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Oz

Yapilan ¢alismada, Co-Mg alagimina (%95 Co ve %5 Mg kompozisyon) borlama yontemi ile kaplama
yapilmistir. Co ve Mg metal tozlar1 faz diyagramindaki yiizdelik dilimlere gore kompozisyon karigim
oranlart belirlenmistir. Belirlenen oranlarla kapali kaplar igerisine konulan toz karisimlar 24 saat siire ile
doner karistiricida karigsmistir. Homojen karigim daha sonra geometrik sekle sahip olmasi igin kaliplara
dokiilerek preslenmistir. Preslenmis numuneler kontrollii atmosferik firin igerisine konularak 530 °C
sicaklikta sinterlenmistir. Bu iglem sonrasinda numuneler borlama iglemi yapilmasi i¢in silindirik olarak
tasarlanmis kutular icerisinde alt ve ist taraflarina Ekabor II tozu dokiiliip hava almamast i¢in samot ¢camuru
ile kapatilarak 900 °C sicaklik ve 1.5-4.5 saat degisen siirelerde borlama islemi yapilmistir. Borlanmis
numunelere en son XRD ve SEM analizlerin yani1 sira mikrosertlik testleri yapilmistir. XRD analiz
sonucunda CoB, Co:B ve Co fazlari ortaya ¢ikmistir. SEM analiz sonrasinda ise bor tabakalari olusmus ve
tabaka kalinlik dl¢timleri sonucunda en yiiksek deger 4.5 saat siire sonrasinda 120 um olarak bulunmustur.
Mikrosertlik 6l¢iimii sonrasinda ise en yiiksek deger 1930 HVo 05 olarak 6l¢iilmiistiir.

Anahtar Kelimeler: Co-Mg alagim, borlama, mikrosertlik, XRD, SEM

Investigation of Microstructural and Mechanical
Properties of Boronized Co-Mg Alloys

Abstract

In the study, the Co-Mg alloy (95% Co and 5% Mg composition) was coated by boriding method.
Composition mixing ratios were determined according to percentiles in the phase diagram of Co and Mg
metal powders. Powder mixtures placed in closed containers at the determined rates were mixed in a rotary
mixer for 24 hours. The homogeneous mixture was then poured into molds and pressed to form a geometric
shape. Pressed samples were placed in a controlled atmospheric furnace and sintered at 530 °C. After this
process, the pieces were borided at a temperature of 900 °C and for 1.5-4.5 hours by pouring Ekabor I1
powder on the top and bottom of the cylindrical designed boxes for boriding, and covered with chamotte
mud to prevent air leakage. Performed the latest XRD and SEM analyses as well as microhardness tests
were performed on the borided samples. As a result of XRD analysis, CoB, Co2B, and Co phases emerged.
After SEM analysis, boron layers formed, and the highest value was found as 120 um after 4.5 hours due
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to layer thickness measurements. After the microhardness measurement, the highest value measured was
19 30 HVo.0s.

Keywords: Co-Mg alloy, boriding, microhardness, XRD, SEM

1. Giris

Malzemelerin yiizey direncini artirma yontemlerden olan elektrokimyasal yontemler arasinda borlama
yer almaktadir [1-5]. Asinmanin yan1 sira korozyon, yorulma ve oksidasyon direnci gibi 6nemli 6zelliklere
sahip olmasi nedeniyle diger yontemlere gore avantajlar vardir [6,7]. Borlama yonteminin uygun sicakliklar
ve siirelerde yapilmasiyla kaplanan malzemelerin mekanik o6zellikleri iyi hale gelmektedir. Kaplama
ortaminda oksitleyici durumlarin olmamasi i¢in ¢ok iyi vakum yapilmasi gerekmektedir [8].

Co bazli alagimlar kullanildiklari ortamlarda 6nemli 6zelliklere sahip olmalari nedeniyle en ¢ok tercih
edilen alagimlari arasindadir [9,10]. Bu 6zellikler arasinda, yiiksek yorulma dayanimi, aginma ve korozyon
direnci gibi oOzellikler gelmektedir. Bu alagimlara uygulanan farkli kaplama yontemleri ile mevcut
ozelliklerinde daha da iyilesmeler olmaktadir [11]. Kaplama yontemleri arasinda yer alan borlama, bor
atomlarinin ana malzeme olarak metal ya da alasim yiizeyine difiizyon etmesi yoluyla ylizeylerde boriir
tabakasimin olugmasi sonrasinda elde edilmektedir. Burada 6nemli olan uygulanan borlama sicakligi,
malzemelerin kimyasal bilesimi, bor materyali ve borlama sonrasinda FeB, Fe2B ve CoB, Co2B gibi metalik
fazlar olugmaktadir [12,13].

Gergeklesen ¢alismada sonucunda, Co-Mg alasimlarina borlama yonteminin etkileri incelenmistir.
Sinterleme sonrasinda elde edilen numunelere kutu borlama yontemi ile borlama islemi yapilmistir. Bu
islem sonucunda olusan bor tabakalart SEM ve XRD analiz ile belirlenmis, vickers sertlik testleri yapilarak
sertlikleri Ol¢iilmiis ve ylizeylerde olusan yapilar tespit edilmistir.

2. Materyal ve Metot

Yapilan ¢alismada, % 99,5 safliga sahip Co ve Mg metal tozlar1 ile Co-Mg alasimlar1 (%95 Co-%5
Mg kompozisyon) olusturulmustur. Mikron boyutundaki bu tozlar homojen bir sekilde karistirilmalart i¢in
doner bir karistiricida 24 saat siire ile kapali kutu igerisinde karistirilmistir. Karigan tozlar dairesel sekle
sahip olmak i¢in 6zel olarak hazirlanmis metal kaliplara dokiilerek sekillendirilmistir. Bu islem yaklagik
olarak 25 N kuvvet sonucunda yapilmistir. Ortaya ¢ikan numunelere 530 °C sicaklikta 2 saat siireyle 1s1l
islem uygulanmustir.

Isil islem sonrasinda dairesel numuneler kapali kutu igerisinde borlama yontemi ile borlanmistir. Bu
yontem, kontrollii atmosferik firin ortaminda kapali kutular igerisine konulan numunelerin alt ve {ist
kisimlarina Ekabor II toz dokiilerek yapilmistir (Sekil 1). Bu islem igin literatiirde 800-1100 °C aras1
sicakliklarda borlama g¢aligmalart yapilmis [14,15], bu ¢alismada ise 900 °C sicaklik vel,5-4,5 saat siire
araliklarda 1s1l iglem uygulanmustir. Isil islem sonrasi firindan ¢ikarilan numuneler hava ile sogumasindan
sonra metalografik analiz olarak XRD ve SEM, vickers mikrosertlik testi yapilmustir.

XRD analiz ¢aligmasinda, alfa 1sin1, 0,02 °/dk tarama hiz1 ve 2 Theta tarama agis1 uygulanmstir.
Numunelerin yogunluklari d=m/v formiiliine gére hesaplanmistir. Burada m, numune kiitlesi; v, numune
hacmidir. Borlama sonucu yiizeylerde olusan bortir tabakarin sertlik dl¢iimleri SHIMADZU HM V-2 model
sertlik cihazi ile yiizeyden merkeze dogru 50 gr. yiik altinda vickers yontemiyle yiizeyden iceriye dogru 5
farkli 6l¢iim yapilarak ortalama sonug elde edilmistir.

e-ISSN: 2
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Sekil 1. Kapali firin ortaminda borlama isleminin yapulisi (a: Numunelerin kutu icerisine yerlestirilmesi,
b: Numunenin borlanmasi).

3. Bulgular

Co-Mg tozlarina sirasiyla presleme, sinterleme, yogunluk, borlama ve metalografik analiz ile sertlik
oOl¢timleri yapilmistir. 530 °C sicaklikta 2 saat siire ile yapilan sinterleme sonrasinda yogunluk 6l¢iimii ile
Co-Mg alagiminda yogunluk 7,21 gr/cm? olarak ortaya gikmstir. Borlama islemi 900 °C sicaklik ve 1.5—
4.5 saat siirelerde yapilmistir (Sekil 2).

Bor tabaka
' kahnhg

Bor tabaka
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. .04 AR At ol b B 4] X 2
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Sekil 2. Borlanmis % 95 Co ile % 5 Mg alasiminin mikroyapt goviintiileri (a: 900 °C 1,5 saat, b: 900 °C
4,5 saat)

Borlama sonrasinda numunelere metalografik analiz olarak XRD ve SEM analiz yapilmigtir. XRD
analiz sonucunda CoB, Co2B ve Co faz yapilar ortaya ¢ikmistir (Sekil 3). Sicaklik ve siire artigia bagl
olarak CoB, Co:B faz degerleri 2000 ve 2500 degerlerinde bulunmustur. Johnston vd., Campos-Silva vd.
yaptiklart borlama ¢alismalarini [16,17], 950 ve 1000 °C'de gergeklestirmis, olusan bor tabakalari igin XRD
sonucunda CoB ve Co2B faz yapilarini 1500 yogunluk degerine yakin olarak elde etmislerdir. SEM analiz
caligmasi sonrast en iyi mikroyapi ve bor katmani Sekil 2(b)’de de goriilecegi tizere 900 °C sicaklik 4.5
saat siire sonrasinda ortaya ¢ikmis ve yapilan bor tabaka kalmligi 6l¢lim sonucunda 120 um kalinlik
ol¢tilmistiir. Mikrosertlik 6l¢iimil i¢in numune iizerinden kaplama bolgelerinden 5 farkli 6lgiim yapilarak
1930 HVo,05 deger dlciilmiistiir (Sekil 4).
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Sekil 3. Borlanmis % 95 Co ile % 5 Mg alasiminin XRD analiz goriintiileri (a: 900 °C 1,5 saat, b: 900 °C
4,5 saat)
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Sekil 4. Borlanmig % 95 Co ile % 5 Mg alasimina yapilan mikrosertlik analiz sonucu

4. Sonuclar ve Tartisma

Co-Mg alasimmin borlama sonrasinda yapilan test ve analizler sonrasinda ortaya ¢ikan sonuglar
asagida verilmistir:

[ Borlama islemi sonrasinda en yiiksek bor tabaka kalinlig1 4,5 saat siire sonrasinda 120 pm olarak
bulunmustur.

[1 Co-Mg alagimlarin sinterleme sonrasi 6lgiilen yogunluk degeri 7,21 gr/cm?® olarak bulunmustur.

[J Sinterleme sonrasi yapilan sertlik testi sonucu 135+9 HVo,05 degeri ortaya ¢ikmustir.

[ Metalografik analiz olarak XRD analizi yapilmistir. Analiz sonucu olarak CoB, Co2B ve Co faz yapilar
elde edilmistir. Bu yapilarin degerleri sicaklik ve siire artigina bagli olarak artmistir. Bu durum borlamanin
oldugunu gdstermistir.

[] Borlama sonras1 yapilan mikrosertlik testi sonucu numunelerde sirastyla 1820 HVo,0s ve 1930 HVo05
sertlik degerleri Ol¢iilmiistiir.

[1 Gergeklesen borlama yonteminde sicaklik ve siireye paralel olarak boriir tabakalar1 belirgin hale gelmis,

tabaka kalinlarinda artislar olmustur. 900 °C, ortaya ¢ikan sonuglara gore en iyi borlama sicaklig olarak
belirlemistir.

Alasim igerisinde bulunan Mg, hava ile temasa gectiginde ¢ok ¢abuk bozulabilen bir malzemedir.
Yapilan sinterleme ve borlama c¢aligmalarinda yapida bozulmalarin olugsmast Mg malzemesinden
kaynaklanmistir. Kapali vakum ortamina sahip sistem igerisinde hem sinterleme hem de borlamanin
yapilmasi daha uygun olacaktr.
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Abstract

In this study, an organic-inorganic hybrid material was first prepared by the sol-gel method. 3-
aminopropyltriethoxysilane (3-APTES) and tridecafluorooctyltriethoxysilane (Evonik F 8261) were used
as precursors. The silane coupling agents were dissolved in a mixture of water, decane and hydrochloric
acid for 2 hours. Soda-lime glass substrates were coated with the silane-based coating solution with the aid
of a film applicator. The coated films were dried in an oven at 80°C to allow alcohol, organic solvent and
excess water to evaporate from the films. After evaporation of the solvents, the samples were characterized
by contact angle, FT-IR, SEM, goniometer, light transmittance, haze and gloss meter. Superhydrophobic
surface was successfully obtained from 3 APTES/tridecafluorooctyltriethoxysilane hybrid compounds.

Keywords: Thin film, sol-gel method, hybrid materials, superhydrophobic, contact angle.

Silan bazh siiperhidrofobik ince film hazirlamak i¢in
yeni bir yontem

Oz

Bu ¢aligmada ilk olarak organik-inorganik bir hibrit malzeme sol-jel yontemi ile hazirlanmistir. Oncii olarak
3-aminopropyltriethoxysilan (3-APTES) ve tridecafluorooctyltriethoxysilan (Evonik F 8261) kullanildi.
Silan birlestirme ajanlari su, dekan ve hidroklorik asit karisimi igerisinde 2 saat ¢oziindiiriildii. Soda-kireg
cam substratlari, bir film aplikatorii yardimu ile silan bazli kaplama ¢ozeltisi ile kaplandi. Kaplanan filmler,
alkol, organik ¢oziicli ve fazla suyun filmlerden buharlagmasina izin vermek igin bir firinda 80°C'de
kurutuldu. Coziiciilerin buharlagtirilmasindan sonra numuneler, temas agisi, FT-IR, SEM, gonyometre, 151k
gecirgenligi, haze ve parlaklik dlger cihazi ile karakterize edildi. Siiperhidrofobik yiizey, 3-APTES /
tridecafluorooctyltriethoxysilane hibrid bilesiginden basariyla elde edildi.

Anahtar Kelimeler: ince film, sol-jel yontemi, hibrit malzemeler, siiperhidrofobik, temas agis1.
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1. Introduction

When coating a surface, layers that do not exceed a few micrometers in thickness are called thin films.
Thin films, which are of great interest among recent research studies, are used in the advancement of
electronic devices in the maritime industry, the automotive industry, the healthcare industry, the aerospace
industry and many more [1]. Differences in production methods and conditions of production methods
reveal many different properties in thin films. These features provide thin film materials with superior
properties compared to other materials and guide new studies. With the development of technology, many
new production techniques have emerged and developed in the production of thin films [2]. Thin film
production techniques are divided into various subgroups according to the physical and chemical properties
of the material surfaces and their physical state [1]. Electroplating method is the coating process of the
metal layer by forming discharge points on the conductive surfaces that act as cathodes in the electrolysis
vessel [3]. Electroless plating is a simple way to produce various metals with high impact and improved
mechanical properties by deposition of nickel without the use of electric current [4]. The spray pyrolysis
coating method consists of the atomization of a liquid solution by blowing air towards the heated surface
[5]- Thermochemical coating is a type of coating that forms nitride, carbide or boride layers on the material
surface to improve the surface [6]. In the coating process with thermal spraying, the raw material particles
to be used in the coating are pushed to the surface to be coated at high speed, while they are heated by the
gas in the system and the surface is coated [7]. Chemical vapor deposition (CVD) is the process in which
the substrate is exposed to one or more volatile precursors that can react and decompose on the substrate
surface to produce the desired thin film residue [8]. The physical vapor deposition method (PVD) can be
summarized as the process of bonding the solid raw material to the material to be coated in a controlled
manner by turning it into plasma with high energy [9].

Sol-gel technique is one of the thin film production techniques. Sol-gel technology began to be used in
the 1800s [10]. Sol-gel process has been an important, widespread and widely popular method for the
preparation of thin films due to its advantages. Its applications are wide, offering several advantages over
other methods, including good homogeneity, low cost, and high purity [11]. The sol-gel method can be used
in the production of almost all single-component or multi-component oxide films. The sol-gel process
involves the formation of colloidal suspensions (sol) of solid particles in the liquid phase and then three-
dimensional solid inorganic networks (gel) in a continuous liquid phase [12]. Sol-gel method is a coating
technique applied to improve the surface properties of glass, ceramic, metal and plastic backings and to
gain new properties such as optics, electronics, chemicals and mechanics [13]. In our study, a colloidal
suspension (left) was formed using 3-APTES and Evonik F8261 materials and used to form thin films.

Hybrid materials are of great interest as a new class of materials due to their original properties based
on the combination of organic and inorganic polymers [14,15]. As a result of the combination of organic
and inorganic materials in the same material with the appropriate processing method, new properties emerge
in terms of mechanical, electrical, physical or optical properties [14,16]. However, their biocompatibility,
biodegradation and chemical structure have also been among the research topics. Hybrid materials have
revealed new developments in the creation of various smart and functional materials [17]. The chemistry
of the silane surface modification reaction is shown in Figure 1 [18]. In our study, a hybrid material was
obtained by combining organic 3-APTES and inorganic Evonik F8261 with strong bonds and coated as a
thin film on the glass surface.

@ ¢
,CH,
CH,
H,.CO— Sli—()cH1

a O

CH,
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H H H H
¢ ¢ ¢ ¢
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Figure 1. Silane surface modification reaction [18]
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The introduction of superhydrophobic surfaces into the scientific world began with the study of the
lotus flower, which is known to be constantly clean in muddy and dirty environments. Inspired by the lotus
flower, attempts have been made about the water holding and repellent properties of solid surfaces [19].
Examples of these initiatives are self-cleaning artificial and smart surfaces by removing water and
pollutants. The protective effects on artificial surfaces are enhanced [20,21].

When contact is established between a liquid and a solid, the angle between the liquid surface and the
solid surface is defined as the contact angle [22,23]. Whether a surface is hydrophobic or hydrophilic is
measured by the contact angle between the water and the surface [18,19,24]. Figure 2 shows the different
situations that the sui le surface can create [25]. Surface wettability can be classified according to the contact
angle (0) value as follows:

If 8<90° the surface is hydrophilic

If 8<10° the surface is superhydrophilic

If 6>90° the surface is hydrophobic

If 6>150°, the surface is superhydrophobic [26,27].

0>90 G <90
Negligible wetting Good wetting
(water — hydrophobic) =90 (water—+ hydrophilic)

Figure 2. Surface wettability according to contact angle

2. Material and Method

In experimental studies, 3-aminopropyltriethoxysilane (3-APTES) (Merck )
tridecafluorooctyltriethoxysilane (Evonik F 8261) (Aldrich-Sigma), Decane (Merck ), Hydrochloric acid
(1M) and pure water were used as precursors. Materials were used as supplied.

, Coating with Drying at oven
Cleaning the glasses applicator
(" Characterization )
Drying Sol
J (Contact Angle, FT-IR,
SEM, goniometer, light
( ) 5 . transmittance / haze
Preparation of o \_meter and gloss meter) )
solutions Mixing

Figure 3. Experiment flow chart
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2.1. Preparation of Glass Surfaces

In the whole study, rectangular glass surfaces of 2.5x7.5 cm were used as the surface. To achieve an
ideal coating layer, the glass substrates were cleaned with the cleaning procedure described below. For
surface pretreatment, the glass surfaces were ultrasonically cleaned with double distilled water for 10
minutes. The chemical cleaning procedure was carried out by soaking the glass substrates in NaOH, Purified
water, H3PO4, Purified water for 5 minutes, respectively. All glass surfaces were dried at 80 °C for 2 h
before coating. Thus, it was made ready for use.

Figure 4. Glass cleaning procedure

Figure 5. Cleaned glass surfaces

In the experimental study, three different solutions were prepared and coated on six glass samples. It
is aimed to impart hydrophobic or superhydrophobic properties to hydrophilic glasses.

Table 1. Composition of prepared solutions

Recipe-1 Recipe-2 Recipe-3
3-APTES 331g 331g 331g
Decane 10g 10g 10g
Evonik F8261 - 1 mL 2 mL
Pure Water 2mL 2mL 2mL
Hydrochloric Acid (1M)
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2.2. Thin Film Coating on Glass with the Help of Film Applicator

The prepared solution was taken with a pipette and covered with a film-drawing applicator on
previously cleaned and prepared glasses. The windows are covered with a single layer. Two glass samples
were coated from each solution. The coated samples were left to dry in an oven at 80 °C. Necessary tests
were performed on the drying glass samples and information was obtained about the surface properties.

Figure 6. Coated glasses and film applicator

2.3. Tests applied to samples

The prepared solution was taken with a pipette and covered with a film-drawing applicator on
previously cleaned and prepared glasses. The windows are covered with a single layer. Two glass samples
were coated from each solution. The coated samples were left to dry in an oven at 80 °C. Necessary tests
were performed on the drying glass samples and information was obtained about the surface properties.

12
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3. Results and Discussion
3.1. Contact Angle Results

Uncoated Glass

Feéipe 1

Recipe 2

Recipe 3

Figure 7. Contact angle of solution coated surface

As seen in Figure 7, the surface contact angle of the uncoated glass with water was 32 ©, while the
contact angles were found to be 76°, 145° and 166 °, respectively, after all three coatings. While the uncoated
glass is hydrophilic, a hydrophobic surface was obtained especially in Recipes 2 and 3. Recipe 2 and 3
include tridecafluorooctyltriethoxysilane (Evonik F 8261), one of the fluoroalkyl silane compounds.
Increasing the amount of this compound significantly increased the contact angle.
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3.2. FT-IR Results
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Figure 8. FTIR analysis.

FTIR analysis of coatings is given in Figure 8. The peaks observed at approximately 3665 cm-1 and
2901 cm-1 in hydrophilic glass belong to free or adsorbed water with hydrogen bond interactions. The peak
at 1062 cm-1 can be attributed to Si—~O—Si mode vibrations. The spectrum is dominated by a broad
absorption band between 1250 and 1062 cm-1, which corresponds to the Si-O-C and Si-O-Si vibrations,
indicating the presence of the siloxane network as expected. The peak at 1566 cm-1 confirms the presence
of primary amines, but the peak around 1655 cm-1 indicates the presence of double-bonded nitrogen as
well. The presence of C-F bonds in the form of CF, CF2 or CF3 is also located at 610, 770, 960 and 1,027
cm-1.

3.3. Light Transmittance / Haze Meter and Gloss Meter

The results of the tests performed with the Light Transmittance/Haze meter and Luminosity meter
shown in Figure 10 are given in Table 2. As can be seen in Table 2, a slight decrease in light transmittance
was recorded with the coating. Haze (blur) increased and brightness decreased.

Figure 10. Light transmittance/haze meter and gloss meter used in the experiments

14
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Table 2. Light Transmittance / Haze Meter and Gloss Meter Results

GLASS | R1 R2 R3

% Transmittance 94 93 92 91
% Haze 0,54 1,14 | 2,65 | 4,42
Brightness (60 °) 174 165 156 148

3.4. SEM Results

Figure 9. Scanning electron microscopy (SEM) analyzes of prescriptions
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As can be seen from the cross-sections of the SEM photographs in Figure 9, the layers coated on the
glass are less than 2 micrometers thick. It can be seen from the surface pictures that it is homogeneously
dispersed and no cracks occur.

4. Conclusions and Recommendations

In this study, silane-based organic-inorganic hybrid coating was successfully formed on the glass surface
by sol-gel method. Amino-based silane and fluoro silane compounds formed a superhydrophobic layer on
the glass surface. Maximum contact angle is 166 degree. Thickness of layer is about 2 micrometers and
homogenous surface was obtained by sol-gel method.
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Abstract

In this study, titanium isopropoxide was chosen as a precursor. It was dissolved in isopropanol for 30
minutes. Then non-ionic surfactants (Triton X-100), were used to obtain the separation and mono dispersion
in the sol-gel reaction. In this experiment, the dip-coating method was chosen as a coating method. Soda-
lime glass substrates were coated with the alkoxide-based coating solution by a dip coater. The coated films
were dried at 80 °C in an oven to allow the alcohol, organic solvent, and excess water to evaporate from
the films. After evaporation of solvents, coated glasses were characterized by scanning electron microscopy
(SEM), goniometer, light Transmittance/Haze meter, and Gloss meter. The hydrophilic surface was
successfully obtained from titanium alkoxide-based coating solution.

Keywords: sol-gel method, alkoxide, hydrophilic, thin film

Coziici tipinin ve kaplama tabakasi sayisinin hidrofilik
TiO; ince filmin temas acisina etkisi

Oz

Bu ¢aligmada, baslangig kimyasali olarak titanyum izopropoksit secildi. Izopropanol iginde 30 dakika
¢ozlindiiriildii. Daha sonra sol-jel reaksiyonunda ayirma ve mono dispersiyon elde etmek igin iyonik
olmayan yiizey aktif maddeler (Triton X-100) kullanildi. Bu deneyde, kaplama yontemi olarak daldirma
kaplama yontemi secilmigtir. Soda-kire¢ cam substratlar, bir daldirma kaplayici ile alkoksit bazli kaplama
¢ozeltisi ile kaplandi. Kaplanmis filmler, alkoliin, organik ¢oziiciiniin ve fazla suyun filmlerden
buharlagmasina izin vermek i¢in bir firinda 80°C'de kurutuldu. Coziiciilerin buharlastirilmasindan sonra,
kaplanmis camlar taramali elektron mikroskobu (SEM), gonyometre, 151k Gegirgenligi/Bugu odlger ve
Parlaklik Olger ile karakterize edildi. Hidrofilik ylizey, titanyum alkoksit bazli kaplama ¢ozeltisinden
basariyla elde edildi.

Anahtar Kelimeler: sol-jel yontemi, alkoksit, hidrofilik, ince film

18



Journal of Characterization

1. Introduction

Recently, with the advancement of technology, materials are needed to show more performance and
expectations are increasing. New production methods have been developed in line with these expectations
and needs. The sol-gel method is also one of the developed methods.

The sol-gel method is the process of transition of sol composition from a liquid sol phase to a solid gel
phase using pre-initiators (metal salts and metal alkoxides), solvents, and catalysts [1]. Sol-gel technology
can be applied in many different fields such as glass and ceramic industry [2], chemical sensors, nuclear
studies, space technology, production of more useful and more efficient materials for electronic devices.[3].
Coating glass, ceramic, metal, polymeric surfaces with the sol-gel method provides the improvement of
many surface properties of the material [4,5]. With the surface modifications made in this way, surface
properties of materials such as roughness, surface energy, surface charge, hydrophilicity, compatibility, and
usability are improved [6]. The sol-gel method provides advantages such as low application temperature,
wide usage area, easy accessibility of the materials to be used.

The sol-gel immersion technique is based on the principle of dipping the desired substrate into the prepared
sol-gel solution at a certain speed and removing it at the same speed (Figure 1) [7]. The most used method
in thin-film production is sol-gel technology. During sol-gel thin-film formation by immersion, the substrate
is drawn vertically from the desired coating solution so that the precursors are concentrated on the substrate
surface by a procedure that includes simultaneous drying and gravitational discharge with continuous
condensation reactions [8]. The immersion method is a process applied at constant speed, controlled
temperature, and atmospheric conditions. Coating thickness depends on substrate withdrawal speed, surface
tension of substrate, density, and viscosity of coating solution.[9].
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Figure 1. Dip coating steps [6].

The contact angle is one of the common approaches for measuring the wettability of a solid surface, which
can be used to determine and indicate the chemical, physical properties of surfaces, and refers to the angle
that occurs between a solid/liquid/gas interface at the surface of the solid [10]. The magnitude of the angle
also indicates that the interaction between solid and liquid is low [11]. When the contact angle is 0°, the
liquid spreads completely over the surface; When it is 180°, it does not spread at all. When the angle is over
90 degrees, the solid surface is hydrophobic; It becomes hydrophilic when the angle is below 90° [12]. The
size of this angle between the surfaces depends on the difference between the adhesion and cohesion forces
[13].
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Fig 2. Different contact angles on a surface (int ref 1)

The simplest contact angle is called the constant drop-off or static contact angle. However, there are a
number of fixed contact angles that exist for the surface depending on factors such as chemical
homogeneity, topography, and roughness.

The wettability of the surfaces depends on the free energy of the surface and the geometric properties of
the material surface [14]. In the case of water, surface wettability can be classified as hydrophobic,
hydrophilic, superhydrophobic, and superhydrophilic according to the value of the contact angle [15].1t has
a very important place for controlling the wetting ability [16], adhesion and selective absorption,
development of medical equipment, self-cleaning and anti-fogging and similar studies. Some of these
applications require liquids to fully wet solid surfaces.

The term "superhydrophilic" was first used by Fujishima et al. 17]. Surfaces with contact angle less than
10 © with water are superhydrophilic surfaces [18]. On superhydrophilic surfaces, water spreads on a flat
surface, not as droplets [19]. Stains and dirt on the surface can be easily washed off with this spreading
water layer. Superhydrophilic materials have applications in many fields, including vehicle glass, window
glass, microscopes, glasses, solar panel covers, electronic device screens and optical instruments, oil-water
separation, self-cleaning surfaces [20,21].

2. Material and Method

Titanium (IV) isopropoxide (TTIP) (Sigma—Aldrich Co.), Triton X-100 (sigma), hydrochloric acid (37%
HCI), phosphoric acid (Sigma H3PO4), acetone (Sigma ), isopropyl alcohol (Sigma), and deionized water
(DI) are used as precursors. All the reagents were used as received. The glass substrates of 1.5 cm 5 cm
were used as substrates in all experiments. To get a uniform coating layer, the glass substrates were
cleaned by the cleaning procedure described below.

For surface pre-treatment, the glass surfaces were ultrasonically cleaned with double distilled water for 10
min. Chemical cleaning procedure was carried out by soaking the glass substrates in NaOH, DI, H3PO4,
and DI for 5 min respectively. All glass substrates were dried at 80 °C for 2 h before coating.

NAOH Deionize water H3PO4 Deionize water

Fig 3. washing substrates
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TiO2 solutions were prepared by dissolving TTIP in isopropyl alcohol and DI. Sol was continuously
stirred for 1 hour at room temperature and added HCI to adjust the pH of the solution. The prepared sol
holds on room condition for 2 days aging process.

Cleaning substrates

\Z

Drying

NI

Preparation of ingredients

A4
Mixing
A4

Coating

\Z
Drying
2

Characterization

Fig 4. Flowchart of experiment

2.1. Dip Coating

The prepared Ti solution is placed in a Borosilicate Beaker. Glass substrates were deposited by a home-
made dip-coater with heating chamber (Fig 5). Films were deposited at 10 mm.s-1 withdrawal speed at
room temperatures. Then coated glasses were heated at 60 © C for 10 minutes in the heating chamber and
coated next layer. The dipping process was repeated 5 times. Finally, all coated glasses were applied to
heat treatment at 450 °C for 1 hour.
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Fig 5. Home-made dip coater.

The contact angle of each sample was obtained by using the Sessile Drop technique at room
temperature (25 £2 °C) using pure water with “KSV Attension Theta Lite TL 101 Optical Tensiometer”
instrument (Fig 6). 2 polar (water and ethylene glycol) and 1 apolar (diiodomethane) liquids were used in
contact angle measurements.

Fig 6. KSV Attension Theta Lite.

Surface and cross-section images of the coating layers were made with the Leo 1430 VP model
scanning electron microscope (SEM). A clear view could not be obtained from the cross-section in 1 and 2
layer coatings.
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Thin films were characterized by BYK-Gardner haze gard dual Light Transmittance / Haze Meter, and
Konica Minolta Multi Gloss 268 Gloss Meter (Fig.7). The Haze-Gard Dual measures Total Transmittance
and Haze according to two international standards: ISO 13468 and ASTM D1003. The Gloss meter is a
portable and compact gloss meter consisting of three measuring angles (20°, 60° and 85°), each in
accordance with DIN 67 530, ISO 2813, ISO 7668 ASTM D 523, BS 3900, BS 6161, and JIS Z 8741
standards.

Fig. 7 Light Transmittance /Haze Meter and Gloss Meter

3. Results and Discussion

3.1. Contact angle Measurements

Tablo 1. Contact angle results

Water CA (°) | Ethylene glycol CA(®) Diiodo methane CA(®)
1. Layer ‘ 50.28 ‘ 50.97 ‘ 48.27
2. Layers ‘ 54.14 ‘ 51.39 ‘ 50.17
3. Layers ‘ 64.62 ‘ 57.70 ‘ 50.29
4. Layers ‘ 75.43 ‘ 59.58 ; 53.41
5. Layers ‘ 80.59 ‘ 622 | | ST
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It can be seen from Table 1, as the number of layers increased, the contact angle value increased for all
liquids. However, the surface showed hydrophilic character in all coating layers. The increase in the number
of layers was less effective for apolar liquid than for a polar liquid. The lowest contact angle value is 48.27
degrees in 1 layer for dilodomethane. The highest contact angle value is 80,59 degrees in 5 layers for water.

Micro cracks occurring in the coatings appear in the surface images. film thicknesses are 804.7 nm, 679.6
nm, and 772.1 nm for 3, 4, and 5 coatings, respectively. As expected, the increase in the number of layers
resulted in an increase in film thickness.

Table 2. SEM images of layers

1. Layer | 2. Layers 3. Layers 4. Layers 5. Layers

Surface NA NA
Cross | NA NA
section

Table 2. Physical properties of layers

Properties 1. Layer 2. Layers 3. Layers 4. Layers 5. Layers
% Transmittance 91 90 90 89 88

% Haze 2,54 3,87 5,46 6,88 9,10
Gloss (60°) 174 156 148 126 108

SEM-EDX data of the coating layer are given in Figure 8.
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Sodium 7.87 6.29 6.14
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Aluminium | 0.75 0.42 0.42
Silicon 26.30 21.97 21.18
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Potassium 0.45 0.28 0.21
Calcium 2.83 2.60 2.52
Titanium 1.82 2.26 2.63
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Fig. 8 SEM-EDX results
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From the EDX data in Figure 8, non-titanium elements come from the base glass. The presence of the
element titanium indicates that the coating has taken place. As can be seen from Figure 8, with the increase
in the number of layers, the percentage by weight of the titanium atom also increases. This is a sign of how
sensitive the coating has been made.

Figure 9 shows the elemental map of the coating surface. The distribution of orange-colored titanium and
green-colored oxygen atoms can be seen on the surface.

+
d e

Figure 9 Colorized photograph of selected area of coatings

4. Conclusions and Recommendations

In this study, hydrophilic coating was obtained by sol-gel method. The effects of the solvent type and
the number of coating layers on the contact angle in the coating on glass have been revealed.

As the number of coating layers increased, the percentage of light transmittance and gloss value
decreased. However, the haze value increased.

All coated samples were hydrophilic. The increase in the number of coating layers caused an increase
in the contact angle.

Depending on the solvent type, the contact angle value is in the form of
water>ethyleneglycol>diiodomethane from larger to smaller.
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Abstract

Porous magnesium aluminate ceramics were produced with a sintering process of a-Al2O3 and MgO. Up
to 20% by weight of corn starch were used as a pore-forming agent. Pellets were prepared by powder
metallurgy technique and produced by solid-state sintering route. The porosity of the sintered pellets was
characterized with and without adding corn starch, respectively. In particular, the effects of corn starch
additive on density, porosity, and microstructure were investigated. Almost full density was obtained in the
samples without starch addition. The study results showed that corn starch addition increased the porosity
of the sintered samples. Maximum porosity of 47.86 % was achieved with the addition of 20 wt. % corn
starch of 1400°C sintering temperature.

Keywords: Porous MgAl>Os, Starch Addition, Microstructure, Sintering

Aliimina ve Magnezyanin Reaksiyon Sinterlenmesinde
Nisasta Ilavesinin Gozeneklilik Uzerindeki Etkisi

Oz

Gozenekli magnezyum aliiminat seramikler, a-Al2O3 ve MgO'nun sinterlenmesiyle iiretilmigtir. Gozenek
olusturucu madde olarak agirlikga %20'ye kadar misir nisastasi kullanilmistir. Peletler, toz metalurjisi
teknigi ile hazirlanmig ve kati hal sinterleme yontemiyle tiretilmistir. Sinterlenmis peletlerin gézenekliligi,
musir nisastast eklenerek ve eklenmeden karakterize edilmistir. Ozellikle musir nisastas: katkismin
yogunluk, gozeneklilik ve mikro yapi iizerindeki etkileri arastirilmigtir. Nigasta ilavesi yapilmayan
numunelerde hemen hemen tam yogunluk elde edilmistir. Calisma sonuglari, misir nigastasi ilavesinin
sinterlenmis numunelerin gozenekliligini arttirdigini gostermistir. 1400°C sinterleme sicakliginda agirlikca
% 20 musir nisastasi ilavesi ile % 47.86 gozeneklilik elde edilmistir.

Anahtar Kelimeler: Gozenekli MgAl,0O4, Nisasta Ilavesi, Mikroyapi, Sinterleme
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1. Introduction

In general, porous ceramics share many common properties such as high porosity, high chemical
stability, good thermal shock resistance, and excellent thermal insulation, enabling their use in various
applications, including gas and liquid filters, carriers, and insulation [1-4].

Porous magnesium aluminate spinel (MgAl204) is one of the refractory ceramics widely used as gas
filters, catalytic supports, and separation membranes because of their high melting point (2135°C), high
specific surface area, high thermal shock resistance, relatively low thermal conductivity and thermal
expansion coefficient, and good chemical inertness [5-6].

Pore-forming agents are one of the most frequently used methods to produce porous ceramics with
controlled microstructure (porosity and pore size) [7-9]. During the heating of the ceramics to the final
firing temperature, these pore-forming substances burn, leaving empty pores in the ceramic. Among the
various pore-forming agents, those of biological origin, especially starch, have gained a significant position
[10-13]. Starch is inexpensive, non-toxic, environmentally friendly, and exhibits defect-free combustion
between about 300 and 600°C [14]. Starch can be used as a pore-forming agent. It can be used as an additive
in slip casting or as a combined pore-forming and body-forming agent in so-called starch consolidation
[15]. In addition to these techniques, this study, it is aimed to form pores by adding corn starch to the
anhydrous system.

In our previous work, the dense spinel ceramics with high strengths have been prepared using AL TiOs
as an additive in reaction sintering of a-Al2O3 and MgO [16]. Using the results obtained in the previous
study, the composition showing a high densification tendency was chosen in this study. Accordingly, it is
aimed to close the cracks that may occur due to the voids formed by the corn starch with high densification
during sintering.

In this work, corn starch was utilized to prepare porous MA spinel ceramic materials with reactive
sintering of a-Al203; and MgO. The effects of starch ratio and sintering temperatures on the microstructure,
density, and porosity were investigated.

2. Materials and Method

In this study, 0-AlOs; (>99.7%, 2 pm, Nabaltec), MgO (>98%, Merck), and corn starch (Piyale,
Turkey) were used as raw material and AL TiOs (AT) as an additive material. AT was prepared by solid-
state sintering reaction by adding 10 wt. % MgO to the equimolar mixture of a-Al2Os and TiO:z and sintering
at 1450°C for 3 hours [16]. The samples obtained were powdered using a ring mill and used as an additive
material in this study. After adding 10 % by weight of AT to equal mole amounts of a-Al203 and MgO, the
powders were mixed in an ethanol medium for 30 minutes in a porcelain mill. Then, it was kept in an oven
at 80°C for 24 hours, and the ethanol was removed. Compositions were formed by adding 5, 10, and 20 %
corn starch by weight to the dry powder mixture obtained. These compositions were homogenized by
mixing for 10 minutes in a dry environment in a porcelain mill. The samples were formed into pellets by
weighing 8 grams of powder and pressed under 30 MPa pressure in a steel mold (diameter = 30 mm) using
a uniaxial semi-automatic press. Three samples were produced for each composition. The names and
compositions of the prepared samples are given in Table 1.

A high-temperature furnace (Protherm) with a MoSiz heating element was used for sintering. The
samples were sintered at 1400 and 1500°C for 1 hour in an air atmosphere. The heating rate of the furnace
was 5°C/min, and the cooling rate was 2°C/min. According to Archimedes' principle, bulk density, apparent
porosity, and water absorption values were calculated. The Archimedes method tests were verified with
three samples. A powder diffractometer with Cu Ka radiation (A=1.5418 A) and a secondary graphite
monochromator was used for phase analysis (Shimadzu, XRD-6000). X-ray diffraction (XRD) spectra were
obtained by scanning from 25° to 70° angles (20), at a goniometer speed of 1.25°/min, at an accelerating
voltage of 40 kV and a current of 30 mA. The fractured surfaces of the samples were coated with carbon
and investigated with a scanning electron microscope (SEM) (LEO-1430VP).
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Table 1. Corn starch ratios and sintering temperature of the samples.

Sintering Temperature/ 0 5 10 20
Corn Starch Ratio (wt. %)

Sintered at 1400°C (1h) MO014 M514 M1014 M2014
Sintered at 1500°C (1h) MO15 M515 M1015 M2015

3. Results and Discussion

The bulk density values of the samples determined by the Archimedes' method are given in Figure 1.
Corn starch addition decreased the bulk density as expected. The theoretical density of MA spinel is 3,58
g/cm?. The bulk density of the M015 sample was measured as 3.336 g/cm?>. The apparent porosity of this
sample, which was sintered at 1500°C without adding corn starch, was measured as 0.159 % and the water
absorption percentage as 0.047. It can be said that the MA spinel that will form the skeleton approaches
almost full density at this composition and sintering temperature. The sample sintered at 1400°C without
corn starch addition has a bulk density of 2.464 g/cm®. At the sintering temperature of 1400°C, these
samples did not show full densification and had porosity without adding corn starch. Figure 2 shows the
apparent porosity of the sintered samples. Porosity decreased with increasing sintering temperature [17-
18]. At the same time, the porosity values increased with the addition of corn starch. With the addition of
20 % corn starch, approximately 50 % porosity was obtained in the samples sintered at 1400°C.

The water absorption % of the samples is given in Figure 3. With the increase of sintering temperature,
the water absorption values showed a significant decrease. With the addition of corn starch to the system,
the increase in water absorption values became evident. Water absorption values are lower than the apparent
porosity. This indicates the presence of both open and closed pores in the system.
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Figure 1. Bulk density of the sintered pellets.
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Water absorption values are an indirect indicator of the amount of open pores. If the water absorption
values of a material with a specific porosity value are very close to the apparent porosity values, the existing
pores in the material are primarily open pores. However, if the difference between these values is large, the
material has both open and closed pores. The relationship between water absorption and apparent porosity
values can be explained in this way.
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Figure 3. Water absorption of the sintered pellets.

XRD phase analyzes of sintered samples are given in Figure 4. The main phases were determined by
performing XRD analyzes on samples without starch additives. The primary phase is MA spinel. A high
amount of MA spinel phase was formed at both sintering temperatures. In this case, the starting powders o-
a-AlO3 and MgO reacted to form the MA phase. The sintered samples contain a small amount of the
ADLTiOs phase. ALTiOs phase was used as an additive to increase the densification. As the sintering
temperature increased, the intensities of the minor peaks decreased.
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9351
MAG: 1000 x  HV: 20.0 kV WD: 25.5 mm

Figure 5. SEM micrographs (M015), BSE micrograph (left), SEM-EDX mapping micrograph (right).

-
-

SEM-BSE micrograph of the fractured surface of sample MO15 is shown in Figure 5. It is seen that the
sample has a dense structure. Unreacted AT grains appear in white, MA grains appear in gray. In addition,
although overgrown MA grains are visible, the sample contains few pores. These results are consistent with
the bulk density and porosity values obtained with Archimedes'.

G it r -
P Signal A=SE1  Mag= 250KX Mag= 250KX
WD= 26mm EHT =20.00kV EHT =20.00 kv

PorSignal A=SE1  Mag= 250KX  Mag= 250KX
WD= 26mm EHT =20.00kV WD= 26mm EHT =20.00 kv

Figure 6. SEM-SE micrographs, a) Sample without starch additive sintered at 1400°C, b) Sample with
starch additive sintered at 1400°C, c) Sample without starch additive sintered at 1500°C, d) Sample with
starch additive sintered at 1500°C.

SEM-SE micrographs of the fractured surface of the samples are given in Figure 6. Samples sintered
without starch additives have very little porosity. Grain growth is observed as the sintering temperature
rises from 1400°C to 1500°C. Even overgrown grains are evident. The porosity is seen in the samples in
which corn starch is added to the composition. It can be thought that corn starch burns during sintering and
forms voids in its positions. According to DTA analysis, during heating, corn starch dehydrates up to about
115°C and loses 11.50 % of its weight. The second weight loss between 275 and 325°C occurs with the
combustion of amylopectin groups, and 65.29% of the starch weight is lost. Finally, with the removal of
the amylose group between 325-525°C, it loses 22.66% of its weight and completely disappears from the
system [19-20].
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4. Conclusions and Recommendations

This study carried out MA spinel production with porosity successfully using corn starch. Corn starch
acted as a pore former.

As aresult of sintering the starting powders by trying a composition that will create a high density, MA
spinel with a value close to the theoretical density was produced according to Archimedes' results in the
samples without starch. These results were in agreement with the XRD phase analysis.

According to the SEM results, very few pores were detected in the samples without starch. The porosity
of the samples increased due to the voids formed due to the removal of starch from the system.

Approximately 50% porosity was obtained in the samples sintered at 1400°C with the addition of 20
% by weight of corn starch.
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Abstract

In the study, Co-Cr alloy containing 10% Co was successfully borided by boriding method at 900 °C
temperature for 1.5-4.5 hours. After boriding, the properties of boron layers were investigated with XRD,
SEM, surface roughness, density and microhardness tester. After boriding on Cr-Co alloys, CrB and Cr,B
emerged as the main dominant phases. After SEM, saw-tooth structures were formed in the boron layers.
The thickness of boride layer varied from 32,24 to 143.84 um depending on the process time. Boride layer
has a hardness varied from 1752 to 1865 HV .05 for Cr-Co alloy, whereas the Vickers hardness value of the
untreated Cobalt and Chromium were 194 HV s respectively.

Keywords: Cr-Co alloy, boride, hardness, density

Borlanmis Krom-Kobalt Alasimlarinin Yizey
Ozelliklerinin Incelenmesi

Oz

Calismada %10 Co iceren Co-Cr alasimi 900 °C sicaklikta 1.5-4.5 saat borlama yontemiyle basarili bir
sekilde borlanmistir. Borlama sonrasi bor tabakalarmin o6zellikleri XRD, SEM, yiizey piriizliligi,
yogunluk ve mikrosertlik test cihazi ile incelenmistir. Cr-Co alasimlarinda borlamadan sonra CrB ve Cr,B
ana baskin fazlar olarak ortaya ¢ikmistir. SEM'den sonra bor tabakalarinda testere disi yapilari olusmustur.
Bor tabakasinin kalinlig1 islem siiresine bagl olarak 32,24 ile 143,84 um arasinda degismektedir. Bor
tabakasi, Cr-Co alagimi i¢in 1752 ila 1865 HVq s arasinda degisen bir sertlige sahipken, borlama 6ncesinde
ise vickers sertlik degeri 194 HV s idi.

Anahtar Kelimeler: Cr-Co alagim, borlama, sertlik, yogunluk
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1. Introduction

Cobalt-chromium (Co-Cr) alloys have been used for a long time, especially in prostheses and
dental implants, which are among biomaterials due to their strength [1-3]. In metallic dental materials,
studies on these alloys have always been at the forefront, mainly because of the chemical balance and
biocompatibility of Co-Cr alloys. Contrary to these alloys, previous studies were focused on low alloy
casting, which is less durable and does not have good properties. Therefore, depending on the development
of technology, the usage area of Co-Cr alloys has become widespread and has improved its properties [4-
71.

Boriding process is a thermochemical surface treatment which increases the hardness of boron
atoms by spreading to the surface of Ni, Co and Mg alloys at high temperatures. Pure nickel, pure cobalt,
Co-Cr alloys or Co-Cr-Mo alloys are good candidates for boronizing [8-10]. Boronizing improves surface
of Co-Cr alloys hardness and wear, heat or corrosion resistance. Furthermore, the main advantage of
boronizing is that boronized metals have a high surface hardness even at low friction coefficients. Its only
disadvantage is that the borided layer has a fragile structure [11-13]. Boronizing is performed by heating
materials with well-cleaned surfaces in solid, liquid or gaseous media between 800 and 1000 °C and from
1to 12 hours. The most commonly used method is pack boronizing performed in closed containers [14,15].

In literature, there are many studies on resistance and effects of boron layer against the growth of
boride layer by some elements (Co Cr, Fe, Al, Ni, Ti) [16-18]. However, since Mg is a highly reactive
element, it has not been studied much on magnesium doped alloys. The primary aim of this study is to
investigate the impact of chromium in cobalt on boriding process. For this purpose, Co-Cr alloys were
borided and investigated some mechanics properties.

2. Material and Method

2.1. Boriding and Characterization

In this study, Cr and Co metal powders with 99% purity used in alloy materials with 90% Cr-10%
Co compositions. Cr-Co metal powders were mixed in sealed boxes for 24 hours to obtain Cr-Co alloy
materials with these compositions. The mixed powders shaped by pressing in the press under approximately
300 bar pressure. The samples obtained were subjected to heat treatment at 1000 °C for 2 hours in a closed
oven environment.

Boriding method was done in closed boxes to prevent the samples from oxidizing under the effect
of heat. In this method, Ekabor II powder, which has a boriding feature, is poured on the top and bottom of
the Cr-Co alloys to be borided to cover them. After this process, the lid parts of the boxes are tightly closed
with chamotte mud to prevent air. Figure 1 shows the boron crucible of Cr-Co alloys.
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2cm box

Boriding dust
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Figure 1. Placement of boring boxes in the furnace
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Samples in the box heated at 900 ° C for 1.5 and 4.5 hours. After this step, the samples were taken
out of the oven and allowed to cool with air. Microstructures of the borided samples were determined by
Nikon MA200 optical microscope after boriding. The phases formed in boron structures were revealed in
Shimadzu 6000 XRD. SEM analysis was performed with the LEO 1430 VP model SEM device. Hardness
measurements of the borided and non-borided samples were carried out in the Shimadzu HMV-2 Vickers
hardness tester under 50 g loading.

3. Results and Discussion

3.1. Characterization of Boride Coatings

Borided microstructure images of Co-Cr alloy after 900 °C temperature and 1.5-4.5 hours are shown
in Figure 2a-2b.

Boride- ™
Layer

®
N

Figure 2. SEM analysis images of borided at 900 °C of 90% Cr-10% Co alloy (a) 1.5 h, (b) 4,5 h

Boron layers formed on the substrate of Cr-Co alloys, depending on the increasing temperature
and time after the boriding process, sawtooth-like morphology. Due to Co element's high melting
temperature of the Co element, it is seen that the powders do not fully adhere to each other in the
microstructure and therefore form a partially porous structure. On the other hand, there has been an increase
in boron layer thicknesses. Boriding layer thickness on the surface, depending on the chemical composition
of the substrates, boriding time and temperature of the 90% Cr-10% Co alloy vary between 32,24 to 143.84
pm in Figure 2a and 2b. Changes occurred in the morphology of the saw tooth due to the increase in the
boring time. This indicates that oxidation occurs in the building, even if only partially.

3.2. XRD Analysis

Figures 3a and 3a show XRD phase values at 900 °C temperatures, 1.5-4.5 hours on the surface
of borided 90% Cr-10% Co alloy. XRD samples indicated that the boride layers consisted of Chromium
and Cobalt borides. XRD results showed that boride layers formed in Cr-Co alloys contain CrB, Cr,B, and
Cr2Co phases. In Cr-Co alloy, CrB phase is more dominant than other phases. XRD results reveal that
boride layers formed in Cr-Co alloys cover the CrB, Cr;B, and Cr,Co phases. With the increase in boriding
temperature and duration, CrB phases became more dominant. Boride layers, consisting mainly of
intermetallic phases, result from the diffusion of boron atoms to the Cr-Co alloys substrate for certain
boriding process factors.
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Figure 3. XRD analysis images of borided at 900 °C of 90% Cr-10% Co alloy (a) 1.5 h, (b) 4,5 h

3.3. Surface Roughness and Density

As a result of the surface roughness measurement, Ra values were found between 0.25-0.58 um
for Cr-Co alloy. After the density test, it was obtained as 6.82 gr/cm? for alloy.

While the roughness values increased between the surface roughness and density, the density
values decreased. The surface roughness decreases, and the density increases due to the high boriding
temperature on the surface and the boride layers filling these pores. It is seen that if the surface roughness
values of boron coatings are low, the surface roughness values after coating increase, and if the surface
roughness value of the substrate material before the coating is high, it is seen to decrease after coating.
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4. Conclusions and Recommendations

The results obtained after the tests and analyzes of the Co-Cr alloy after boriding are given below:
e The highest boron layer thickness after boriding was found to be 143.84 pm after 4.5 hours.

e XRD analysis was performed as metallographic analysis. As a result of the analysis, CrB, Cr,B
and Cr,Co phase structures were obtained.

e The density value of Co-Cr alloys measured after sintering was found to be 6.82 gr/cm?.

e Asaresult of the hardness test performed after sintering, a value of 194 HV o5 was found.

e Asaresult of the microhardness test performed after boriding, the hardness values of 1752 HV .05
and 1865 HV.0s were measured in the samples, respectively.

e In the boriding method, boride layers became evident in parallel with the temperature and time,
and there was a corresponding increase in the layer thickness. 900 °C was determined as the best
boriding temperature according to the results.

e Higher boron layer thickness and microhardness value may occur by setting 1000 or 1100 °C as
boriding temperature.
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Oz

Tersine miihendislik, bir parganin {iretim siirecini geriye dogru gergeklestirme islemidir. Tersine
miihendisligin amaci, mevcut bir bilgisayar destekli tasarim (BDT) modeli olmadan, ii¢ boyutlu (3B) model
olusturmaktir. Tersine mithendislik, iireticinin herhangi bir {iriinle ilgili eksik dokiimantasyona sahip oldugu
durumlarda bagvurdugu bir siirectir. Mevcut bir tiriinden, BDT modelinin elde edilmesi i¢in gerekli bir
asamadir. Bu calismada tersine miihendislik asamalar1 anlatilmis ve makine miihendisligi alanindaki
uygulamalarindan bahsedilmistir. Literatiirdeki ¢alismalar incelenmis ve bu alandaki ¢aligmalar
derlenmistir. Bu alanda siklikla karsilagilan birkag tersine miihendislik islemi ile ilgili detayli bilgi
verilmistir. Caligmada genel olarak tersine miihendislik siirecinin anlagilmasi hedeflenmis ve ozellikle
makine miihendisligi alaninda, hangi durumlarda tersine mithendislik islemine bagvuruldugunun tespiti
tizerinde durulmustur. Boylece tersine miithendislik siirecinin makine sektoriinde oldukga pratik ve verimli
bir segenek oldugu vurgulanmustir.

Anahtar Kelimeler: Tersine Miihendislik; Makine Miihendisligi; Bilgisayar Destekli Tasarim; Hizli
Prototipleme; Optik Tarama; Ug Boyutlu Model.

A Review on the Applications of Reverse Enginnering
in the Mechanical Enginnering

Abstract

Reverse engineering is the process of performing the manufacturing process of a part backwards. The goal
of reverse engineering is to create a three-dimensional (3D) model without an existing computer aided
design (CAD) model. Reverse engineering is a process that a manufacturer resorts to when they have
missing documentation for any product. It is a necessary step to obtain a CAD model from an existing
product. In this study, reverse engineering stages are explained and its applications in the field of
mechanical engineering are mentioned. Studies in the literature were examined and compiled. Detailed
information is given about a few reverse engineering processes that are frequently encountered in this field.
The aim of this study is to understand the reverse engineering process in general and. especially in the field
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of mechanical engineering, it has been focused on the determination of the situations in which reverse
engineering is applied. Thus, it is emphasized that the reverse engineering process is a very practical and
efficient option in the machinery industry.

Keywords: Reverse Engineering; Mechanical Engineering; Computer Aided Design; Rapid Prototyping;
Optical Scanning; Three Dimensional Model.

1. Giris

Miihendislik, insanligin ihtiyaglar1 dogrultusunda, tasarlanan bir yapi, sistem ya da iiriiniin, matematik
ve fen bilimlerine iligkin bilgiler kullanilarak {iretimini ve akabinde devamliligini saglayan, zaman ve
verimi artirmaya yonelik degerlendirmeler yaparak bunlari uygulamaya doken bir bilimdir. Mithendisligi
en genis kapsamda, ileriye doniik (forward) mithendislik ve geriye doniik (reverse) miihendislik olarak
ikiye ay1rabiliriz [1].

Ileriye déniik miihendislik kavrami, genis anlamdaki miihendislik uygulamalar siireclerini kapsar.
Ornegin makine mithendisligi alaninda bir {iriin imalat: siirecini inceleyecek olursak; bu siireg, dncelikle
fikir olarak ihtiyag dogrultusunda bir iirin tasarimi ile baslar, malzeme se¢iminden sonra gerekli
mithendislik hesaplamalar1 yapilir ve tasarim siireci tamamlanir. Tasarim siireci; teknik veriler, ¢izimler ve
model liretimi gibi asamalar1 kapsar. Kullanilacak {iretim yontemi segildikten sonra uygulamaya gegilir.
Bazi durumlarda, klasik miihendislik islemindeki bu siireglerden birkag1 eksik olabilir. Ornegin iireticide,
mevcut Uriini seri liretimle ¢ogaltmak i¢in gerekli teknik resim veya tasarim modeli olmayabilir [2]. Buna
benzer durumlarda iiriiniin kendisinden hareket ederek iiretim siirecini geriye dogru gergeklestirme islemi
yapilir. Boylece iriiniin baglangi¢ asamasindaki teknik bilgileri elde edilir. Bu sekilde geriye giderek,
lirtiniin baslangigtaki bilgisayar destekli tasarim modelini elde etme islemine Tersine Miihendislik (Reverse
Engineering) denir [1], [3].

Tersine miihendislik ihtiyaci; ireticinin uzun zamandir iiretmedigi bir pargayir yeniden iiretmek
istemesi, orijinal tasarimin yeterli veriye sahip olmamasi, mevcut bir {iriin {izerinde revizyon yapilmak
istenmesi, rakip {riinlerin analiz edilmesi, iirlin performansini artiracak yeni yollar aranmasi, orijinal
bilgisayar destekli tasarim modelinin yeterli olmamasi, yedek par¢a temin etmekte meydana gelebilecek
sikintilar ya da eski iiretim iglemlerinin giinlimiiz teknolojisi ile giincellenerek daha ucuza mal edilmek
istenmesi gibi durumlarda ortaya ¢ikabilir [4], [7].

Tersine miihendisligin amaci, mevcut bir BDT modeli olmadan, 3b model olusturmaktir [14]. Bu
modelin olusturulmasi i¢in birka¢ asama gereklidir. Sekil 1°de, tersine miihendislik siireci ile ilgili temel
bir diyagram gosterilmistir.

Verilerin
Toplanmasi

Verilerin

Dizeltilmesi

3D Modelin
Olusturulmas:

Sekil 1. Tersine miihendislikte izlenilen yol.

Sekil ve 6zellik bakimmdan farkli nesnelerin 3b modelinin olusturulmasi i¢in kullanilan makine goriis
sistemleri, verilerin toplanmasi amaciyla goriintii verileri iizerinde caligir. Verileri toplama islemi; lazer
radar, lazer tarama teknikleri ve nokta detektorleri ile gergeklestirilir. Tarama islemi boyunca ylizey
iizerinde hareket eden sayisal tarama sustasi, nokta bulutu matrisini olusturur. Sayisallastirma islemi olarak
da tanimlanan bu kisimda kullanilan cihazlar iki ana grup altinda incelenebilir (Sekil 2) [1], [9].
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Temas ederek (Problu) 6l¢iim yapan cihazlarda, 6l¢tim kolunun tizerinde bir kiire mevcuttur. Bu kiire,
is parcasinin yiizeyine temas ettirilerek, is parcasinin geometrik ve boyutsal verileri ii¢ boyutlu (X,y,z)
olarak elde edilir ve bilgisayar ortamina aktarilir. Olgiim alinabilmesi i¢in probun yiizeye degme
zorunlulugunun bulunmasi, karmasik sekle sahip is pargalarinin taranmasinda dezavantaj teskil eder [7].
Temasl yontemleri, koordinat dl¢iim makineleri (CMM) ve dokunmatik sensore sahip robotik kollar olarak
iki dalda siniflandirabiliriz. CMM’ler 6l¢iim yiizeyi ilizerindeki belirli bir yolu takip ederek yiiksek
hassasiyette veri toplayabilirler. Robotik kollar ise, ilizerine entegre edilen dokunmatik algilayicilar
sayesinde temas ettigi yiizeylerden hassas veriler alabilecek sekilde programlanabilirler (Sekil 2) [1].

Temassiz yontemlerden biri olan manyetik yontemde, ylizeye temas eden manyetik alan teknolojisi ile
veri toplanir. Akustik yontemde ise yiizeyden yansiyan ses dalgalarindan faydalanilarak veri
toplanmaktadir. Optik yontemler, hizli veri toplama kapasitesine sahip olmasindan dolayi, temash
yontemlere gore kiyasla daha sik tercih edilirler. Optik yontemleri; lazer {iggenleme, ucus zamani,
interferometre, yapisal 1siklandirma ve stereo analizleri olarak bes ana kategoriye ayirabiliriz (Sekil 2) [1].

Weri Toplama Y éntemleri

—_

Temash ¥ dmemler

=

! 4

Fuobot Eollar

/ Steren Analiz
f'
Ugts Zamam ill Yapisal Isiklandirma
v
Imterferometreler

Sekil 2. Tersine miihendislik temel siire¢ diyagrami [13].

Temassiz sistemlerde 6l¢iim bir lazer hiizmesi kullanilarak ya da topometrik (kameral1) tarama yaparak
gerceklestirilir (Sekil 3). Lazer hiizmesi ile ger¢eklestirilen 6l¢iim, is parcasinin dl¢giim yapilmak istenilen
bolgelerine gonderilen lazer 1sininin kaynaktan gidis ve donils zamaninin, 151k hiziyla ¢arpilmasi sonucu
otomatik olarak hesaplanir. Bu sekilde koordinatlar belirlenir. Lazer 1smninin geri dénmesinin séz konusu
olamayacag1 karmasik sekle sahip is pargalarinin taranmasindaki giigliiklerden dolayi, bu bigimdeki is
pargalari i¢in 6nerilen bir yontem degildir. Topometrik 6l¢limde ise, ig par¢asinin yaklasik 70-100 cm kadar
On tarafina tutulan tarama kafasi sayesinde parg¢anin kenar olusumlarinin izdiisiimlerinin yansimasi saglanir.
Bu olgltimler kaydedilerek, ti¢ boyutlu koordinatlar hesaplanir [5], [8].
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Sekil 3. Ol¢iim teknikleri semasi [18].

Temasli ve temassiz veri toplama yontemlerinde ana hedef, ii¢ boyutlu koordinat sisteminde bir
nesnenin sinirlarini belirleyen bir nokta bulutu elde etmektir. Nokta bulutu formati uygun yazilimlar
kullanilarak Dbilgisayar destekli tasarim ve dretim (BDT/BDU) siireglerine uygun formata
(stereolithography-stl) doniistiiriiliir. Boylelikle nesnenin 3b modeli bilgisayar ortamina aktarilarak model
iizerinde istenilen degisiklikler yapilabilir [10], [11]. Model son halini aldiktan sonra, 3b modelden fiziksel
yapilar elde edilmesini saglayan hizli prototipleme (rapid prototyping) teknolojisi ile ii¢ boyutlu yazici
kullanilarak tiretime gegilebilir. Sekil 4’de tersine miihendislik islem basamaklarigdsterilmistir [6].

Fiziksel model
(aynisi vaya prototip)

J 1=

—

3 boyutlu tarama
(sayisallastirma)

L1l

Nokta bulutu STL modell

1

e O

CAE / CAM

Sekil 4. Tersine miihendislik siireci islem basamaklar: [13,18]

Bu c¢aligmanin amaci, tersine mithendislik yaklasimi ile ilgili bilgi vermek, siirecin nasil isledigini
anlatmak ve makine miihendisligi ile tersine miihendislik arasindaki iligkiyi irdelemektir. Tersine
miihendisligin makine sektdriindeki uygulamalarinin nasil yapildig: ac¢iklanarak, hangi durumlarda tersine
miihendislige ihtiya¢ duyuldugunun anlasilmasi amaglanmaistir.

2.Makine ve Malzeme Sektoriinde Tersine Miihendislik Calismalar:

Tersine miithendisligin makine miithendisligi alanindaki uygulamalar1 genellikle pargalarmin onarimi
iizerine olmaktadir. Deforme olmus makine elemanlar1 ya da kaliplar, tersine miihendislik teknolojisi
kullanilarak yeniden {iretilebilmektedir. Ayrica gelistirilmek istenilen {riinlerin tersine miihendislik
uygulamalari ile yeniden BDT modeli elde edilip, iiriin revize edilmektedir. Tersine miihendisligin makine
alanindaki bir bagka kullanimi ise, seri iiretimi yapilmak istenilen bir iiriiniin BDT modelinin elde
edilmesinin amaclanmasidir. Uretim asamasinda geriye gidilerek elde edilen BDT modeli, bilgisayar
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destekli iiretim (BDU) teknolojisi ile yeniden iiretilebilmektedir. Literatiirde bu amaglara benzer sekilde
bir¢ok tersine mithendislik uygulamast mevcuttur.

Berbercuma [15], tiirbin ¢arkini, tersine miihendislik uygulamasi ile optik tarayicida sayisallastirip,
nokta bulutu formatinda olusan veriyi 3b BDT formatina ¢evirmistir. Paulic vd. [16], sac kesme kalib1
iiretim siirecini tersine miihendislik ile geriye giderek yeniden incelemisler ve elde ettikleri nokta bulutu
verilerini 3b BDT verileri ile karsilagtirmiglardir. Budak vd. [17], karmasik sekle sahip pargalari kolayca
modelleyebilen bir yazilim gelistirmislerdir. Sokovi¢ ve Kopac [18], BDT modeli mevcut olmayan
iiriinlerde tersine miihendislik yontemlerinin faydalarini incelemiglerdir. Ayyildiz [7], hasarli kalip
parcalarinin tamiri ve iiretimi i¢in tersine mithendislik yaklagimini ele almistir. Tam ve Chan [19], tersine
mithendislik yaklasimi ile termoform kalip tasarlamiglardir. Ayrica, diiz ve helis disli carklar tersine
mithendislik ile BDT modellerinden yola g¢ikarak tanimlanmistir [20], [21]. Matta vd. [22],
BDT/BDU/CAM, hizli prototipleme ve imalat sistemleri ile ilgili gerceklestirilen calismalar1 kapsaml bir
sekilde sunmuslardir. Cetinel [1]’in tersine miihendislik yaklagimi ise, bir nesnenin 3D modelini
olusturabilmek i¢in fotogrametri yontemini kullanmay1 igermektedir. Salamoun ve Suchy [12], alttan
kesmeye maruz kalan ve kalmayan diiz ve helis disli ¢ark yarigaplarinin hesaplanmasi ve sinir noktalarinin
belirlenmesi i¢in bir algoritma gelistirmislerdir. Aziz [23], yaptig1 calismada, adim, helis agis1 dis sayisi ve
kalinlig1 gibi temel geometrik parametrelerden dis profili olusturmak ve disli ¢arklarin {izerindeki biitiin
noktalart tespit ederek SEM modellerini olusturmak i¢in yontemler sunmustur. Brauer [24], ¢calismasinda
konik evolvent disli ¢arki, ii¢ farkli evolvent disli ile matematiksel tanimlamistir. Yang [25], ¢alismasinda
asimetrik helis digli carklarinin matematiksel modelini, bilgisayar destekli sonlu eleman gerilme analizleri
ve alttan kesme analizleri yaparak gergeklestirmistir. Rosic [26], evolvent diiz disli ¢arklarin tasarimi igin
bilgisayar destekli kinematik bir model olusturarak disli ¢arklarin optimum Ol¢iilerde imal etmek ve
basma/¢ekme analizlerini yapmak i¢in yardimer bir yaklagim gelistirmistir. Liu vd. [27], hizli prototipleme
ve tersine mithendisligi birlestirmis ve yeni bir yontem gelistirmislerdir. Unigraphics platformu biinyesinde
C++ ile gelistirdikleri bu ydntemde, nokta bulutunu iki boyut kesit alarak modelleyip dilimlere
ayrrmuslardir. iki boyutlu BDT modeli, hizli prototipleme igin dilimlere ayrilmis ve yiizey modelini STL
dosyasina ¢evirmeye gerek duymadan hizli prototipleme makinesine gondermislerdir. Kim vd. [28], tersine
miihendislige yardimci olabilecek serbest yiizeyli pargalarin geometrik 6zelliklerini tespit edebilen bir
sayisallagtirma cihazi tasarlamiglardir. Sayisallagtirma cihazinin kullanabillirligini deneysel olarak
kanitlamislardir. Galantucci vd. [29], hizli prototipleme ile tersine miihendislik arasindaki baglantiya
odaklanarak tiggensel ag 6rme ve hacimsel yaklagim islemi ile bir yontem gelistirmislerdir. Mavromihales
vd. [30], kiris havalandirma kanatlarini tersine miithendislik kullanarak yeniden imal etmislerdir. Chen vd.
[33], tiirbin kanatlarinin ii¢ boyutlu geometrik tasarimini yapmak amacryla tek bir yilizeyde, tiirbin
kanadmin modellenmesi ve yiizey sayisallastirma islemlerini birlestirmislerdir. Iskender vd. [36] gelismis
cizilme direncini tespit etmisler ve yiizey modifikasyonunu incelemislerdir.

3. Tersine Miihendislik Calismalarinda Kullanilan Yontem

Tersine mithendisligin makine sektoriindeki ihtiyaglar dogrultusunda kullanilmasi ile ilgili literatiirde
mevcut olan Ayyildiz [7] ve Sahin vd. [34] nin yaptig1 ¢alismalar detayli olarak ele alinacaktir. Bdylece
tersine miithendisligin hangi durumlarda nasil uygulandigi ve asamalarinin ne oldugunun daha detayl
incelenmesi amaglanmaktadir. Tersine miihendislikte bir tasarim modeli olusturmak igin Oncelikle
taranacak model belirlenir. Modelin geometrik &zelliklerine uygun tarayiciyla Ol¢iim islemi
gerceklestirildikten sonra BDT modeli elde edilir [31], [32].

Ayyildiz [7], ¢alismasinda, hasarli kalip elemanlarinin tamiri amaciyla tersine miithendislik yaklagimim
ele almigtir. Hasarli kalip elemanindan tarama aleti kullanilarak nokta bulutu formati olusturulur ve BDT
formatina g¢evrilir. Gerekli diizenlemeler yapildiktan sonra BDT modeli haline getirilen {irlin bilgisayar
destekli tiretim/imalat uygulamalarinda kolaylikla kullanilabilir. Sekil 5’de hasarli kalip elemaninin tamiri
icin gelistirilen sistemin akis semast verilmistir [7], [8].
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Sekil 5. Hasarli kalip elemaninin tamiri i¢in gelistirilen sistemin akig semast [7].

Ayyildiz’in [7], bu ¢aligmasinda gelistirdigi program Visual Basic programlama dilinde yazilmistir.
BDT sistemi olarak ise Solidworks ve Rhinoceroes paket programlari kullanilmistir. Visual Basic
programlama dilinden Solidworks ve Rhinoceros programlariyla harekete gecerek bu programlarin es
zamanl caligmasi saglanmistir. Sekil 6’da Rhinoceros programiyla eszamanli ¢alisan Solidworks
penceresinin genel bir goriiniimii verilmistir [7], [8].
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Sekil 6. Rhinoceros programi ile eszamanli ¢alisan Solidworks icin érnek arayiiz [7].

Gelistirilen sistem, hasarl bir kalip elemani (kalip lokmasi) izerinde uygulama yapilarak agiklanmigtir
(Sekil 7).

Sekil 7. Hasarli kalip elemant [7].
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Hasarli parca diiz bir zemin lizerine sabitlendikten sonra MicroScribe ii¢ boyutlu tarama cihazi
yardimiyla nokta bulutu verisi alimmigtir. Parganin koordinatlar1 Rhinoceros programi ile almip hasarli
parga iizerinden boyut bilgisi elde edilmistir (Sekil 8).

Sekil 8. Par¢a iizerinden orijin alma ve boyut bilgisi elde etme [7].

Rhinoceros BDT programinda parcadan elde edilen boyut bilgisi, nokta bulutu olarak gosterilmistir
(Sekil 9).
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Sekil 9. Rhinoceros BDT programindaki nokta bulutu gériintiisii [7].

Nokta bulutu verisinde orijinin tanitilmasinda olusabilecek hatalardan dolay1 tasima ve dondiirme gibi
diizenleme islemleri gereklidir. Bu diizenlemelerinden ardindan kaydedilen nokta bulutu verisi, IGES
dosyas1 olarak Solidworks programina aktarilir. Cizimle ilgili bir dizi diizeltme igleminin ardindan hasarli
kalip elemaninin BDU verisi son halini alir (Sekil 10).
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Sekil 10. Hasarli kalip elemaninin onarimi yapilmis modeli [7].

Hasarli kalip elemaninin BDT/BDU déniisiimii yapilarak G ve M kodlar1 ¢ikarilir ve uygun talasl
imalat yontemiyle ya da hizli prototipleme ile iiretimine gegilir. Boylelikle hasarli bir kalip elemani tersine
miihendislik islemi ile yeniden iiretilip kullanilabilir hale getirilmistir.

Bir baska ¢aligmada ise; sanziman mekanizmasinda kullanilan deforme olmus dis profiline sahip bir
helis dislinin, tadilat1 yapmak tizere gelistirilen ii¢ boyutlu modelinin tersine miihendislik yaklagim ile elde
edilmesi anlatilmaktadir. Calismada hasarli disliye ait veriler ii¢ boyutlu tarayict kullanilarak taranmistir.
Tarama iglemi AICON Smart Scan marka tarayici ile yapilmistir (Sekil 11) [34].

Sekil 11. Tarama igleminden goriintiiler [34].

Parca 15-20° dondiiriilerek goriintii almaya devam edilmis ve bu sekilde toplam 20 adet goriintii
almmustir. Tarama iglemi tamamlandiktan sonra tarayicinin kor noktasinda kalan bosluklar doldurulmus ve
goriintii STL formatinda kaydedilmistir. Hasarli dis profili modelinin olusturulmasinda Geomagic Design
X yazilim1 kullanilmistir. Bu yazilim igine alinan nokta bulutu verisinde 230077 adet nokta sayist mevcuttur
(Sekil 12a). Modelleme yapilabilmesi i¢in nokta bulutu verisinden ag modeli elde edilmistir (Sekil 12b)
[34], [35].
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Sekil 12. Hasarl: digli: (a) nokta bulutu verisi, (b) ag modeli [34].

Elde edilen ii¢ boyutlu dig profilinde sapma miktarinin minimize edilmesi olduk¢a énemlidir. Sapma
analizi yapilarak parga boyutu, calisma hassasiyeti ve bolgesel kararlilik degiskenleri dikkate alinir. Biitiin
bu diizenlemelerden sonra hasarli dis profilinin {i¢ boyutlu modeli elde edilir ve imalat asamasina gegilir
(Sekil 13) [34].

(a)
Sekil 13. (a) Hasarli dis profili, (b) Onarims dis profili [34].

Ug boyutlu modeli olusturulan helis dislinin iiretilmesi igin hizli prototipleme yapilmustir. 3Dison Pro
marka yazici kullanilmistir. (Sekil 14) [34].

© (d)
Sekil 14. BDT Modeli olusturulan disli ve disili ¢ciktilart [34].
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4. irdelenen Calisma Sayisi

Bu derleme ¢aligmasinda, tersine miihendislik ile ilgili literatiirde mevcut olan bir¢ok calisma
incelenmistir. Calisma kapsaminda arastirma ve derleme makaleleri, yiliksek lisans ve doktora tez
caligmalar1 gibi akademik caligmalarin yaninda bu alanda hazirlanan proje, sunum ve raporlara da
ulagilmaya caligilmistir. Aragtirma kapsaminda tersine miihendislik ve uygulamalart ile ilgili, arastirma
makaleleri, derlemeler, sunumlar, yiiksek lisans ve doktora tezleri olmak {izere toplam 40 kadar ¢aligma
incelenmigtir. Bu derlemede faydalanilan ¢alismalarin dagilimlari Cizelge-1 de sayisal olarak ifade
edilmigtir.

Cizelge 1. Tersine Miihendislik ile ilgili incelenen toplam ¢alisma sayisi.

Calismanin tipi Say1 %
Doktora tezi 2 5
Yiiksek lisans tezi 7 17,5
Arastirma makalesi 20 50
Derleme makalesi 4 10
Proje 1 2,5
Rapor 1 2,5
Sunum 1 2,5
Digerleri 4 10
Toplam 40 100

Tersine mithendislik yazilimmin kullanimi, teknolojinin de gelismesiyle her gegen giin artmaktadir.
Dolayisiyla literatiirde bu konuyla ilgili bir¢ok c¢aligma mevcuttur. Bu g¢aligmada sadece tersine
miihendisligin makine miihendisligi alanindaki uygulamalari incelenmis, tersine miihendislik siireci ile
ilgili bilgi verilmis ve hangi durumlarda tersine miithendislik iglemine ihtiya¢ duyuldugu agiklanmaistr.

5. Sonugclar ve Tartisma

Bu derleme kapsaminda Tersine miihendisligin, Makine miihendisligi alaninda uygulamalar
incelenmis, tersine mithendisligin agamalar1 hakkinda detayl bilgi verilmistir. Tersine miihendislikte temel
amag, mevcut lirlinden yola ¢ikarak BDT modelinin elde edilmesidir. BDT modeli elde edilen iiriin, yeniden
kolaylikla iiretilebilmektedir. Makine sektoriinde tersine miithendislik ihtiyaci genellikle, deforme olmus bir
malzemenin tadilatinda ya da gelistirilmek / yeniden iiretilmek istenilen eksik dokiimantasyona sahip bir
malzemenin iiretiminde ortaya ¢ikmaktadir. Buna benzer durumlarda literatiirde de goriildiigii izere, tersine
miihendislik siireci oldukga tercih edilen verimli bir yoldur.
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Abstract

With the developing technology, devices that can fully control the quality of cement and clinker in cement
production have been produced. These devices can give accurate results in a short time and with minimum
error margins, with all necessary analyzes and phase compositions. Although these methods are very useful
for cement factories in practice, they cannot fully reveal some parameters such as crystal structure and
morphology of clinker phases, size distribution and clinker porosity. In microscopic studies, the formation,
size, distribution and amount of clinker phases in the examined cross-sectional area can be determined. In
this study, optical microscope examination and image processing techniques were used to determine the
clinker characteristics. Raw meal was formed by mixing limestone and clay from cement raw materials in
certain proportions. Then, clinker was obtained as a result of burning the raw meal at approximately 1400
°C. In addition to performing rapid phase analysis using image processing programs, information about the
crystal properties of the phases was obtained. The size, number, average equivalent diameter, distribution
of clinker phases and porosities can also be examined with the help of image processing programs.
According to the result of the image processing method, Portland cement clinker with easy burning
properties, high alite and low belite content was obtained.

Keywords: Optical microscope, Clinker, Characterization, Quality, Alite, Belite

Portland Cimento Klinkerinin Goriinti Isleme Teknigi
ile Karakterizasyonu
Oz
Gelisen teknoloji ile ¢imento iiretiminde ¢imento ve klinker kalitesini tam olarak kontrol edebilen yeni
cihazlar iiretilmistir. Bu cihazlar, gerekli tiim analizler ve faz kompozisyonlari ile kisa siirede ve minimum
hata pay1 ile dogru sonuglar verebilmektedir. Bu yontemler pratikte ¢imento fabrikalar i¢in ¢ok faydali
olmasina ragmen, klinker fazlarinin kristal yapisi ve morfolojisi, boyut dagilimi ve klinker gozenekliligi
gibi baz1 parametreleri tam olarak ortaya koyamamaktadir. Mikroskobik caligmalarda incelenen kesit
alanindaki klinker fazlarmin olusumu, boyutu, dagilimi ve miktar1 belirlenebilir. Bu ¢aligmada, klinker
ozelliklerini belirlemek i¢in optik mikroskop incelemesi ve goriintii isleme teknikleri kullanilmigtir.
Cimento hammaddelerinden kirectas1 ve kiltasi belirli oranlarda karistirilarak farin hazirlanmigtir. Daha
sonra farinin yaklasik 1400 °C' de pisirilmesi sonucu klinker {irlinii elde edilmistir. Optik mikroskop teknigi
ve goriintli isleme programlart kullanilarak faz analizinin hizli yapilmasimnin yani sira fazlarin kristal
ozellikleri hakkinda bilgiler elde edilmistir. Gortintii isleme programlar1 yardimiyla boyut, ortalama esdeger
cap, klinker fazlarmin dagilimi ve gozenekler de incelenebilmistir. Goriintii isleme yonteminin sonucuna
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gore kolay pigsme 6zelliklerine sahip, yiliksek alit ve diisiik belit igerigine sahip Portland ¢imentosu klinkeri
elde edilmistir.

Anahtar Kelimeler: Optik mikroskop, Klinker, Karakterizasyon, Kalite, Alit, Belit

1. Introduction

The first meaning that comes to mind for engineers and scientists is the use of light or optical
microscopy to study the microstructure of materials. The first microstructure study dates back to 1880. It is
frequently used by materials scientists in the study of metallic materials and is called metallography. It is
the basic instrument used in the microstructural investigation of metals, ceramics and polymers [1].

Many destructive and non-destructive methods are traditionally applied in the quality control of
cementitious materials, especially concrete. These methods are very useful in terms of giving an idea about
the general quality of the concrete and are widely used. However, classical methods may be insufficient in
many cases to obtain information about the internal structures of cementitious materials, and different
approaches may need to be preferred in order to obtain the desired data. Some of the most important of
these techniques are macroscopy and complementary methods related to microscopy [2].

In microscopic studies, the formation, size, distribution, and amount of clinker phases in the examined
cross-sectional area can be determined. It is not possible to distinguish unetched clinker phases in clinker
bright sections. By etching (eg 1% HNOj solution in ethyl alcohol) silicate crystals become evident. Each
clinker phase becomes distinct with different etching chemicals. Besides etching with different chemical
solutions, clinkers can be processed by titration and steam diffusion to reveal different phases. At the same
time, optical microscope examinations give information about porosity, size and shape of pores, sintering
conditions. However, in order to obtain a statistically significant result, data must be obtained from a large
number of points. This can only be possible by using image processing programs. By using image
processing programs, besides performing rapid phase analysis, information about the crystal properties of
the phases can also be obtained [3].

In this study, phase determination calculations of typical Portland cement clinker will be made under
the optical microscope and the results will be compared with the phase determinations calculated with the
Bogue formula. In literature studies, phase determinations of clinkers produced at industrial scale were
investigated under optical microscope [4]. In this study, a new clinker was produced from clay and
limestone material from raw material quarries under laboratory conditions. Phase determinations of clinker
produced under laboratory conditions were determined by optical microscope and image processing
technique. In this way, the phase determinations of the clinker produced under laboratory conditions and
the production process of the clinker produced at industrial scale will be controlled and process errors will
be minimized.

2. Material and Method
2.1. Material

In the study, fireability analysis was carried out on 1 limestone and claystone samples. The chemical
and mineralogical compositions of limestone and clay samples were determined. Burnability test was
carried out on the raw meal sample prepared in line with the analysis results obtained from the raw material
samples. Within the scope of the analysis, one clinker sample was produced under laboratory conditions.
Chemical, mineralogical, and microscopic analyzes of the obtained clinker sample were made and its
fireability properties were determined.

2.2. Method

X-ray diffraction (XRD) analysis of the raw material samples were conducted using Bruker Brand D 8
Advance model X-ray diffraction (XRD) instrument with Cu Ko rays (A = 1.54 A). The chemical analyses
were determined using ARL-8680+ Model X-ray spectrophotometer device according to TS EN 196-2

Turkish Standard.
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2.2.1. Optical Polarized Microscope Method

Clinker granules are cut with a diamond saw to obtain a cross section. Clinker granules are fixed by
embedding in polyester. The surfaces of the clinker frozen in polyester are sanded. With the help of
aluminum paste, the sanded surface is polished. The cross-sectional surface is colored by being exposed to
hydrofluoric acid vapor [5].

Figure 1. Diamond saw method (a) Surface sanding method (b).

2.2.2. The Method of Determining the Color Distribution of Phases and Porosity in Optical
Microscope Examinations

The prepared clinker bright section samples were etched using 1% HNO3 solution in ethyl alcohol.
With the etching process, the colors and geometries of the alite and axitic phases became clear. When
etching in nitric acid solution, alite and alite phases become evident, and the intermediate phases emerge
as a whole, but the distribution of the interphases among themselves cannot be clearly determined by nitric
acid etching. For this reason, etching with different chemicals is required in order to distinguish between
C3A and C4AF intermediate phases [6]. Coloring and optical microscope imaging works of the clinker
cross-sectional surface are given in Fig. 2.

Figure 2. Section surface coloring process (a) Optical microscopic imaging process (b)

A section was taken from the clinker granules of different sizes and appearances, whose polished sections
were prepared, and their surfaces were etched by contacting with HF acid vapor. As a result of etching, each
clinker phase has its own color [(alite (C3S) brown, belite (C2S) blue, liquid phase (C3A + C4AF) dark
gray + white part on the ground and free lime white)]. Allite (C3S), belite (C2S) and liquid phase
(C3A+CA4AF) ratios were found by dot counting method in the polarized microscope device. It is a more
robust and reliable method than the Bogue formula [7].
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3. Results and Discussion
3.1. Chemical analysis

Chemical analyzes of raw material samples were made using TS EN 196-2, Flame Photometer, UV
Spectrophotometer, XRF and ICP-OES method and the results are given in the table below. In order to learn
the chemical contents of the raw materials, the oxide ratios were determined in the XRF device. The silicate
modules and aluminum modules of the cement raw materials were calculated by using their chemical
contents (Table 1).

Table 1. Chemical analysis of raw material samples

) Clay stone Limestone
Chemical
component
% %

Loss of igniton 6.24 43.68
SiO, 65.83 0.24
AlO3 11.44 0.07
Fezog 4.98 0.05
CaO 4.01 55.45
MgO 1.88 0.49
SO3 0.05 <0.01
Na>O 2.60 <0.01
K20 1.46 <0.01
TiO; 0.65 -
P20s 0.12 -
Cr,03 0.03 -
Mn,03 0.09 -
SiMm 4.01 2.00
ALM 2.30 1.40

It is seen that the chemical contents of limestone and claystone raw materials are suitable for cement
production and can be used for cement production (Table 1).

3.1. Mineralogical Analysis

As a result of the evaluation of the peak intensities, it can be said that the claystone unit has a high grade in
terms of quartz, muscovite and cola. It is known that quartz, calcite, albite are minerals that make firing
difficult and muscovite, chlorite and montmorillonite group clay minerals have positive effects on burning

(Fig. 3).

Mineralogical analysis was performed for the cement limestone sample taken from the quarry using a high
resolution X-Ray Diffractometer. As a result of the XRD analysis of the limestone sample used in the
experiments, it was determined that its component was calcite (CaCO3) mineral, and no other mineral was
found (Figure 4.1). In the limestone quarry where the sample was taken, siliceous structures are found in
very small amounts, especially in the metamorphosed and altered veins. In the results of chemical analysis
(XRF), siliceous structures within the limestone veins do not exceed 5% (Fig. 4).
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Figure 4. Limestone XRD image

3.2. Clinkerization

Free CaO ratios were measured at each temperature by subjecting the raw meal sample
to programmed heating at temperatures of 1200-1300-1350-1400 and 1450°C. The results
are given in Table 2.

Table 2. Variation of Free CaO values with temperature in raw meal sample during
clinkerization

(%) Free Lime 1200 °C 1300 °C 1350 °C 1400 °C 1450 °C

Clinkerization 14.51 4.45 4.42 2.66 1.60
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Mineralogical analysis of the obtained clinkerization sample was made and it was
observed that basic clinker phases were formed. The fact that the Free CaO values are
1.60 in the clinker formed at 1450°C indicates that the prepared raw meal has an easy
burning character (S.CaO: less than 2.00). The mineralogical results of the metastasis
sample used also confirm the easy-firing property of raw meal.

The chemical properties and the calculated modules and phase percentages of the clinker
sample produced at 1450°C are given in Table 3.

Table 3 Chemical analysis of clinker sample obtained after clinkerization (1450 °C)

Chemical components %

Loss of igniton 0.42
SiO; 20.19
Al,0Os 6.88
Fe,O3 2.86
CaO 65.11
MgO 1.63
SO; 0.01
K20 1.28
Free Lime 1.60
LSF 97.90
SiM 2.07
ALM 2.41
CsS 54.80
C.S 16.55
CsA 13.39
C.AF 8.70
Liquid Phase 29.64

3.3. Microscopic Analysis Results

The phase amount was determined by point counting method with the help of polarized
light microscope. For the aforementioned process, two different granules of the clinker
sample obtained as a result of the firing process were placed in polyester and fixed by
freezing. The phase amounts determined for the clinker sample are given in Table 4.

Table 4. Determination of Clinker Sample Phase Amount with Microscope

Clinker phases %

Alite - C3S 51.68
Belite - C,S 17.31
C3A+C4AF+Free CaO+ Alkaline Sulphate) 31.01

In order to produce good quality cement clinker, the firing of the clinker provides the formation of a large
amount of alite on the other hand. It is necessary to keep the growth and coarsening of the crystals under
control. Thus, for a certain raw material mixture, it is necessary to optimize the kiln regime that will
minimize the crystal size and ensure the formation of the appropriate composition [8]. The image of the
produced clinkers is shown in figure 5.

59



Journal of Characterization

Figure 7. Clinker optical microscope phase images (Brown: alite; blue: belite)

Blue crystals are alite, brown-orange crystals are alite. In the clinker sample, partly cuminated belite crystals
were encountered. Homogeneous phase distribution is desired in clinker samples. However, this situation
can be achieved if raw material homogenization is done well, and it is unlikely that such a situation will
occur in a clinker produced in a laboratory environment. In addition, the clustered structure shows free lime
crystals. The amount of free lime is not very high in the clinker sample. In general, the clinker sample shows
good burning.

When we look at the clinker phase distribution in general, it is seen that the alite mineral is more dense and
the belite mineral is less (Fig. 7a). The intense alite phase has a positive effect on Grindability [9,10]. It
facilitates grinding and reduces energy consumption. Belite minerals are found in clusters in some regions,
and in most of them they are dispersed among the alites. This situation requires coarse-grained minerals in
the clay stone raw mixture and requires finer grinding in order to fully homogenize it (Fig. 7b). When the
crystal sizes of the clinker granules were examined, it was observed that the alite and belite crystals were
of variable size (5-40 microns) in general. Large sized alite and belite crystals were also observed in some
granules in the clinker. For this reason, the burning ability can be increased with the improvements to be
made in the process [11, 12].
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4. Conclusions and Recommendations

When the limestone sample was examined from a mineralogical point of view, the presence of calcite,
which causes difficulty in firing, was found in its composition. When the mineralogical analysis result of
the clay sample is evaluated in terms of fireability, it is known that quartz, calcite and albite detected in the
structure of the clay sample make firing difficult, and the clay minerals montmorillonite, muscovite and
chlorite affect firing positively.

The fact that the Free CaO values are 1.60 in the clinker formed at 1450°C indicates that the prepared
raw meal has an easy burning character (S.CaO: less than 2.00). Mineralogical results of the claystone
sample used also confirm the easy-burning feature of raw meal.

When the clinker produced is examined in terms of quality parameters, it is observed that it has a
relatively lower quality than the optimum quality (C3S < 60.0 %). The amount of liquid phase (29.64) in
the clinker shows a height (around 27 optimum) due to low SIM and high ALM modulus values, depending
on the raw material characteristics. In the use of this raw meal, it is important to pay attention to the liquid
phase in terms of belt formation. It is thought that the clinker quality and the amount of liquid phase will
be positively affected in the clinker that is formed by bringing SIM and ALM to the optimum point
(additional use of correcting agents, such as iron ore and sand).
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Abstract

In this study, a pin-type vertical stirred media mill was used to perform the dry grinding of bentonite.
Grinding time and stirring speed were investigated for effect on the particle size distribution and energy
consumption (E.), while ball charge and bentonite charge were kept constant as 60% and 40%, respectively.
It was observed that raw bentonites could be ultra-fine dry ground using vertical stirred media mills for the
potential dry uses of bentonites. The experimental results revealed that a ground bentonite product having
a dgo value of about 10 pm was obtained with 128.1 kWh/ton energy consumption. Optimum operational
parameters were selected as 60% ball charge, 40% bentonite charge, 600 rpm stirring speed, and 20 min
grinding time.

Keywords: Bentonite, Montmorillonite, Grinding, Stirred media mill.

Bentonitin Karistirmah Ortam Degirmeni ile Kuru
Ogiitilmesi

Oz

Bu ¢alismada bentonitin kuru 6giitiilmesi igin pim tipi dikey karistirma ortamli degirmen kullanildi. Tane
boyutu dagilimina ve enerji tiikketimine (Ec) etkisi i¢in dgiitme siiresi ve karistirma hizi aragtirtlirken bilye
ve bentonit sarj orani sirastyla %60 ve %40 olarak sabit tutuldu. Bentonitlerin potansiyel kuru kullanimlar1
i¢in ham bentonitlerin dikey karigtirmali 6giitliciiler kullanilarak ultra ince kuru 6giitiilebildigi gézlemlendi.
Deneysel sonuglar, 128.1 kWh/ton enerji tiikketimi ile yaklagik 10 um dgo degerine sahip &giitiilmiis bentonit
iirtinliniin elde edildigini ortaya koydu. Optimum calisma parametreleri %60 bilye sarj1, %40 bentonit sarji,
600 rpm karigtirma hiz1 ve 20 dk 6giitme siiresi olarak secildi.

Anahtar Kelimeler: : Bentonit, Montmorillonit, Ogﬁtme, Karigtirmali ortam degirmeni.
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1. Introduction

Bentonite, a type of clay ore, mainly contains smectite minerals (montmorillonite, saponite, nontronite,
hectorite). Smectite minerals occur by the decomposition of the volcanic tuffs, ashes, and lavas.
Montmorillonite, the most abundant smectite mineral in bentonite ores, is aqueous aluminum silicate and
has a layered crystalline structure with the general chemical formula of (Na, Ca)os3(Al, Mg),
(S14010)(OH)>*nH,0. Bentonites have superior properties such as high cation exchange capacity, large
surface area, high swelling capacity, plasticity, good mechanical properties, and chemical stability [1-5].
Therefore, bentonites are used in various applications such as adsorption, pharmaceutical and cosmetic
industry, drilling mud, food, paper, paint, and ceramics [1, 6-8].

Recently, great attention has been paid to the fine grinding of clay minerals by planetary or stirred ball
mills. Because the physical properties of clay minerals (especially structural and textural) are developed for
new application areas by this way [9]. Colloidal dispersions for various applications, food protective
materials, drug delivery systems, paint, paper, cosmetic, and dry bentonite beneficiation can be shown for
the new application uses of fine ground bentonites. There are many studies performed to investigate the
operating parameters that affect the grinding performance of stirred media mills [10-14]. However, to our
best knowledge, there are few studies on dry grinding of the bentonite by vertical stirred media mill. Dry
grinding is a necessary application in some areas, especially in dry beneficiation of clay minerals by sieving,
aero cyclones, and dynamic separators.

This study focused on the dry grinding of sodium bentonite using a pin-type vertical stirred media mill.
Operational parameters such as grinding time and stirring speed were investigated. Particle size distribution
of the ground material and energy consumption of grinding application analyzes were also performed to
determine optimum grinding conditions. A product having a dso value of about 10 um was aimed to obtain
for potential uses in the cosmetic, chemistry, and pharmaceutic industries.

2. Material and Method
2.1. Materials

Bentonite sample was obtained from Karben Bentonite Cooperation located in Resadiye Tokat, Turkey.
Yttrium stabilized zirconium oxide balls (3 mm and 5 mm) were used as grinding media.

2.2. Methods
2.2.1. Characterization Studies

The bentonite sample was dried at 55°C for 24 h and then ground using a laboratory scaled ring mill
before all characterization analysis. The chemical composition of the sample was analyzed by Rigaku ZSX
Primus IT XRF (x-ray fluorescence) device. X-ray diffraction (XRD) pattern was scanned with Cu-Ka
radiation (40 kV, A: 1.54184 A) using a Shimadzu XRD-6000 device to determine mineralogical
components. The sample was scanned at the angular range of 2-40° with 0.02°/step scan speed. LEO 1430
VP scanning electron microscope (SEM) was used to examine the morphology of the bentonite sample.
Particle size distributions were determined by the Malvern Master-sizer 2000 instrument using dry analysis
apparatus.

2.2.2. Grinding Studies

Grinding studies were performed using a laboratory scaled vertical stirred media mill (Figure 1) with a
pin-type stirrer. The effective volume of the mill chamber was 1.0 L. The grinding chamber was equipped
with a water jacket for cooling. Yttrium stabilized zirconium oxide balls (3 mm: 598 g, 5 mm: 1967 g, total
volume: 530 mL) were used as grinding media. The volume of the grinding media and the bentonite sample
was kept constant as 530 mL (60%) and 350 mL (40%), respectively, for all grinding experiments.
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Figure 1. Pin-type vertical stirred media mill used for the grinding experiments.

The grinding experiment was performed as a batch process. First, the raw bentonite sample dried at
50°C for 24 h and then crushed under 1 mm using a roll mill. 350 mL of pre-ground bentonite sample (-300
pm) and 530 mL grinding media were placed into the mill chamber. The circulation of the cooling water
and then stirring of the pin type stirrer was started. After a certain time, stirring was stopped, and the ground
sample was separated from the balls using a 1 mm sieve. The energy consumption of each grinding
experiment was measured using an electricity meter connected to the mill. Operational parameters used in
the grinding tests are summarized in Table 1.

Table 1. Operational parameters of the grinding experiments.

Experiment Stirring speed Grinding time Ball charge Material charge
No (rpm) (min) (%) (%)
1 500 5
2 500 10
3 500 20
4 500 30
5 500 40 60 40
6 600 20
7 700 20
8 800 20

3. Results and Discussion

3.1. Characterization of the bentonite

The chemical analysis (XRF) results (Table 2) showed that the bentonite sample had high percentages
of silicon and aluminum oxides (81.3 wt.% in total), indicating the probability of a clay mineral.
(Na;0+K,0)/(CaO0+MgO) ratio was determined to be 0.69. A value high than 0.33 is attributed to the Na-
smectites [2].

Smectite minerals (montmorillonite, etc.) usually exhibit a morphology that resembles a honeycomb,
cornflake, leafy, and rosette-like appearance [2, 15]. SEM micrograph (Figure 2) revealed that the bentonite
sample used in this study consisted of smooth-surfaced grain aggregates and had a leaf layer morphology
with curved edges.
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Table 2. Chemical composition of the bentonite sample.

Component Si0,  ALOs Fe 03 MgO Na,O CaO K,O LOI

Content, wt.%  62.23  19.06 3.63 2.70 2.61 2.05 0.65 6.30

LOI: loss on ignition.

SignalA=SE1  Mag= 15.00KX Ham W
WD= 24mm EHT = 20.00 kY e

Figure 2. SEM micrograph of the bentonite sample.

The XRD pattern of the bentonite sample is given in Figure 3. The sample mostly consisted of
montmorillonite minerals and non-clay minerals such as feldspar, calcite, opal (C-T), quartz, mica, and
clinoptilolite (zeolite). Characteristic reflection at 20: 7.07° with the doi basal spacing of 12.4 A confirmed
that the bentonite sample contains a high amount of Na*-rich montmorillonite [16] which was in good
agreement with XRF analysis (Table 2). Furthermore, the doso value (1.5 A) showed that the sample was
composed of dioctahedral montmorillonites [17].

A ¥: Montmorillonite ®: Feldspar #: Quartz
v: Clinoptilolite 0: Kaolinite  ¢: Calcite
®: Opal (C-T) ©: Mica

2 5 8 11 14 17 20 23 26 29 32 35 38
26 (°)

Figure 3. XRD pattern of the bentonite sample.
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3.2. Grinding of the bentonite
3.2.1 Effect of the Grinding Time

Time-dependent grinding experiments were performed at a stirring speed of 500 rpm. The effects of
grinding times of 5, 10, 20, 30, and 40 minutes on the particle size distribution and energy consumption
(Ec) were investigated. The effect of the grinding time on the particle size distribution of the bentonite and
Ec was given in Figure 4 and Table 2. As clearly seen in Figure 4, grinding time had a significant effect on
the particle size and so energy consumption. An increase in the grinding time decreased the product size
and simultaneously increased the Ec. It has been proven once again that the energy consumption (Ec) in the
mill has a linear relationship with the grinding time. When the mill reaches meta-steady state dynamics, the
power consumption of the mill becomes constant [18]. Similar results were also reported by other studies
[14,19-21].

Table 2. The dso and do sizes of the products change depending on the grinding time.

5 min 10 min 20 min 30 min 40 min
dso 25.2 18.5 6.1 4.7 39

dso 69.0 69.0 22.0 15.2 10.0
100 1 250 :
3901 E
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Figure 4. Effect of the grinding time on the particle size distribution and the energy consumption (E.).

Energy consumption in the mill as a function of the particle size (dso) of the ground bentonite products
(Figure 4) revealed that E. increased as particle size was more reduced by higher grinding times. The results
displayed that increase in the grinding time from 5 min to 40 min decreased the product size (dso) from 69.0
to 10.0 pm, whereas E. was increased significantly from 33.7 to 209 kWh/t. The optimum grinding time
was selected to be 20 min for the ongoing grinding experiment as a function of stirring speed.

3.2.2 Effect of the Stirring Speed

The stirring speed creates a high energy strength environment in the grinding chamber, increasing the
probability of the grinding media impact and attrition of the particles. As the stirring speed increases, the
stress intensity inside the mill chamber also increases, which seriously affects the interaction between the
grinding media and the material to be ground [18, 22-23]. Grinding experiments were performed as a
function of stirring speed (400, 500, 600, 700, 800 rpm) while grinding time was kept constant as 30 min.
The effect of the stirring speed on the particle size distribution of the bentonite and E. was given in Figure
5. The results displayed that increase in the stirring speed from 500 rpm to 800 rpm decreased the product
size (dgo) from 22.0 to 8.0 um, whereas E. was increased significantly from 107.9 to 168.5 kWh/t.
Increasing the mixing speed increases the stress intensities and eventually grinding speed due to the high
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probability of particle collisions with the grinding media. Furthermore, as the mixing speed increases, the
grinding media reaches higher kinetic energy, which is transferred to the particles, making breakage easier.

100 170
g 160
~ 80 :
< 70 - 150
' —_
s 60 £ 140
£ =
= 40 = 130
2 3
£ 30 120
E 20
£
Z 0 110
0 4 100
0,1 1 10 100 1000
Particle Size (um) dgq (um)

Figure 5. Effect of the grinding time on the particle size distribution and the energy consumption (E.).

The increase in grinding performance with the increase in stirring speed is a condition that is effective
up to a certain stirring speed. Even if the mixing speed increases after a certain speed, the grinding
performance decreases as the grain size reduction rate will be meager. Figure 5 and Table 3 revealed that
the grinding performance was decreased when the stirring speed was increased to 800 rpm. Therefore,
optimum operational parameters were selected as 60% ball charge, 40% bentonite charge, 600 rpm stirring
speed, and 20 min grinding time to obtain a product having a dso value of about 10 pm.

Table 3. The dso and dog sizes of the products change depending on the stirring speed.

500 rpm 600 rpm 700 rpm 800 rpm
dso 6.1 3.6 3.5 33
dso 22.0 11.0 7.5 8.0

4. Conclusion

Dry grinding experiments of the raw bentonite sample using a pin-type vertical stirred media mill were
successfully performed. Characterization studies revealed that the bentonite sample mostly consists of Na*
rich montmorillonite. Grinding time and stirring speed were investigated as two operational parameters
while material and ball charge were kept constant. It was concluded that bentonites could be dry ground to
ultrafine particle sizes using stirred media mills for the potential dry uses. A ground bentonite product
having a dgo value of about 10 pum was obtained with 128.1 kWh/ton energy consumption using selected
operational parameters, which are 60% ball charge, 40% bentonite charge, 600 rpm stirring speed, and 20
min grinding time.
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