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Öz 

Yapılan çalışmada, Co-Mg alaşımına (%95 Co ve %5 Mg kompoz(syon) borlama yöntem( (le kaplama 
yapılmıştır. Co ve Mg metal tozları faz d(yagramındak( yüzdel(k d(l(mlere göre kompoz(syon karışım 
oranları bel(rlenm(şt(r.  Bel(rlenen oranlarla kapalı kaplar (çer(s(ne konulan toz karışımlar 24 saat süre (le 
döner karıştırıcıda karışmıştır.  Homojen karışım daha sonra geometr(k şekle sah(p olması (ç(n kalıplara 
dökülerek preslenm(şt(r. Preslenm(ş numuneler kontrollü atmosfer(k fırın (çer(s(ne konularak 530 °C 
sıcaklıkta s(nterlenm(şt(r. Bu (şlem sonrasında numuneler borlama (şlem( yapılması (ç(n s(l(nd(r(k olarak 
tasarlanmış kutular (çer(s(nde alt ve üst taraflarına Ekabor II tozu dökülüp hava almaması (ç(n şamot çamuru 
(le kapatılarak 900 °C sıcaklık ve 1.5–4.5 saat değ(şen sürelerde borlama (şlem( yapılmıştır. Borlanmış 
numunelere en son XRD ve SEM analizlerin yanı sıra mikrosertlik testleri yapılmıştır. XRD anal(z 
sonucunda CoB, Co2B ve Co fazları ortaya çıkmıştır. SEM anal(z sonrasında (se bor tabakaları oluşmuş ve  
tabaka kalınlık ölçümler( sonucunda en yüksek değer 4.5 saat süre sonrasında 120 µm olarak bulunmuştur. 
M(krosertl(k ölçümü sonrasında (se en yüksek değer 1930 HV0,05 olarak ölçülmüştür.  

Anahtar Kel@meler: Co-Mg alaşım, borlama, mikrosertlik, XRD, SEM   

Invest0gat0on of M0crostructural and Mechan0cal 
Propert0es of Boron0zed Co-Mg Alloys 

Abstract 

In the study, the Co-Mg alloy (95% Co and 5% Mg compos(t(on) was coated by bor(d(ng method. 
Compos(t(on m(x(ng rat(os were determ(ned accord(ng to percent(les (n the phase d(agram of Co and Mg 
metal powders. Powder m(xtures placed (n closed conta(ners at the determ(ned rates were m(xed (n a rotary 
m(xer for 24 hours. The homogeneous m(xture was then poured (nto molds and pressed to form a geometr(c 
shape. Pressed samples were placed (n a controlled atmospher(c furnace and s(ntered at 530 °C. After th(s 
process, the p(eces were bor(ded at a temperature of 900 °C and for 1.5–4.5 hours by pour(ng Ekabor II 
powder on the top and bottom of the cyl(ndr(cal des(gned boxes for bor(d(ng, and covered w(th chamotte 
mud to prevent a(r leakage. Performed the latest XRD and SEM analyses as well as m(crohardness tests 
were performed on the bor(ded samples. As a result of XRD analys(s, CoB, Co2B, and Co phases emerged. 
After SEM analys(s, boron layers formed, and the h(ghest value was found as 120 µm after 4.5 hours due 
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to layer th(ckness measurements. After the m(crohardness measurement, the h(ghest value measured was 
19 30 HV0.05. 
 
 
Keywords: Co-Mg alloy, boriding, microhardness, XRD, SEM 

1. G%r%ş 
Malzemeler(n yüzey d(renc(n( artırma yöntemlerden olan elektrok(myasal yöntemler arasında borlama 

yer almaktadır [1-5]. Aşınmanın yanı sıra korozyon, yorulma ve oks(dasyon d(renc( g(b( öneml( özell(klere 
sah(p olması neden(yle d(ğer yöntemlere göre avantajlar vardır [6,7]. Borlama yöntem(n(n uygun sıcaklıklar 
ve sürelerde yapılmasıyla kaplanan malzemeler(n mekan(k özell(kler( (y( hale gelmekted(r. Kaplama 
ortamında oks(tley(c( durumların olmaması (ç(n çok (y( vakum yapılması gerekmekted(r [8]. 

Co bazlı alaşımlar kullanıldıkları ortamlarda öneml( özell(klere sah(p olmaları neden(yle en çok terc(h 
ed(len alaşımları arasındadır [9,10]. Bu özell(kler arasında, yüksek yorulma dayanımı, aşınma ve korozyon 
d(renc( g(b( özell(kler gelmekted(r. Bu alaşımlara uygulanan farklı kaplama yöntemler( (le mevcut 
özell(kler(nde daha da (y(leşmeler olmaktadır [11]. Kaplama yöntemler( arasında yer alan borlama, bor 
atomlarının ana malzeme olarak metal ya da alaşım yüzey(ne d(füzyon etmes( yoluyla yüzeylerde borür 
tabakasının oluşması sonrasında elde ed(lmekted(r. Burada öneml( olan uygulanan borlama sıcaklığı, 
malzemeler(n k(myasal b(leş(m(, bor materyal( ve borlama sonrasında FeB, Fe2B ve CoB, Co2B g(b( metal(k 
fazlar oluşmaktadır [12,13]. 

Gerçekleşen çalışmada sonucunda, Co-Mg alaşımlarına borlama yöntem(n(n etk(ler( (ncelenm(şt(r. 
S(nterleme sonrasında elde ed(len numunelere kutu borlama yöntem( (le borlama (şlem( yapılmıştır. Bu 
(şlem sonucunda oluşan bor tabakaları SEM ve XRD anal(z (le bel(rlenm(ş, v(ckers sertl(k testler( yapılarak 
sertl(kler( ölçülmüş ve yüzeylerde oluşan yapılar tesp(t ed(lm(şt(r. 

2. Materyal ve Metot 
Yapılan çalışmada, % 99,5 saflığa sah(p Co ve Mg metal tozları (le Co-Mg alaşımları (%95 Co-%5 

Mg kompoz(syon) oluşturulmuştur. M(kron boyutundak( bu tozlar homojen b(r şek(lde karıştırılmaları (ç(n 
döner b(r karıştırıcıda 24 saat süre (le kapalı kutu (çer(s(nde karıştırılmıştır. Karışan tozlar da(resel şekle 
sah(p olmak (ç(n özel olarak hazırlanmış metal kalıplara dökülerek şek(llend(r(lm(şt(r. Bu (şlem yaklaşık 
olarak 25 N kuvvet sonucunda yapılmıştır. Ortaya çıkan numunelere 530 °C sıcaklıkta 2 saat süreyle ısıl 
(şlem uygulanmıştır. 

Isıl (şlem sonrasında da(resel numuneler kapalı kutu (çer(s(nde borlama yöntem( (le borlanmıştır. Bu 
yöntem, kontrollü atmosfer(k fırın ortamında kapalı kutular (çer(s(ne konulan numuneler(n alt ve üst 
kısımlarına Ekabor II toz dökülerek yapılmıştır (Şek(l 1). Bu (şlem (ç(n l(teratürde 800-1100 °C arası 
sıcaklıklarda borlama çalışmaları yapılmış [14,15], bu çalışmada (se 900 °C sıcaklık ve1,5-4,5 saat süre 
aralıklarda ısıl (şlem uygulanmıştır. Isıl (şlem sonrası fırından çıkarılan numuneler hava (le soğumasından 
sonra metalograf(k anal(z olarak XRD ve SEM, v(ckers m(krosertl(k test( yapılmıştır. 

XRD anal(z çalışmasında, alfa ışını, 0,02 °/dk tarama hızı ve 2 Theta tarama açısı uygulanmıştır. 
Numuneler(n yoğunlukları d=m/v formülüne göre hesaplanmıştır. Burada m, numune kütles(; v, numune 
hacm(d(r. Borlama sonucu yüzeylerde oluşan borür tabakarın sertl(k ölçümler( SHIMADZU HMV–2 model 
sertl(k c(hazı (le yüzeyden merkeze doğru 50 gr. yük altında v(ckers yöntem(yle yüzeyden (çer(ye doğru 5 
farklı ölçüm yapılarak ortalama sonuç elde ed(lm(şt(r. 
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Şek/l 1. Kapalı fırın ortamında borlama /şlem/n/n yapılışı (a: Numuneler/n kutu /çer/s/ne yerleşt/r/lmes/, 
b: Numunen/n borlanması).  

3. Bulgular  
Co-Mg tozlarına sırasıyla presleme, s(nterleme, yoğunluk, borlama ve metalograf(k anal(z (le sertl(k 

ölçümler( yapılmıştır. 530 °C sıcaklıkta 2 saat süre (le yapılan s(nterleme sonrasında yoğunluk ölçümü (le 
Co-Mg alaşımında yoğunluk 7,21 gr/cm3 olarak ortaya çıkmıştır. Borlama (şlem( 900 °C sıcaklık ve 1.5–
4.5 saat sürelerde yapılmıştır (Şek(l 2).  

 

 

Şek/l 2. Borlanmış % 95 Co /le % 5 Mg alaşımının m/kroyapı görüntüler/ (a: 900 °C 1,5 saat, b: 900 °C 
4,5 saat) 

 

Borlama sonrasında numunelere metalograf(k anal(z olarak XRD ve SEM anal(z yapılmıştır. XRD 
anal(z sonucunda CoB, Co2B ve Co faz yapıları ortaya çıkmıştır (Şek(l 3). Sıcaklık ve süre artışına bağlı 
olarak CoB, Co2B faz değerler( 2000 ve 2500 değerler(nde bulunmuştur. Johnston vd., Campos-S(lva vd. 
yaptıkları borlama çalışmalarını [16,17], 950 ve 1000 °C'de gerçekleşt(rm(ş, oluşan bor tabakaları (ç(n XRD 
sonucunda CoB ve Co2B faz yapılarını 1500 yoğunluk değer(ne yakın olarak elde etm(şlerd(r. SEM anal(z 
çalışması sonrası en (y( m(kroyapı ve bor katmanı Şek(l 2(b)’de de görüleceğ( üzere 900 °C sıcaklık 4.5 
saat süre sonrasında ortaya çıkmış ve yapılan bor tabaka kalınlığı ölçüm sonucunda 120 µm kalınlık 
ölçülmüştür. M(krosertl(k ölçümü (ç(n numune üzer(nden kaplama bölgeler(nden 5 farklı ölçüm yapılarak 
1930 HV0,05 değer ölçülmüştür (Şek(l 4). 



Journal of Character/zat/on 

4 

 

 

Şek/l 3. Borlanmış % 95 Co /le % 5 Mg alaşımının XRD anal/z görüntüler/ (a: 900 °C 1,5 saat, b: 900 °C 
4,5 saat) 
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Şek/l 4. Borlanmış % 95 Co /le % 5 Mg alaşımına yapılan m/krosertl/k anal/z sonucu  

 
4. Sonuçlar ve Tartışma 
 

Co-Mg alaşımının borlama sonrasında yapılan test ve anal(zler sonrasında ortaya çıkan sonuçlar 
aşağıda ver(lm(şt(r:  

� Borlama (şlem( sonrasında en yüksek bor tabaka kalınlığı 4,5 saat süre sonrasında 120 μm olarak 
bulunmuştur.  
� Co-Mg alaşımların s(nterleme sonrası ölçülen yoğunluk değer( 7,21 gr/cm3 olarak bulunmuştur.  
� S(nterleme sonrası yapılan sertl(k test( sonucu 135±9 HV0,05 değer( ortaya çıkmıştır.  
� Metalograf(k anal(z olarak XRD anal(z( yapılmıştır. Anal(z sonucu olarak CoB, Co2B ve Co faz yapıları 
elde ed(lm(şt(r. Bu yapıların değerler( sıcaklık ve süre artışına bağlı olarak artmıştır. Bu durum borlamanın 
olduğunu gösterm(şt(r. 
� Borlama sonrası yapılan m(krosertl(k test( sonucu numunelerde sırasıyla 1820 HV0,05 ve 1930 HV0,05 
sertl(k değerler( ölçülmüştür. 
� Gerçekleşen borlama yöntem(nde sıcaklık ve süreye paralel olarak borür tabakaları bel(rg(n hale gelm(ş, 
tabaka kalınlarında artışlar olmuştur. 900 °C, ortaya çıkan sonuçlara göre en (y( borlama sıcaklığı olarak 
bel(rlem(şt(r.  

Alaşım (çer(s(nde bulunan Mg, hava (le temasa geçt(ğ(nde çok çabuk bozulab(len b(r malzemed(r. 
Yapılan s(nterleme ve borlama çalışmalarında yapıda bozulmaların oluşması Mg malzemes(nden 
kaynaklanmıştır. Kapalı vakum ortamına sah(p s(stem (çer(s(nde hem s(nterleme hem de borlamanın 
yapılması daha uygun olacaktır. 

5. Teşekkür 
Yapılan çalışma, Afyon Kocatepe Ün(vers(tes( B(l(msel Araştırma Projeler(’nden 17.MYO.05 no’lu 

Genel Amaçlı proje (le desteklenm(şt(r. Destekler(nden dolayı çok teşekkür eder(m. 
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Abstract 

In th%s study, an organ%c-%norgan%c hybr%d mater%al was f%rst prepared by the sol-gel method. 3-
am%nopropyltr%ethoxys%lane (3-APTES) and tr%decafluorooctyltr%ethoxys%lane (Evon%k F 8261) were used 
as precursors. The s%lane coupl%ng agents were d%ssolved %n a m%xture of water, decane and hydrochlor%c 
ac%d for 2 hours. Soda-l%me glass substrates were coated w%th the s%lane-based coat%ng solut%on w%th the a%d 
of a f%lm appl%cator. The coated f%lms were dr%ed %n an oven at 80°C to allow alcohol, organ%c solvent and 
excess water to evaporate from the f%lms. After evaporat%on of the solvents, the samples were character%zed 
by contact angle, FT-IR, SEM, gon%ometer, l%ght transm%ttance, haze and gloss meter. Superhydrophob%c 
surface was successfully obta%ned from 3 APTES/tr%decafluorooctyltr%ethoxys%lane hybr%d compounds.  
 

Keywords: Th%n f%lm, sol-gel method, hybr%d mater%als, superhydrophob%c, contact angle.   

S1lan bazlı süperh1drofob1k 1nce f1lm hazırlamak 1ç1n 
yen1 b1r yöntem 

Öz 

Bu çalışmada %lk olarak organ%k-%norgan%k b%r h%br%t malzeme sol-jel yöntem% %le hazırlanmıştır. Öncü olarak 
3-am%nopropyltr%ethoxys%lan (3-APTES) ve tr%decafluorooctyltr%ethoxys%lan (Evon%k F 8261) kullanıldı. 
S%lan b%rleşt%rme ajanları su, dekan ve h%droklor%k as%t karışımı %çer%s%nde 2 saat çözündürüldü. Soda-k%reç 
cam substratları, b%r f%lm apl%katörü yardımı %le s%lan bazlı kaplama çözelt%s% %le kaplandı. Kaplanan f%lmler, 
alkol, organ%k çözücü ve fazla suyun f%lmlerden buharlaşmasına %z%n vermek %ç%n b%r fırında 80°C'de 
kurutuldu. Çözücüler%n buharlaştırılmasından sonra numuneler, temas açısı, FT-IR, SEM, gonyometre, ışık 
geç%rgenl%ğ%, haze ve parlaklık ölçer c%hazı %le karakter%ze ed%ld%. Süperh%drofob%k yüzey, 3-APTES / 
tr%decafluorooctyltr%ethoxys%lane h%br%d b%leş%ğ%nden başarıyla elde ed%ld%.  
 
 
Anahtar KelImeler: İnce f%lm, sol-jel yöntem%, h%br%t malzemeler, süperh%drofob%k, temas açısı.
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1. Introduct,on 
When coat%ng a surface, layers that do not exceed a few m%crometers %n th%ckness are called th%n f%lms. 

Th%n f%lms, wh%ch are of great %nterest among recent research stud%es, are used %n the advancement of 
electron%c dev%ces %n the mar%t%me %ndustry, the automot%ve %ndustry, the healthcare %ndustry, the aerospace 
%ndustry and many more [1]. D%fferences %n product%on methods and cond%t%ons of product%on methods 
reveal many d%fferent propert%es %n th%n f%lms. These features prov%de th%n f%lm mater%als w%th super%or 
propert%es compared to other mater%als and gu%de new stud%es. W%th the development of technology, many 
new product%on techn%ques have emerged and developed %n the product%on of th%n f%lms [2]. Th%n f%lm 
product%on techn%ques are d%v%ded %nto var%ous subgroups accord%ng to the phys%cal and chem%cal propert%es 
of the mater%al surfaces and the%r phys%cal state [1]. Electroplat%ng method %s the coat%ng process of the 
metal layer by form%ng d%scharge po%nts on the conduct%ve surfaces that act as cathodes %n the electrolys%s 
vessel [3]. Electroless plat%ng %s a s%mple way to produce var%ous metals w%th h%gh %mpact and %mproved 
mechan%cal propert%es by depos%t%on of n%ckel w%thout the use of electr%c current [4]. The spray pyrolys%s 
coat%ng method cons%sts of the atom%zat%on of a l%qu%d solut%on by blow%ng a%r towards the heated surface 
[5]. Thermochem%cal coat%ng %s a type of coat%ng that forms n%tr%de, carb%de or bor%de layers on the mater%al 
surface to %mprove the surface [6]. In the coat%ng process w%th thermal spray%ng, the raw mater%al part%cles 
to be used %n the coat%ng are pushed to the surface to be coated at h%gh speed, wh%le they are heated by the 
gas %n the system and the surface %s coated [7]. Chem%cal vapor depos%t%on (CVD) %s the process %n wh%ch 
the substrate %s exposed to one or more volat%le precursors that can react and decompose on the substrate 
surface to produce the des%red th%n f%lm res%due [8]. The phys%cal vapor depos%t%on method (PVD) can be 
summar%zed as the process of bond%ng the sol%d raw mater%al to the mater%al to be coated %n a controlled 
manner by turn%ng %t %nto plasma w%th h%gh energy [9]. 

Sol-gel techn%que %s one of the th%n f%lm product%on techn%ques. Sol-gel technology began to be used %n 
the 1800s [10]. Sol-gel process has been an %mportant, w%despread and w%dely popular method for the 
preparat%on of th%n f%lms due to %ts advantages. Its appl%cat%ons are w%de, offer%ng several advantages over 
other methods, %nclud%ng good homogene%ty, low cost, and h%gh pur%ty [11]. The sol-gel method can be used 
%n the product%on of almost all s%ngle-component or mult%-component ox%de f%lms. The sol-gel process 
%nvolves the format%on of collo%dal suspens%ons (sol) of sol%d part%cles %n the l%qu%d phase and then three-
d%mens%onal sol%d %norgan%c networks (gel) %n a cont%nuous l%qu%d phase [12]. Sol-gel method %s a coat%ng 
techn%que appl%ed to %mprove the surface propert%es of glass, ceram%c, metal and plast%c back%ngs and to 
ga%n new propert%es such as opt%cs, electron%cs, chem%cals and mechan%cs [13]. In our study, a collo%dal 
suspens%on (left) was formed us%ng 3-APTES and Evon%k F8261 mater%als and used to form th%n f%lms. 

Hybr%d mater%als are of great %nterest as a new class of mater%als due to the%r or%g%nal propert%es based 
on the comb%nat%on of organ%c and %norgan%c polymers [14,15]. As a result of the comb%nat%on of organ%c 
and %norgan%c mater%als %n the same mater%al w%th the appropr%ate process%ng method, new propert%es emerge 
%n terms of mechan%cal, electr%cal, phys%cal or opt%cal propert%es [14,16]. However, the%r b%ocompat%b%l%ty, 
b%odegradat%on and chem%cal structure have also been among the research top%cs. Hybr%d mater%als have 
revealed new developments %n the creat%on of var%ous smart and funct%onal mater%als [17]. The chem%stry 
of the s%lane surface mod%f%cat%on react%on %s shown %n F%gure 1 [18]. In our study, a hybr%d mater%al was 
obta%ned by comb%n%ng organ%c 3-APTES and %norgan%c Evon%k F8261 w%th strong bonds and coated as a 
th%n f%lm on the glass surface. 

 
F%gure 1. S%lane surface mod%f%cat%on react%on [18] 
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The %ntroduct%on of superhydrophob%c surfaces %nto the sc%ent%f%c world began w%th the study of the 
lotus flower, wh%ch %s known to be constantly clean %n muddy and d%rty env%ronments. Insp%red by the lotus 
flower, attempts have been made about the water hold%ng and repellent propert%es of sol%d surfaces [19]. 
Examples of these %n%t%at%ves are self-clean%ng art%f%c%al and smart surfaces by remov%ng water and 
pollutants. The protect%ve effects on art%f%c%al surfaces are enhanced [20,21]. 

When contact %s establ%shed between a l%qu%d and a sol%d, the angle between the l%qu%d surface and the 
sol%d surface %s def%ned as the contact angle [22,23]. Whether a surface %s hydrophob%c or hydroph%l%c %s 
measured by the contact angle between the water and the surface [18,19,24]. F%gure 2 shows the d%fferent 
s%tuat%ons that the su% le surface can create [25]. Surface wettab%l%ty can be class%f%ed accord%ng to the contact 
angle (θ) value as follows: 

If θ<90o the surface %s hydroph%l%c 

If θ<10o the surface %s superhydroph%l%c 

If θ>90o the surface %s hydrophob%c 

If θ>150o, the surface %s superhydrophob%c [26,27]. 

 

 
F%gure 2. Surface wettab%l%ty accord%ng to contact angle 

 

2. Mater,al and Method 
In exper%mental stud%es, 3-am%nopropyltr%ethoxys%lane (3-APTES) (Merck ), 

tr%decafluorooctyltr%ethoxys%lane (Evon%k F 8261) (Aldr%ch-S%gma), Decane (Merck ), Hydrochlor%c ac%d 
(1M) and pure water were used as precursors. Mater%als were used as suppl%ed. 

 
F%gure 3. Exper%ment flow chart 
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2.1. Preparat+on of Glass Surfaces 
In the whole study, rectangular glass surfaces of 2.5x7.5 cm were used as the surface. To ach%eve an 

%deal coat%ng layer, the glass substrates were cleaned w%th the clean%ng procedure descr%bed below. For 
surface pretreatment, the glass surfaces were ultrason%cally cleaned w%th double d%st%lled water for 10 
m%nutes. The chem%cal clean%ng procedure was carr%ed out by soak%ng the glass substrates %n NaOH, Pur%f%ed 
water, H3PO4, Pur%f%ed water for 5 m%nutes, respect%vely. All glass surfaces were dr%ed at 80 °C for 2 h 
before coat%ng. Thus, %t was made ready for use. 

 
F%gure 4. Glass clean%ng procedure 

 
F%gure 5. Cleaned glass surfaces 

In the exper%mental study, three d%fferent solut%ons were prepared and coated on s%x glass samples. It 
%s a%med to %mpart hydrophob%c or superhydrophob%c propert%es to hydroph%l%c glasses. 

Table 1. Compos/t/on of prepared solut/ons 

 Rec%pe-1 Rec%pe-2 Rec%pe-3 

3-APTES 3,31 g 3,31 g 3,31 g 

Decane 10 g 10 g 10 g 

Evon%k F8261 - 1 mL 2 mL 

Pure Water 2 mL 2 mL 2 mL 

Hydrochlor%c Ac%d (1M)    
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2.2. Th+n F+lm Coat+ng on Glass w+th the Help of F+lm Appl+cator 
The prepared solut%on was taken w%th a p%pette and covered w%th a f%lm-draw%ng appl%cator on 

prev%ously cleaned and prepared glasses. The w%ndows are covered w%th a s%ngle layer. Two glass samples 
were coated from each solut%on. The coated samples were left to dry %n an oven at 80 °C. Necessary tests 
were performed on the dry%ng glass samples and %nformat%on was obta%ned about the surface propert%es. 

  
F%gure 6. Coated glasses and f%lm appl%cator 

2.3. Tests appl+ed to samples 
The prepared solut%on was taken w%th a p%pette and covered w%th a f%lm-draw%ng appl%cator on 

prev%ously cleaned and prepared glasses. The w%ndows are covered w%th a s%ngle layer. Two glass samples 
were coated from each solut%on. The coated samples were left to dry %n an oven at 80 °C. Necessary tests 
were performed on the dry%ng glass samples and %nformat%on was obta%ned about the surface propert%es. 
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3. Results and D,scuss,on  
3.1. Contact Angle Results 
 

 
F%gure 7. Contact angle of solut%on coated surface 

As seen %n F%gure 7, the surface contact angle of the uncoated glass w%th water was 32 o, wh%le the 
contact angles were found to be 76o, 145 o and 166 o, respect%vely, after all three coat%ngs. Wh%le the uncoated 
glass %s hydroph%l%c, a hydrophob%c surface was obta%ned espec%ally %n Rec%pes 2 and 3. Rec%pe 2 and 3 
%nclude tr%decafluorooctyltr%ethoxys%lane (Evon%k F 8261), one of the fluoroalkyl s%lane compounds. 
Increas%ng the amount of th%s compound s%gn%f%cantly %ncreased the contact angle. 
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3.2. FT-IR Results 

 
F%gure 8. FTIR analys%s.  

 

FTIR analys%s of coat%ngs %s g%ven %n F%gure 8. The peaks observed at approx%mately 3665 cm-1 and 
2901 cm-1 %n hydroph%l%c glass belong to free or adsorbed water w%th hydrogen bond %nteract%ons. The peak 
at 1062 cm-1 can be attr%buted to S%–O–S% mode v%brat%ons. The spectrum %s dom%nated by a broad 
absorpt%on band between 1250 and 1062 cm-1, wh%ch corresponds to the S%-O-C and S%-O-S% v%brat%ons, 
%nd%cat%ng the presence of the s%loxane network as expected. The peak at 1566 cm-1 conf%rms the presence 
of pr%mary am%nes, but the peak around 1655 cm-1 %nd%cates the presence of double-bonded n%trogen as 
well. The presence of C-F bonds %n the form of CF, CF2 or CF3 %s also located at 610, 770, 960 and 1,027 
cm-1. 

 

3.3. L+ght Transm+ttance / Haze Meter and Gloss Meter 

 The results of the tests performed w%th the L%ght Transm%ttance/Haze meter and Lum%nos%ty meter 
shown %n F%gure 10 are g%ven %n Table 2. As can be seen %n Table 2, a sl%ght decrease %n l%ght transm%ttance 
was recorded w%th the coat%ng. Haze (blur) %ncreased and br%ghtness decreased. 

 
F%gure 10. L%ght transm%ttance/haze meter and gloss meter used %n the exper%ments 
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Table 2. L/ght Transm/ttance / Haze Meter and Gloss Meter Results 

 GLASS 

 

R1 R2 R3 

% Transm%ttance 

 

94 93 92 91 

% Haze 
(Bulanıklık) 

 

0,54 1,14 2,65 4,42 

Br%ghtness (60 °) 

 

174 165 156 148 

 

 

 

3.4. SEM Results 

 

 
F%gure 9. Scann%ng electron m%croscopy (SEM) analyzes of prescr%pt%ons 
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As can be seen from the cross-sect%ons of the SEM photographs %n F%gure 9, the layers coated on the 
glass are less than 2 m%crometers th%ck. It can be seen from the surface p%ctures that %t %s homogeneously 
d%spersed and no cracks occur. 

 
4. Conclus,ons and Recommendat,ons 

In th%s study, s%lane-based organ%c-%norgan%c hybr%d coat%ng was successfully formed on the glass surface 
by sol-gel method. Am%no-based s%lane and fluoro s%lane compounds formed a superhydrophob%c layer on 
the glass surface. Max%mum contact angle %s 166 degree. Th%ckness of layer %s about 2 m%crometers and 
homogenous surface was obta%ned 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 

Çözücü t>p>n>n ve kaplama tabakası sayısının h>drof>l>k 
T>O2 >nce f>lm>n temas açısına etk>s> 

Öz 

Bu çalışmada, başlangıç k%myasalı olarak t%tanyum %zopropoks%t seç%ld%. İzopropanol %ç%nde 30 dak%ka 
çözündürüldü. Daha sonra sol-jel reaks%yonunda ayırma ve mono d%spers%yon elde etmek %ç%n %yon%k 
olmayan yüzey akt%f maddeler (Tr%ton X-100) kullanıldı. Bu deneyde, kaplama yöntem% olarak daldırma 
kaplama yöntem% seç%lm%şt%r. Soda-k%reç cam substratlar, b%r daldırma kaplayıcı %le alkoks%t bazlı kaplama 
çözelt%s% %le kaplandı. Kaplanmış f%lmler, alkolün, organ%k çözücünün ve fazla suyun f%lmlerden 
buharlaşmasına %z%n vermek %ç%n b%r fırında 80°C'de kurutuldu. Çözücüler%n buharlaştırılmasından sonra, 
kaplanmış camlar taramalı elektron m%kroskobu (SEM), gonyometre, ışık Geç%rgenl%ğ%/Buğu ölçer ve 
Parlaklık ölçer %le karakter%ze ed%ld%. H%drof%l%k yüzey, t%tanyum alkoks%t bazlı kaplama çözelt%s%nden 
başarıyla elde ed%ld%. 
 
Anahtar KelImeler: sol-jel yöntem%, alkoks%t, h%drof%l%k, %nce f%lm  
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1. Introduct,on 
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].  

 

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].It 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. Mater,al and Method 
Titanium (IV) isopropoxide (TTIP) (Sigma–Aldrich Co.), Triton X-100 (sigma), hydrochloric acid (37% 
HCl), 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. 

 
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 HCl to adjust the pH of the solution. The prepared sol 
holds on room condition for 2 days aging process. 

 
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. 

 

 

 

 Characterization 

 

Dry3ng 

 

Coat3ng 

 

Mixing 

 

Preparation of ingredients 

 

Drying 

 

Cleaning substrates 
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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 oC) 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 D,scuss,on  
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 
 

66.22 
 

53.77 
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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 diiodomethane. 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 
section NA NA 

   

 

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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Fig. 8 SEM-EDX results 

 

 

 

 

 

 

 

Element Atom. C   [wt.-%] 

3 layers 4 layers 5 layers 

Oxygen 57.03 64.17 65.06 

Sodium 7.87 6.29 6.14 

Magnesium 2.41 1.76 1.65 

Aluminium 0.75 0.42 0.42 

Silicon 26.30 21.97 21.18 

Chlorine 0.53 0.25 0.19 

Potassium 0.45 0.28 0.21 

Calcium 2.83 2.60 2.52 

Titanium 1.82 2.26 2.63 

 

3 layers                   

 

4 layers                   

 

5 layers                   
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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. 

      

 
Figure 9 Colorized photograph of selected area of coatings  

  
4. Conclus,ons and Recommendat,ons 

In th%s study, hydroph%l%c coat%ng was obta%ned by sol-gel method. The effects of the solvent type and 
the number of coat%ng layers on the contact angle %n the coat%ng on glass have been revealed. 

As the number of coat%ng layers %ncreased, the percentage of l%ght transm%ttance and gloss value 
decreased. However, the haze value %ncreased. 

All coated samples were hydroph%l%c. The %ncrease %n the number of coat%ng layers caused an %ncrease 
%n the contact angle. 

Depend%ng on the solvent type, the contact angle value %s %n the form of 
water>ethyleneglycol>d%%odomethane from larger to smaller.  
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Abstract 

Porous magnesium aluminate ceramics were produced with a sintering process of α-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 MgAl2O4, Starch Addition, Microstructure, Sintering 

Alümina ve Magnezyanın Reaksiyon Sinterlenmesinde 
Nişasta İlavesinin Gözeneklilik Üzerindeki Etkisi 

Öz 

Gözeneklb magnezyum alümbnat serambkler, α-Al2O3 ve MgO'nun sbnterlenmesbyle üretblmbştbr. Gözenek 
oluşturucu madde olarak ağırlıkça %20'ye kadar mısır nbşastası kullanılmıştır. Peletler, toz metalurjbsb 
teknbğb ble hazırlanmış ve katı hal sbnterleme yöntembyle üretblmbştbr. Sbnterlenmbş peletlerbn gözeneklblbğb, 
mısır nbşastası eklenerek ve eklenmeden karakterbze edblmbştbr. Özellbkle mısır nbşastası katkısının 
yoğunluk, gözeneklblbk ve mbkro yapı üzerbndekb etkblerb araştırılmıştır. Nbşasta blavesb yapılmayan 
numunelerde hemen hemen tam yoğunluk elde edblmbştbr. Çalışma sonuçları, mısır nbşastası blavesbnbn 
sbnterlenmbş numunelerbn gözeneklblbğbnb arttırdığını göstermbştbr. 1400°C sbnterleme sıcaklığında ağırlıkça 
% 20 mısır nbşastası blavesb ble % 47.86 gözeneklblbk elde edblmbştbr. 
 
Anahtar KelImeler: Gözeneklb MgAl2O4, Nbşasta İlavesb, Mbkroyapı, Sbnterleme
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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 (MgAl2O4) 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 Al2TiO5 
as an additive in reaction sintering of α-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 α-Al2O3 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, α-Al2O3 (>99.7%, 2 µm, Nabaltec), MgO (>98%, Merck), and corn starch (Piyale, 

Turkey) were used as raw material and Al2TiO5 (AT) as an additive material. AT was prepared by solid-
state sintering reaction by adding 10 wt. % MgO to the equimolar mixture of α-Al2O3 and TiO2 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 α-Al2O3 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 MoSi2 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 Kα radiation (λ=1.5418 Å) 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 (2θ), 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/ 
Corn Starch Ratio (wt. %) 

0 5 10 20 

Sintered at 1400°C (1h) M014 M514 M1014 M2014 

Sintered at 1500°C (1h) M015 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/cm3. The bulk density of the M015 sample was measured as 3.336 g/cm3. 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/cm3. 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. 

 

 
Figure 1. Bulk density of the sintered pellets. 

 

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 2. Apparent porosity of the sintered pellets. 

 
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 α- 
α-Al2O3 and MgO reacted to form the MA phase. The sintered samples contain a small amount of the 
Al2TiO5 phase. Al2TiO5 phase was used as an additive to increase the densification. As the sintering 
temperature increased, the intensities of the minor peaks decreased. 

 
Figure 4. XRD phase analysis of the sintered samples. 
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Figure 5. SEM micrographs (M015), BSE micrograph (left), SEM-EDX mapping micrograph (right). 

SEM-BSE micrograph of the fractured surface of sample M015 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'. 

 

 
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 a result 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 Cr2B 

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 μm depending on the process time. Boride layer 

has a hardness varied from 1752 to 1865 HV0.05 for Cr-Co alloy, whereas the Vickers hardness value of the 

untreated Cobalt and Chromium were 194 HV0.05 respectively.  

 

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

Borlanmış Krom-Kobalt Alaşımlarının Yüzey 

Özelliklerinin İncelenmesi 
Oz 

Çalışmada %10 Co içeren Co-Cr alaşımı 900 °C sıcaklıkta 1.5-4.5 saat borlama yöntemiyle başarılı bir 

şekilde borlanmıştır. Borlama sonrası bor tabakalarının özellikleri XRD, SEM, yüzey pürüzlülüğü, 

yoğunluk ve mikrosertlik test cihazı ile incelenmiştir. Cr-Co alaşımlarında borlamadan sonra CrB ve Cr2B 

ana baskın fazlar olarak ortaya çıkmıştır. SEM'den sonra bor tabakalarında testere dişi yapıları oluşmuştur. 

Bor tabakasının kalınlığı işlem süresine bağlı olarak 32,24 ile 143,84 µm arasında değişmektedir. Bor 

tabakası, Cr-Co alaşımı için 1752 ila 1865 HV0.05 arasında değişen bir sertliğe sahipken, borlama öncesinde 

ise vickers sertlik değeri 194 HV0.05 idi. 

 

 

Anahtar Kelimeler: Cr-Co alaşım, borlama, sertlik, yoğunluk 
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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-

7]. 

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 

1 to 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. 

 

 

Figure 1. Placement of boring boxes in the furnace 

https://www.sciencedirect.com/topics/materials-science/nickel-chromium-alloys
https://www.sciencedirect.com/topics/materials-science/nickel-chromium-alloys
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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. 

  

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 

μm 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, Cr2B, 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, Cr2B, and Cr2Co 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. 



Journal of Characterization 

 

 

 

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 µm 

for Cr-Co alloy. After the density test, it was obtained as 6.82 gr/cm3 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: 

 

• The highest boron layer thickness after boriding was found to be 143.84 μm after 4.5 hours. 

 

• XRD analysis was performed as metallographic analysis. As a result of the analysis, CrB, Cr2B 

and Cr2Co phase structures were obtained. 

 

• The density value of Co-Cr alloys measured after sintering was found to be 6.82 gr/cm3. 

 

• As a result of the hardness test performed after sintering, a value of 194 HV0.05 was found. 

 

• As a result of the microhardness test performed after boriding, the hardness values of 1752 HV0.05 

and 1865 HV0.05 were measured in the samples, respectively. 

 

• 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. 

 

• Higher boron layer thickness and microhardness value may occur by setting 1000 or 1100 °C as 

boriding temperature. 
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Öz 

Tersine mühendislik, bir parçanın üretim sürecini geriye doğru gerçekleştirme işlemidir. Tersine 

mühendisliğin amacı, mevcut bir bilgisayar destekli tasarım (BDT) modeli olmadan, üç boyutlu (3B) model 

oluşturmaktır. Tersine mühendislik, üreticinin herhangi bir ürünle ilgili eksik dokümantasyona sahip olduğu 

durumlarda başvurduğu bir süreçtir. Mevcut bir üründen, BDT modelinin elde edilmesi için gerekli bir 

aşamadır. Bu çalışmada tersine mühendislik aşamaları anlatılmış ve makine mühendisliği alanındaki 

uygulamalarından bahsedilmiştir. Literatürdeki çalışmalar incelenmiş ve bu alandaki çalışmalar 

derlenmiştir. Bu alanda sıklıkla karşılaşılan birkaç tersine mühendislik işlemi ile ilgili detaylı bilgi 

verilmiştir. Çalışmada genel olarak tersine mühendislik sürecinin anlaşılması hedeflenmiş ve özellikle 

makine mühendisliği alanında, hangi durumlarda tersine mühendislik işlemine başvurulduğunun tespiti 

üzerinde durulmuştur. Böylece tersine mühendislik sürecinin makine sektöründe oldukça pratik ve verimli 

bir seçenek olduğu vurgulanmıştır. 

 

Anahtar Kelimeler: Tersine Mühendislik; Makine Mühendisliği; Bilgisayar Destekli Tasarım; Hızlı 

Prototipleme; Optik Tarama; Üç 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. Giriş 

Mühendislik, insanlığın ihtiyaçları doğrultusunda, tasarlanan bir yapı, sistem ya da ürünün, matematik 

ve fen bilimlerine ilişkin bilgiler kullanılarak üretimini ve akabinde devamlılığını sağlayan, zaman ve 

verimi artırmaya yönelik değerlendirmeler yaparak bunları uygulamaya döken bir bilimdir. Mühendisliği 

en geniş kapsamda, ileriye dönük (forward) mühendislik ve geriye dönük (reverse) mühendislik olarak 

ikiye ayırabiliriz [1]. 

İleriye dönük mühendislik kavramı, geniş anlamdaki mühendislik uygulamaları süreçlerini kapsar. 

Örneğin makine mühendisliği alanında bir ürün imalatı sürecini inceleyecek olursak; bu süreç, öncelikle 

fikir olarak ihtiyaç doğrultusunda bir ürün tasarımı ile başlar, malzeme seçiminden sonra gerekli 

mühendislik hesaplamaları yapılır ve tasarım süreci tamamlanır. Tasarım süreci; teknik veriler, çizimler ve 

model üretimi gibi aşamaları kapsar. Kullanılacak üretim yöntemi seçildikten sonra uygulamaya geçilir. 

Bazı durumlarda, klasik mühendislik işlemindeki bu süreçlerden birkaçı eksik olabilir. Örneğin üreticide, 

mevcut ürünü seri üretimle çoğaltmak için gerekli teknik resim veya tasarım modeli olmayabilir [2]. Buna 

benzer durumlarda ürünün kendisinden hareket ederek üretim sürecini geriye doğru gerçekleştirme işlemi 

yapılır. Böylece ürünün başlangıç aşamasındaki teknik bilgileri elde edilir. Bu şekilde geriye giderek, 

ürünün başlangıçtaki bilgisayar destekli tasarım modelini elde etme işlemine Tersine Mühendislik (Reverse 

Engineering) denir [1], [3]. 

Tersine mühendislik ihtiyacı; üreticinin uzun zamandır üretmediği bir parçayı yeniden üretmek 

istemesi, orijinal tasarımın yeterli veriye sahip olmaması, mevcut bir ürün üzerinde revizyon yapılmak 

istenmesi, rakip ürünlerin analiz edilmesi, ürün performansını artıracak yeni yollar aranması, orijinal 

bilgisayar destekli tasarım modelinin yeterli olmaması, yedek parça temin etmekte meydana gelebilecek 

sıkıntılar ya da eski üretim işlemlerinin günümüz teknolojisi ile güncellenerek daha ucuza mal edilmek 

istenmesi gibi durumlarda ortaya çıkabilir [4], [7]. 

Tersine mühendisliğin amacı, mevcut bir BDT modeli olmadan, 3b model oluşturmaktır [14]. Bu 

modelin oluşturulması için birkaç aşama gereklidir. Şekil 1’de, tersine mühendislik süreci ile ilgili temel 

bir diyagram gösterilmiştir. 

 

Şekil 1. Tersine mühendislikte izlenilen yol. 

Şekil ve özellik bakımından farklı nesnelerin 3b modelinin oluşturulması için kullanılan makine görüş 

sistemleri, verilerin toplanması amacıyla görüntü verileri üzerinde çalışır. Verileri toplama işlemi; lazer 

radar, lazer tarama teknikleri ve nokta detektörleri ile gerçekleştirilir. Tarama işlemi boyunca yüzey 

üzerinde hareket eden sayısal tarama sustası, nokta bulutu matrisini oluşturur. Sayısallaştırma işlemi olarak 

da tanımlanan bu kısımda kullanılan cihazlar iki ana grup altında incelenebilir (Şekil 2) [1], [9]. 
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Temas ederek (Problu) ölçüm yapan cihazlarda, ölçüm kolunun üzerinde bir küre mevcuttur. Bu küre, 

iş parçasının yüzeyine temas ettirilerek, iş parçasının geometrik ve boyutsal verileri üç boyutlu (x,y,z) 

olarak elde edilir ve bilgisayar ortamına aktarılır. Ölçüm alınabilmesi için probun yüzeye değme 

zorunluluğunun bulunması, karmaşık şekle sahip iş parçalarının taranmasında dezavantaj teşkil eder [7]. 

Temaslı yöntemleri, koordinat ölçüm makineleri (CMM) ve dokunmatik sensöre sahip robotik kollar olarak 

iki dalda sınıflandırabiliriz. CMM’ler ölçüm yüzeyi üzerindeki belirli bir yolu takip ederek yüksek 

hassasiyette veri toplayabilirler. Robotik kollar ise, üzerine entegre edilen dokunmatik algılayıcılar 

sayesinde temas ettiği yüzeylerden hassas veriler alabilecek şekilde programlanabilirler (Şekil 2) [1]. 

Temassız yöntemlerden biri olan manyetik yöntemde, yüzeye temas eden manyetik alan teknolojisi ile 

veri toplanır. Akustik yöntemde ise yüzeyden yansıyan ses dalgalarından faydalanılarak veri 

toplanmaktadır. Optik yöntemler, hızlı veri toplama kapasitesine sahip olmasından dolayı, temaslı 

yöntemlere göre kıyasla daha sık tercih edilirler. Optik yöntemleri; lazer üçgenleme, uçuş zamanı, 

interferometre, yapısal ışıklandırma ve stereo analizleri olarak beş ana kategoriye ayırabiliriz (Şekil 2) [1]. 

 
Şekil 2. Tersine mühendislik temel süreç diyagramı [13]. 

Temassız sistemlerde ölçüm bir lazer hüzmesi kullanılarak ya da topometrik (kameralı) tarama yaparak 

gerçekleştirilir (Şekil 3). Lazer hüzmesi ile gerçekleştirilen ölçüm, iş parçasının ölçüm yapılmak istenilen 

bölgelerine gönderilen lazer ışınının kaynaktan gidiş ve dönüş zamanının, ışık hızıyla çarpılması sonucu 

otomatik olarak hesaplanır. Bu şekilde koordinatlar belirlenir. Lazer ışınının geri dönmesinin söz konusu 

olamayacağı karmaşık şekle sahip iş parçalarının taranmasındaki güçlüklerden dolayı, bu biçimdeki iş 

parçaları için önerilen bir yöntem değildir. Topometrik ölçümde ise, iş parçasının yaklaşık 70-100 cm kadar 

ön tarafına tutulan tarama kafası sayesinde parçanın kenar oluşumlarının izdüşümlerinin yansıması sağlanır. 

Bu ölçümler kaydedilerek, üç boyutlu koordinatlar hesaplanır [5], [8]. 
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Şekil 3. Ölçüm teknikleri şeması [18]. 

Temaslı ve temassız veri toplama yöntemlerinde ana hedef, üç boyutlu koordinat sisteminde bir 

nesnenin sınırlarını belirleyen bir nokta bulutu elde etmektir. Nokta bulutu formatı uygun yazılımlar 

kullanılarak bilgisayar destekli tasarım ve üretim (BDT/BDÜ) süreçlerine uygun formata 

(stereolithography-stl) dönüştürülür. Böylelikle nesnenin 3b modeli bilgisayar ortamına aktarılarak model 

üzerinde istenilen değişiklikler yapılabilir [10], [11]. Model son halini aldıktan sonra, 3b modelden fiziksel 

yapılar elde edilmesini sağlayan hızlı prototipleme (rapid prototyping) teknolojisi ile üç boyutlu yazıcı 

kullanılarak üretime geçilebilir. Şekil 4’de tersine mühendislik işlem basamaklarıgösterilmiştir [6]. 

 
Şekil 4. Tersine mühendislik süreci işlem basamakları [13,18] 

Bu çalışmanın amacı, tersine mühendislik yaklaşımı ile ilgili bilgi vermek, sürecin nasıl işlediğini 

anlatmak ve makine mühendisliği ile tersine mühendislik arasındaki ilişkiyi irdelemektir. Tersine 

mühendisliğin makine sektöründeki uygulamalarının nasıl yapıldığı açıklanarak, hangi durumlarda tersine 

mühendisliğe ihtiyaç duyulduğunun anlaşılması amaçlanmıştır. 

 

2.Makine ve Malzeme Sektöründe Tersine Mühendislik Çalışmaları 

Tersine mühendisliğin makine mühendisliği alanındaki uygulamaları genellikle parçalarının onarımı 

üzerine olmaktadır. Deforme olmuş makine elemanları ya da kalıplar, tersine mühendislik teknolojisi 

kullanılarak yeniden üretilebilmektedir. Ayrıca geliştirilmek istenilen ürünlerin tersine mühendislik 

uygulamaları ile yeniden BDT modeli elde edilip, ürün revize edilmektedir. Tersine mühendisliğin makine 

alanındaki bir başka kullanımı ise, seri üretimi yapılmak istenilen bir ürünün BDT modelinin elde 

edilmesinin amaçlanmasıdır. Üretim aşamasında geriye gidilerek elde edilen BDT modeli, bilgisayar 
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destekli üretim (BDÜ) teknolojisi ile yeniden üretilebilmektedir. Literatürde bu amaçlara benzer şekilde 

birçok tersine mühendislik uygulaması mevcuttur. 

Berbercuma [15], türbin çarkını, tersine mühendislik uygulaması ile optik tarayıcıda sayısallaştırıp, 

nokta bulutu formatında oluşan veriyi 3b BDT formatına çevirmiştir. Paulic vd. [16], sac kesme kalıbı 

üretim sürecini tersine mühendislik ile geriye giderek yeniden incelemişler ve elde ettikleri nokta bulutu 

verilerini 3b BDT verileri ile karşılaştırmışlardır. Budak vd. [17], karmaşık şekle sahip parçaları kolayca 

modelleyebilen bir yazılım geliştirmişlerdir. Sokoviç ve Kopac [18], BDT modeli mevcut olmayan 

ürünlerde tersine mühendislik yöntemlerinin faydalarını incelemişlerdir. Ayyıldız [7], hasarlı kalıp 

parçalarının tamiri ve üretimi için tersine mühendislik yaklaşımını ele almıştır. Tam ve Chan [19], tersine 

mühendislik yaklaşımı ile termoform kalıp tasarlamışlardır. Ayrıca, düz ve helis dişli çarklar tersine 

mühendislik ile BDT modellerinden yola çıkarak tanımlanmıştır [20], [21]. Matta vd. [22], 

BDT/BDÜ/CAM, hızlı prototipleme ve imalat sistemleri ile ilgili gerçekleştirilen çalışmaları kapsamlı bir 

şekilde sunmuşlardır. Çetinel [1]’in tersine mühendislik yaklaşımı ise, bir nesnenin 3D modelini 

oluşturabilmek için fotogrametri yöntemini kullanmayı içermektedir. Salamoun ve Suchy [12], alttan 

kesmeye maruz kalan ve kalmayan düz ve helis dişli çark yarıçaplarının hesaplanması ve sınır noktalarının 

belirlenmesi için bir algoritma geliştirmişlerdir. Aziz [23], yaptığı çalışmada, adım, helis açısı diş sayısı ve 

kalınlığı gibi temel geometrik parametrelerden diş profili oluşturmak ve dişli çarkların üzerindeki bütün 

noktaları tespit ederek SEM modellerini oluşturmak için yöntemler sunmuştur. Brauer [24], çalışmasında 

konik evolvent dişli çarkı, üç farklı evolvent dişli ile matematiksel tanımlamıştır. Yang [25], çalışmasında 

asimetrik helis dişli çarklarının matematiksel modelini, bilgisayar destekli sonlu eleman gerilme analizleri 

ve alttan kesme analizleri yaparak gerçekleştirmiştir. Rosic [26], evolvent düz dişli çarkların tasarımı için 

bilgisayar destekli kinematik bir model oluşturarak dişli çarkların optimum ölçülerde imal etmek ve 

basma/çekme analizlerini yapmak için yardımcı bir yaklaşım geliştirmiştir. Liu vd. [27], hızlı prototipleme 

ve tersine mühendisliği birleştirmiş ve yeni bir yöntem geliştirmişlerdir. Unigraphics platformu bünyesinde 

C++ ile geliştirdikleri bu yöntemde, nokta bulutunu iki boyut kesit alarak modelleyip dilimlere 

ayırmışlardır. İki boyutlu BDT modeli, hızlı prototipleme için dilimlere ayrılmış ve yüzey modelini STL 

dosyasına çevirmeye gerek duymadan hızlı prototipleme makinesine göndermişlerdir. Kim vd. [28], tersine 

mühendisliğe yardımcı olabilecek serbest yüzeyli parçaların geometrik özelliklerini tespit edebilen bir 

sayısallaştırma cihazı tasarlamışlardır. Sayısallaştırma cihazının kullanabillirliğini deneysel olarak 

kanıtlamışlardır. Galantucci vd. [29], hızlı prototipleme ile tersine mühendislik arasındaki bağlantıya 

odaklanarak üçgensel ağ örme ve hacimsel yaklaşım işlemi ile bir yöntem geliştirmişlerdir. Mavromihales 

vd. [30], kiriş havalandırma kanatlarını tersine mühendislik kullanarak yeniden imal etmişlerdir. Chen vd. 

[33], türbin kanatlarının üç boyutlu geometrik tasarımını yapmak amacıyla tek bir yüzeyde, türbin 

kanadının modellenmesi ve yüzey sayısallaştırma işlemlerini birleştirmişlerdir. İskender vd. [36] gelişmiş 

çizilme direncini tespit etmişler ve yüzey modifikasyonunu incelemişlerdir. 

 

3. Tersine Mühendislik Çalışmalarında Kullanılan Yöntem  

Tersine mühendisliğin makine sektöründeki ihtiyaçlar doğrultusunda kullanılması ile ilgili literatürde 

mevcut olan Ayyıldız [7] ve Şahin vd. [34] nin yaptığı çalışmalar detaylı olarak ele alınacaktır. Böylece 

tersine mühendisliğin hangi durumlarda nasıl uygulandığı ve aşamalarının ne olduğunun daha detaylı 

incelenmesi amaçlanmaktadır. Tersine mühendislikte bir tasarım modeli oluşturmak için öncelikle 

taranacak model belirlenir. Modelin geometrik özelliklerine uygun tarayıcıyla ölçüm işlemi 

gerçekleştirildikten sonra BDT modeli elde edilir [31], [32]. 

Ayyıldız [7], çalışmasında, hasarlı kalıp elemanlarının tamiri amacıyla tersine mühendislik yaklaşımını 

ele almıştır. Hasarlı kalıp elemanından tarama aleti kullanılarak nokta bulutu formatı oluşturulur ve BDT 

formatına çevrilir. Gerekli düzenlemeler yapıldıktan sonra BDT modeli haline getirilen ürün bilgisayar 

destekli üretim/imalat uygulamalarında kolaylıkla kullanılabilir. Şekil 5’de hasarlı kalıp elemanının tamiri 

için geliştirilen sistemin akış şeması verilmiştir [7], [8]. 
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Şekil 5. Hasarlı kalıp elemanının tamiri için geliştirilen sistemin akış şeması [7]. 

Ayyıldız’ın [7], bu çalışmasında geliştirdiği program Visual Basic programlama dilinde yazılmıştır. 

BDT sistemi olarak ise Solidworks ve Rhinoceroes paket programları kullanılmıştır. Visual Basic 

programlama dilinden Solidworks ve Rhinoceros programlarıyla harekete geçerek bu programların eş 

zamanlı çalışması sağlanmıştır. Şekil 6’da Rhinoceros programıyla eşzamanlı çalışan Solidworks 

penceresinin genel bir görünümü verilmiştir [7], [8]. 

 

Şekil 6. Rhinoceros programı ile eşzamanlı çalışan Solidworks için örnek arayüz [7]. 

Geliştirilen sistem, hasarlı bir kalıp elemanı (kalıp lokması) üzerinde uygulama yapılarak açıklanmıştır 

(Şekil 7). 

 

Şekil 7. Hasarlı kalıp elemanı [7]. 
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Hasarlı parça düz bir zemin üzerine sabitlendikten sonra MicroScribe üç boyutlu tarama cihazı 

yardımıyla nokta bulutu verisi alınmıştır. Parçanın koordinatları Rhinoceros programı ile alınıp hasarlı 

parça üzerinden boyut bilgisi elde edilmiştir (Şekil 8). 

 

Şekil 8. Parça üzerinden orijin alma ve boyut bilgisi elde etme [7]. 

Rhinoceros BDT programında parçadan elde edilen boyut bilgisi, nokta bulutu olarak gösterilmiştir 

(Şekil 9). 

 

Şekil 9. Rhinoceros BDT programındaki nokta bulutu görüntüsü [7]. 

Nokta bulutu verisinde orijinin tanıtılmasında oluşabilecek hatalardan dolayı taşıma ve döndürme gibi 

düzenleme işlemleri gereklidir. Bu düzenlemelerinden ardından kaydedilen nokta bulutu verisi, IGES 

dosyası olarak Solidworks programına aktarılır. Çizimle ilgili bir dizi düzeltme işleminin ardından hasarlı 

kalıp elemanının BDÜ verisi son halini alır (Şekil 10). 
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Şekil 10. Hasarlı kalıp elemanının onarımı yapılmış modeli [7]. 

Hasarlı kalıp elemanının BDT/BDÜ dönüşümü yapılarak G ve M kodları çıkarılır ve uygun talaşlı 

imalat yöntemiyle ya da hızlı prototipleme ile üretimine geçilir. Böylelikle hasarlı bir kalıp elemanı tersine 

mühendislik işlemi ile yeniden üretilip kullanılabilir hale getirilmiştir. 

Bir başka çalışmada ise; şanzıman mekanizmasında kullanılan deforme olmuş diş profiline sahip bir 

helis dişlinin, tadilatı yapmak üzere geliştirilen üç boyutlu modelinin tersine mühendislik yaklaşımı ile elde 

edilmesi anlatılmaktadır. Çalışmada hasarlı dişliye ait veriler üç boyutlu tarayıcı kullanılarak taranmıştır. 

Tarama işlemi AICON Smart Scan marka tarayıcı ile yapılmıştır (Şekil 11) [34]. 

 

Şekil 11. Tarama işleminden görüntüler [34]. 

Parça 15-20° döndürülerek görüntü almaya devam edilmiş ve bu şekilde toplam 20 adet görüntü 

alınmıştır. Tarama işlemi tamamlandıktan sonra tarayıcının kör noktasında kalan boşluklar doldurulmuş ve 

görüntü STL formatında kaydedilmiştir. Hasarlı diş profili modelinin oluşturulmasında Geomagic Design 

X yazılımı kullanılmıştır. Bu yazılım içine alınan nokta bulutu verisinde 230077 adet nokta sayısı mevcuttur 

(Şekil 12a). Modelleme yapılabilmesi için nokta bulutu verisinden ağ modeli elde edilmiştir (Şekil 12b) 

[34], [35]. 
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Şekil 12. Hasarlı dişli: (a) nokta bulutu verisi, (b) ağ modeli [34]. 

Elde edilen üç boyutlu diş profilinde sapma miktarının minimize edilmesi oldukça önemlidir. Sapma 

analizi yapılarak parça boyutu, çalışma hassasiyeti ve bölgesel kararlılık değişkenleri dikkate alınır. Bütün 

bu düzenlemelerden sonra hasarlı diş profilinin üç boyutlu modeli elde edilir ve imalat aşamasına geçilir 

(Şekil 13) [34]. 

 

Şekil 13. (a) Hasarlı diş profili, (b) Onarılmış diş profili [34]. 

Üç boyutlu modeli oluşturulan heliş dişlinin üretilmesi için hızlı prototipleme yapılmıştır. 3Dison Pro 

marka yazıcı kullanılmıştır. (Şekil 14) [34]. 

 

Şekil 14. BDT Modeli oluşturulan dişli ve dişili çıktıları [34]. 
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4. İrdelenen Çalışma Sayısı 

Bu derleme çalışmasında, tersine mühendislik ile ilgili literatürde mevcut olan birçok çalışma 

incelenmiştir. Çalışma kapsamında araştırma ve derleme makaleleri, yüksek lisans ve doktora tez 

çalışmaları gibi akademik çalışmaların yanında bu alanda hazırlanan proje, sunum ve raporlara da 

ulaşılmaya çalışılmıştır. Araştırma kapsamında tersine mühendislik ve uygulamaları ile ilgili, araştırma 

makaleleri, derlemeler, sunumlar, yüksek lisans ve doktora tezleri olmak üzere toplam 40 kadar çalışma 

incelenmiştir. Bu derlemede faydalanılan çalışmaların dağılımları Çizelge-1 de sayısal olarak ifade 

edilmiştir. 

Çizelge 1. Tersine Mühendislik ile ilgili incelenen toplam çalışma sayısı. 

Çalışmanın tipi                                           Sayı         % 

 Doktora tezi                                                  2            5 

 Yüksek lisans tezi                                         7       17,5 

 Araştırma makalesi                                      20         50 

 Derleme makalesi                                          4         10 

 Proje                                                               1        2,5 

 Rapor                                                              1        2,5 

 Sunum                                                             1       2,5 

 Diğerleri                                                         4         10 

 Toplam                                                          40       100 

 

Tersine mühendislik yazılımının kullanımı, teknolojinin de gelişmesiyle her geçen gün artmaktadır. 

Dolayısıyla literatürde bu konuyla ilgili birçok çalışma mevcuttur. Bu çalışmada sadece tersine 

mühendisliğin makine mühendisliği alanındaki uygulamaları incelenmiş, tersine mühendislik süreci ile 

ilgili bilgi verilmiş ve hangi durumlarda tersine mühendislik işlemine ihtiyaç duyulduğu açıklanmıştır. 

 

5. Sonuçlar ve Tartışma 

Bu derleme kapsamında Tersine mühendisliğin, Makine mühendisliği alanında uygulamaları 

incelenmiş, tersine mühendisliğin aşamaları hakkında detaylı bilgi verilmiştir. Tersine mühendislikte temel 

amaç, mevcut üründen yola çıkarak BDT modelinin elde edilmesidir. BDT modeli elde edilen ürün, yeniden 

kolaylıkla üretilebilmektedir. Makine sektöründe tersine mühendislik ihtiyacı genellikle, deforme olmuş bir 

malzemenin tadilatında ya da geliştirilmek / yeniden üretilmek istenilen eksik dokümantasyona sahip bir 

malzemenin üretiminde ortaya çıkmaktadır. Buna benzer durumlarda literatürde de görüldüğü üzere, tersine 

mühendislik süreci oldukça 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 
oC. 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 Çimento Klinkerinin Görüntü İşleme Tekniği 

ile Karakterizasyonu 
 Öz 

Gelişen teknoloji ile çimento üretiminde çimento ve klinker kalitesini tam olarak kontrol edebilen yeni 

cihazlar üretilmiştir. Bu cihazlar, gerekli tüm analizler ve faz kompozisyonları ile kısa sürede ve minimum 

hata payı ile doğru sonuçlar verebilmektedir. Bu yöntemler pratikte çimento fabrikaları için çok faydalı 

olmasına rağmen, klinker fazlarının kristal yapısı ve morfolojisi, boyut dağılımı ve klinker gözenekliliği 

gibi bazı parametreleri tam olarak ortaya koyamamaktadır. Mikroskobik çalışmalarda incelenen kesit 

alanındaki klinker fazlarının oluşumu, boyutu, dağılımı ve miktarı belirlenebilir. Bu çalışmada, klinker 

özelliklerini belirlemek için optik mikroskop incelemesi ve görüntü işleme teknikleri kullanılmıştır. 

Çimento hammaddelerinden kireçtaşı ve kiltaşı belirli oranlarda karıştırılarak farin hazırlanmıştır. Daha 

sonra farinin yaklaşık 1400 oC' de pişirilmesi sonucu klinker ürünü elde edilmiştir. Optik mikroskop tekniği 

ve görüntü işleme programları kullanılarak faz analizinin hızlı yapılmasının yanı sıra fazların kristal 

özellikleri hakkında bilgiler elde edilmiştir. Görüntü işleme programları yardımıyla boyut, ortalama eşdeğer 

çap, klinker fazlarının dağılımı ve gözenekler de incelenebilmiştir. Görüntü işleme yönteminin sonucuna 
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göre kolay pişme özelliklerine sahip, yüksek alit ve düşük belit içeriğine sahip Portland çimentosu klinkeri 

elde edilmiştir. 

 
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% HNO3 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 Kα rays (λ = 1.54 Å). 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+C4AF) 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 

Chemical 

component 

Clay stone Limestone 

% % 

Loss of igniton 6.24 43.68 

SiO2 65.83 0.24 

Al2O3 11.44 0.07 

Fe2O3 4.98 0.05 

CaO 4.01 55.45 

MgO 1.88 0.49 

SO3 0.05 <0.01 

Na2O 2.60 <0.01 

K2O 1.46 <0.01 

TiO2 0.65 - 

P2O5 0.12 - 

Cr2O3 0.03 - 

Mn2O3 0.09 - 

SİM 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 3. Claystone XRD image 

 

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) 

 

 

 

 

 

 

 

 

 

 

 

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 

 

 

 

 

 

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. 

Chemical components % 

Loss of igniton 0.42 

SiO2 20.19 

Al2O3 6.88 

Fe2O3 2.86 

CaO 65.11 

MgO 1.63 

SO3 0.01 

K2O 1.28 

Free Lime 1.60 

LSF 97.90 

SİM 2.07 

ALM 2.41 

C3S 54.80 

C2S 16.55 

C3A 13.39 

C4AF 8.70 

Liquid Phase 29.64 

Clinker phases % 

Alite - C3S 51.68 

Belite - C2S 17.31 

C3A+C4AF+Free CaO+ Alkaline Sulphate) 31.01 
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Figure 5. exterior view (a) and cut interior view of clinker (b) 

 

 

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 (Ec), 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 d80 value of about 10 µm 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 Karıştırmalı Ortam Değirmeni ile Kuru 

Öğütülmesi 

Öz 

Bu çalışmada bentonitin kuru öğütülmesi için pim tipi dikey karıştırma ortamlı değirmen kullanıldı. Tane 

boyutu dağılımına ve enerji tüketimine (Ec) etkisi için öğütme süresi ve karıştırma hızı araştırılırken bilye 

ve bentonit şarj oranı sırasıyla %60 ve %40 olarak sabit tutuldu. Bentonitlerin potansiyel kuru kullanımları 

için ham bentonitlerin dikey karıştırmalı öğütücüler kullanılarak ultra ince kuru öğütülebildiği gözlemlendi. 

Deneysel sonuçlar, 128.1 kWh/ton enerji tüketimi ile yaklaşık 10 µm d80 değerine sahip öğütülmüş bentonit 

ürününün elde edildiğini ortaya koydu. Optimum çalışma parametreleri %60 bilye şarjı, %40 bentonit şarjı, 

600 rpm karıştırma hızı ve 20 dk öğütme süresi olarak seçildi. 

 

 

Anahtar Kelimeler: : Bentonit, Montmorillonit, Öğütme, Karıştırmalı ortam değirmeni.
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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)0.33(Al, Mg)2 

(Si4O10)(OH)2*nH2O. 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 d80 value of about 10 µm 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 Reşadiye 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 55oC 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 II XRF (x-ray fluorescence) device. X-ray diffraction (XRD) pattern was scanned with Cu-Ka 

radiation (40 kV, λ: 1.54184 Å) 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 

50oC for 24 h and then crushed under 1 mm using a roll mill. 350 mL of pre-ground bentonite sample (-300 

µm) 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 

No 

Stirring speed 

(rpm) 

Grinding time 

(min) 

Ball charge 

(%) 

Material charge 

(%) 

1 500 5 

60 40 

2 500 10 

3 500 20 

4 500 30 

5 500 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. 

(Na2O+K2O)/(CaO+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 SiO2 Al2O3 Fe2O3 MgO Na2O CaO K2O LOI 

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

LOI: loss on ignition. 

 

 

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 2θ: 7.07o with the d001 basal spacing of 12.4 Å 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 d060 value (1.5 Å) showed that the sample was 

composed of dioctahedral montmorillonites [17]. 

 

 

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 d50 and d90 sizes of the products change depending on the grinding time. 

 5 min 10 min 20 min 30 min 40 min 

d50 25.2 18.5 6.1 4.7 3.9 

d80 69.0 69.0 22.0 15.2 10.0 

 

 

Figure 4. Effect of the grinding time on the particle size distribution and the energy consumption (Ec). 

 

Energy consumption in the mill as a function of the particle size (d80) of the ground bentonite products 

(Figure 4) revealed that Ec 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 (d80) from 69.0 

to 10.0 µm, whereas Ec 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 Ec was given in Figure 

5. The results displayed that increase in the stirring speed from 500 rpm to 800 rpm decreased the product 

size (d80) from 22.0 to 8.0 µm, whereas Ec 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. 

 

 

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

 

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 d80 value of about 10 µm. 

 

Table 3. The d50 and d90 sizes of the products change depending on the stirring speed. 

 500 rpm 600 rpm 700 rpm 800 rpm 

d50 6.1 3.6 3.5 3.3 

d80 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 d80 value of about 10 µm 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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