud type and openings were used as test
parameters. They have developed a method for shear capacity as a result of their study. The experimental
results were compared with the results of this method and the difference was found to be about 8%.
Accorti et al. (2016) tested that the 21 CFS shear walls with different bracing systems under vertical and
lateral loads. They investigated to the bare steel specimens, the use of trussed bracing, of a trussed frame
and of diagonal bracing with flat straps. As result of their work, the performance of CFS walls with
diagonal bracing was occurred the best under all aspects than the others specimens. In addition, CFS walls
with trussed members are found to be moderate in wind and/or earthquake loads. Mohebbi et al. (2016)
investigated that six steel sheathed wall specimens of various cladding configurations were tested under
cyclic displacement-control loading. These boards of wall specimens were sheated with the fiber cement
and gypsum. As result of their experiments, the use of claddings on one side or both sides of the walls
increased the stiffness of the specimens, the shear strength and the energy dissipation capacity. However,
these kinds of works are not related strengthening with reinforced concrete frames.
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In this study, five RC frames used in the experimental works have been produced with various
structural defects, 1/5 scale, 2 storey and one span. Three of these RC frames were strengthened as CFS
wall system, infill RC shear wall and both external RC shear wall and column jacketing. In order to
determine the seismic contribution of these strengthening works, reference specimens were tested as bare
frame and autoclaved aerated concrete block (AAC) infilled wall. All test specimens were tested under
reverse cyclic lateral loading and constant vertical loading (Bahadir and Balik, 2017).

MATERIAL AND METHOD
Details of Test Specimens

The reinforced concrete frames of specimens were produced to reflect which these deficiencies were
commonly observed in the existing reinforced concrete building stock in Turkey (Ozcebe et al., 2004;
Yilmaz et al., 2010).

The stirrups of the columns and beams were used 2 mm diameter plain bars by 60 mm spacing and
these stirrups placed by 90 degree hooks. In columns and beams, 5 mm diameter longitudinal
reinforcement as deformed steel bars were used. In the production of reinforced concrete frames, the
average cylinder compressive strength of the concrete was used 10.3 MPa on the 28th day of testing and
the concrete of all the frames were cast at the same time. The dimensions and reinforcement details of the
reinforced concrete frame of the produced specimens are given in Figure 1. These frames as two stories,
1/5 scaled and one bay were produced.
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Figure 1. Dimensional and reinforcement details of the RC frames

Four of five reinforced concrete frames were produced different walls with window openings. These
window openings were shifted to the mid-span at stories. The dimensions of window openings at these
walls were 210x240 mm. Specimen 1 (RS) constructed was reference bare frame and not contained any
infill wall and/or column jackets. Specimen 2 was constructed with autoclaved aerated concrete blocks
(AAC) infilled RC frame. At Specimen 2, the dimensions of AAC blocks were used as 120x55x50 mm. The
infill AAC walls were tested under diagonal compression. The average diagonal compressive strength of
infill autoclaved aerated concrete walls is found as 0.28 MPa. Details of these specimens are given Figure
2.
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Figure 2. Dimensions and reinforcements details of Specimen 2

Specimen 3 (DW-SS) was strengthened with single skeleton drywall and 0.3 mm steel sheets. In this
specimen, the thickness of the single skeleton drywall system was designed as 26 mm. The CFS profiles
used in this wall were anchored to the columns and beams of the frame with M4 bolt bars. The spacing of
the anchoring bars of single skeleton drywall system were used 120 mm in the beams, 130 mm in the
columns and 120 mm in the base. The anchore holes with a diameter of 5 mm were drilled on the RC frame
and these profiles were anchored with epoxy. 0.3 mm thick steel sheets were fixed on the front and back
facades of the single skeleton drywall system. Dowel details and dimension details for the Specimen 3 are
given in Figure 3.
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Figure 3. Dimensions and reinforcements details of Specimen 3

Specimen 4 was strengthened with infill RC shear wall. In these specimens, the thickness of the infill
RC shear wall was designed as 40 mm. At the two facades of the infill RC shear wall, plain bars with a
diameter of 3 mm spaced at 90 mm were used as square reinforcing mesh. The square reinforcing mesh of
infill RC shear wall ratios were pv=0.0041 in vertical direction and px=0.0039 in horizontal direction. At the
columns of Specimen 4, the dowel ratio was peolumn=0.0055. At the beams of Specimen 4, the dowel ratios
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were pbeam=0.0055 and 0.0050. Dowel details, reinforcing mesh and dimension details for Specimen 4 are
given in Figure 4.
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Figure 4. Dimensions and reinforcements details of Specimen 4

Specimen 5 was strengthened with external shear wall and RC column jacketing. The external shear
walls were 40 mm in thickness and constructed at the one external facade of the frames. The connections
between the frame and external shear wall were provided with 5 mm diameter deformed bars that were
fixed with epoxy to the frame. At the two facades of the external RC shear wall, plain bars with a diameter
of 3 mm spaced at 90 mm were used as square reinforcing mesh. The square reinforcing mesh of external
RC shear wall ratios were pv=0.004 in vertical direction and pn=0.0043 in horizontal direction. The
longitudional reinforcements ratio of the RC column jackets was pjacket=0.018. Dimension details and
reinforcing meshs for Specimen 5 are given in Figure 5. Dowel details of Specimen 5 are given in Figure 6.
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Figure 6. Dowel details of Specimen 5
Test Setup

The experimental setup in which the test specimens are given in Figure 7. During the experiments,
total 22 kN axial load was applied to the columns of the specimens. These loads were applied to the
columns with a 100 kN capacity hydraulic jack. A special wheel system was used to allow the axial load
system to move upper beam of the specimen. According to TEC-2007, at least 10% axial load of design
compressive load should be applied for bearing system members that will be dimensioned as a column
(Unal et al., 2014). The lateral loading was applied as reversed cyclic loading at the test specimens. This
loading was applied by a 200 kN capacity hydraulic jack. During the experimens, 2/3 of the total lateral
load to beam of the 2d story and 1/3 of the total lateral load to the beam of the 1st story were applied to
test specimens. Total lateral loads and axial load were measured by loadcells. Displacement data of the
test specimens were measured by LVDTs at each storey level (Kaya et al., 2018). The values read from load
cells and LVDTs were recorded.
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Materials

Figure 7. Test setup

The RC frames of test specimens were designed as low strength concrete to represent the strength of
concrete in existing RC structures in Turkey (Kara, 2006). The average compressive strength of concrete
used in the production of concrete of RC frames was 13 MPa. Concrete with average compressive strength
of 27 MPa was used in the shear walls and column jacketing. Properties of reinforcements used in the test
specimens are listed in Table 1. The members of infill walls used in the drywall system are given in Table

2.

Table 1. Properties of reinforcing bars used in the test specimens

Bar diameter (mm) |fsy (MPa) | fou (MPa) | Bar type
2 981 1242 Plain
3 760 962 Plain
5 639 809 | Deformed

Table 2. Properties of infill wall members at Specimen 3 with drywall system

Detail number Member name Geometry and picture | Thickness(mm) | Dimensions(mm)

1 Steel sheet 0.3 780x450

2 CFS-UW profile 0.5 11x26x11

3 Bracket 1 40x40x20

4 CFS-CW profile 0.5 9x25x9

5 M4

bolt bars
6 Screw with drill bit - 3.9x13
7 CCW profile 0.5 Ix24x14
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Experimental Study
Specimen 1 (BF-Reference Specimen)

In the experimental program, Specimen 1 was the reference frame, which was tested to observe
reference behaviour. It contained no infill wall. Until the end of the experiment, 11 hysteresis cycles were
applied to Specimen 1 at both forward and backward. Specimen 1 reached to 9.42 kN max lateral load and
+37.96 mm displacement at forward direction. It reached to -10.34 kN max lateral load and -31.05 mm
displacement at backward direction. When it reached to lateral load carrying capacity, interstory drift
value was 3.3% at forward direction and interstory drift value was 2.5% at backward direction. The
hysteresis curves of Specimen 1 are shown in Figure 8.
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Figure 8. Hysteresis curves of Specimen 1

The plastic hinge formation occurred in the column-beam joints. Shear and bending cracks were
observed on the frame of Specimen 1. The crack patterns of Specimen 1 at the end of the test can be seen
in Figure 9.
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Figure 9. Photos of Specimen 1 at end of the test (front and back facades)
Specimen 2 (AACW- Reference Specimen)

Specimen 2 was produced with autoclaved aerated concrete blocks infilled RC frame. Until the end of
the experiment, 9 hysteresis cycles were applied to Specimen 2 at forward direction and 8 hysteresis cycles
were applied at backward direction. Specimen 2 reached to 15.52 kN max lateral load and +11.86 mm
displacement at forward direction and to -18.07 kN max lateral load and -9.43 mm displacement at
backward direction. When Specimen 2 reached to lateral load carrying capacity, interstory drift value was
0.9% at forward direction and interstory drift value was 1.3% at backward direction. The hysteresis curves
of Specimen 2 are shown in Figure 10.
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Figure 10. The hysteresis curves of Specimen 2

The diagonal cracks and damages occurred thoroughly from lower corner of window of 2nd story to
beam of 1% story and from a beam of the 1 story to a column of 1¢t story. Further, the diagonal crack
occurred thoroughly from lower corner of the window of the 15t story to a column-base. The short column
behaviour observed at a column of 1st story. A plastic hinge formation was occurred at the lower and
upper ends of the other column. The infill walls of 1st story collapsed partially at the end of the test. The
sliding cracks occurred at the window opening level of 1st story. The plastic hinge formation also observed
at a column-beam joint of the 24 story. The crack pattern and damages of Specimen 2 at the end of the test
can be seen Figure 11.
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Figure 11. Photos of Specimen
Specimen 3 (DW)

Specimen 3 was strengthened with single skeleton drywall and steel sheets. Until the end of the test,
10 hysteresis cycles were applied to Specimen 3 at both forward and backward directions. Specimen 3
reached to 17.70 kN max lateral load and +32.68 mm displacement at 7 hysteresis forward cycle and -21.76
kN max. lateral load and -26.36 mm displacement at 9 hysteresis backward cycle. When Specimen 3
reached to max lateral load carrying capacity, interstory drift value was 1.7% at forward direction and
interstory drift value was 2.6% at backward direction. The hysteresis curves of this specimen are shown
in Figure 12.
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Figure 12. The hysteresis curves of Specimen 3

The plastic hinge formation observed at column-beam of 1+t story and column-base joints. At the
displacement of the cycles increased, damages at steel sheets corners of 1t story were observed.
Furthermore, buckling of the steel sheets were observed more clearly at the 1¢t story. Moreover the corner
anchroge bars of 1st story were seperated from RC frame. The short column behaviour observed at a

column of 1st story. The crack pattern and damages of Specimen 3 at the end of the test can be seen Figure
13.

Specimen 4 (ISW)

Specimen 4 was strengthened with infill RC shear wall. Until the end of the experiment, 19 hysteresis
cycles were applied to Specimen 4 at both forward and backward directions. Specimen 4 reached 53.08
kN lateral load and +17.65 mm displacement at 17 hysteresis forward cycle and -66.03 kN lateral load and
-11.16 mm displacement at 17 hysteresis backward cycle. When Specimen 4 reached to max lateral load
carrying capacity, interstory drift value was 1.3% at forward direction and interstory drift value was 1.2%
at backward direction. The hysteresis curves of Specimen 4 are shown in Figure 14.
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Figure 14. The hysteresis curves of Specimen 4

The diagonal cracks and damages occurred thoroughly from the beam-column joint of 1st story to
base-other column joint on the parts without a window opening of 1+t story. Further, diagonal cracks
occurred thoroughly from the beam-column joint of 27 story to a beam of 1¢t story. The short column
behaviour observed in a column of 1% story. The plastic hinge formation observed at another column-base
of 1%t story. The crack pattern and damages of Specimen 4 at the end of the test can be seen Figure 15.

Figure 15. Photos of Specimen 4 at the end of the test (front and baék facades)

Specimen 5 (ESW)

Specimen 5 was strengthened with external RC shear wall and RC column jacket. Until the end of the
experiment, 19 hysteresis cycles were applied to Specimen 5 at both forward and backward directions.
Specimen 5 reached 75.34 kN lateral load and +24.23 mm displacement at 15 hysteresis forward cycle and
-90 kN lateral load and -33.81 mm displacement at 18 hysteresis backward cycle. When Specimen 5
reached to max lateral load carrying capacity, interstory drift value was 3.9% at forward direction and
interstory drift value was 2.2% at backward direction. The hysteresis curves of Specimen 5 are shown in
Figure 16.
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Figure 16. The hysteresis curves of Specimen 5

The main damage was occurred the cracks of X shape between the windows of the first and second
story. In addition, shear cracks and damages were formed in the corner of the window of the first story.
The cracks and damages of Specimen 5 were given in Figure 17 at the end of the test.

Figure 17. Photos of Specimen 5 at the end of the test (front and back facades)
COMPARISON OF EXPERIMENTAL RESULTS

The comparison of the behavior of test specimens is prepared in terms of strength, stiffness and energy
dissipation (Erdem et al., 2006).

Strength

Total base shear-top displacement response envelope curves were constructed to evaluate and given
in Figure 18. These envelope curves were drawn by connecting the peak points of each hysteretic curve
for each specimen (Ha et al., 2018). The lateral load carrying capacities of test specimens are given Table
3.
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Figure 18. Total base shear-top displacement envelope curves of all specimens

Table 3. Summary of test results as the lateral loading capacity

Top Displacement Total Base Shear
Test Specimens Max. Lataetral Load Max Ratio
Lateral Load (kN)
(mm)
Test Window
No Opening | Forward | Backward | Forward | Backward | Forward | Backward
Type

1 RS 38.0 -31.0 9.4 -10.3 1.0 1.0
2 AACW 11.9 94 15.5 -18.1 1.7 1.8
3 DW 32.7 -26.4 17.7 -21.8 1.9 2.1
4 ISW 17.7 -11.2 53.1 -66.0 5.6 6.4
5 ESW 242 -33.8 75.3 -90.0 8.0 8.7

From the inspection of Figure 18 and Table 3, it can be seen that, the lateral load carrying capacities of
all infilled frames were considerably greater than the lateral load capacity of Specimen 1. As expected,
Specimen 5 strengthened with external shear wall and RC jacket had the highest lateral strength among
the other specimens. Specimen 5 carried 8 times more at forward direction and 8.7 times more at backward
direction than Specimen 1. The lateral loading capacity of Specimen 5 is increased by 42% at forward
direction and 36% in the backward direction according to the Specimen 4. Although the lateral load
carrying capacity of Specimen 2 and Specimen 3 were close values at both forward and backward
directions, Specimen 3 was measured more displacement.

Stiffness

The stiffness values of test specimens are given in Table 4. In this table, the initial stiffness and stiffness
at maximum load were listed for each of the specimens in forward and backward direction. The initial
stiffness were calculated at the load level at which the first bending crack occurred in the experiment of
the test specimens. Stiffness at maximum load level is calculated for the forward and backward directions
applied to the test specimens. Stiffness in the arithmetic average of the maximum load level are used in
the comparison with the Specimen 1 (RS). As expected, Specimen 4 strengthened with infill shear wall had
the highest initial stiffness and stiffness of max lateral load among the other specimens. Although the
lateral load carrying capacity of Specimen 2 and Specimen 3 were close values at both forward and
backward directions, initial stiffness and stiffness of max lateral load of Specimen 3 was the lower than
Specimen 2.
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Table 4. Summary of test results as stiffness

Test Specimens . Stiffness Ratio
Initial | at Max. Lateral Load (kN/mm)
];\?Zt OPZ\:;ZO;\; pe Stiffness Forward | Backward | Average | Initial at ij;;?afsa d

1 RS 1.53 0.34 0.33 0.34 1 1

2 AACW 4.76 1.31 1.92 1.61 3.11 4.81

3 DW 2.71 0.17 0.83 0.50 1.77 1.48

4 ISW 9.23 3.01 5.91 4.46 6.03 13.31

5 ESW 6.34 3.11 2.65 2.88 4.15 8.6

Energy Dissipation

The different strengthening methods play an important role among the factors affecting energy
dissipation capacity of RC frames. The energy dissipated was determined by summing the areas enclosed
by hysteretic lateral load displacement curves for each cycle (Carrillo and Alcocer, 2013). The energy
dissipation values of test specimens are given in Table 5. Among all strengthened specimens, Specimen 5
dissipated the largest amount of energy at both the forward and backward directions. Since the
displacement value of Specimen 1 is greater than the displacement value of Specimen 2, Specimen 1 was
dissipated more energy. The average energy dissipation values of Specimen 3 and Specimen 4 are close to
each other. Although Specimen 2 was occurred higher stiffness value than Specimen 3, Specimen 3 was
dissipated more energy.

Table 5. Summary of test results as energy dissipation

Test Specimens Forward Cycles Backward Cycles
];(s)t OP?I,:;:;O;\; pe Energy Dissipation | Energy Dissipation
1 RS 566.79 421.56
2 AACW 231.10 236.68
3 DW 886.86 1667.74
4 ISW 1171.92 1150.82
5 ESW 3785.00 3664.00

CONCLUSION

In this study; five RC frames with a scale of 1/5, single spans and two storey were produced so as to
reflect the characteristics of existing structures. Two RC frames were used as the reference specimens that
without an infill wall and autoclaved aerated concrete blocks (AAC) infilled wall. Other three RC frames
were strengthened with infill RC shear wall, single skeleton drywall system and external RC shear wall
and column jacket. All specimens produced were tested under reverse cyclic lateral loading and constant
vertical loading. Strength, stiffness and energy dissipation capacities of all test specimens are compared
with each other.

The experimental test results are summarized below;

e Strength and stiffness of different strengthened specimens (Specimen 3, Specimen 4 and Specimen

5) and a specimen with AACW infill walls (Specimen 2) were significantly higher than those for

reference specimen (Specimen 1).



678 F.S.BALIK, F. BAHADIR

e Energy dissipation capacities of different strengthened specimens were also significantly higher
than those for reference specimen. But energy dissipation capacities of Specimen 2 was lower than as
reference specimen. Since the displacement value of Specimen 1 was greater than the displacement
value of Specimen 2, Specimen 1 was dissipated more energy.

e Although the load carrying capacity of Specimen 3 (DW) was lower than Specimen 4 (ISW), the

average energy dissipation value was higher than the average energy dissipation value of Specimen

4. Because Specimen 3 exhibited a more ductile behavior than Specimen 4.

e The short column behavior was observed at the first storey of Specimen 3 (DW), Specimen 4 (ISW)

and Specimen 2 (AACW). Thanks to RC column jackets, at Specimen 5 with the external RC shear wall

were prevented to the short column behavior.

e The infill wall of Specimen 2 (AACW) was showed behavior out-of-plane at the test. This behavior

observed at the infill wall of the Specimen 2 were increased the risk of occurring a soft story at the RC

frame. Because the drywall system (Specimen 3) were anchored to RC frames, at this specimen has
not been observed the out-of-plane behavior. Thus, the soft storey behaviour can be largely prevented
by the dry wall strengthened method.

e Specimen 3 strengthened with drywall system has much lighter according to other strengthened

specimens. Thanks to this strengthening method, seismic load acting on structures can be reduced. It

is much easier and quicker to construct when this drywall system is used in the seismic strengthening
of the existing building compared to the RC infill wall and external RC shear wall.

Different types of curtain wall systems are used to provide thermal insulation of RC structures. CFS
drywall systems are one of these. The results of the study showed that CFS drywall systems have the
positive contributions to the seismic behavior of RC structures. However, the seismic contribution to RC
structures was limited according to other methods in the study.
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