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EXPERIMENTAL STUDY OF MINIMUM QUANTITY LUBRICATION 

EFFECT ON COMPACTED GRAPHITE IRON MACHINING 

SUMMARY 

Compacted graphite cast iron (CGI) is one alternative engine material to gray cast 

iron. The cost effective and environmentally sensitive process improvement of 

compacted graphite iron (CGI) is one the major concern of today’s manufacturing 

world due to the allure of mechanical properties of CGI. Beneficiary properties of 

CGI, such as high strength, in contrast with gray cast iron, make it one of the 

valuable material in automotive industry. However, poor machinability of CGI 

increases the production costs. Many suggested ways to deal with the poor 

machinability of CGI had lack of sufficient results or was not favorable economically 

in the manufacturing industries. Despite many efforts in CGI machinability 

improvement to reach a level that is comparable with other type of cast irons, it is 

evident that much studies needs to be investigated in this area.  

This study is assessed the efficiency of minimum quantity lubricant (MQL) in CGI 

turning when compared to the dry cutting. MQL is a sustainable method in which the 

mixture of oil and air sprays over cutting zone for cooling and lubrication means. 

There is no cost advantage only in MQL, but also has the advantages in terms of 

environmental and health protection. During all machining experiments MQL was 

applied externally to the cutting zone and depth of cut was kept constant as 1 mm. 

Different cutting parameters and ceramic cutting tool is selected for CGI turning. The 

turning test were conducted in a wide range of cutting parameters, which are three 

different cutting speed (100, 200, 300 m/min) and feed rates (0.1, 0.2, 0.3 mm/rev) at 

constant 1mm depth of cut.  

The MQL efficiency is evaluated through cutting force and surface roughness 

measurements, optical and SEM analysis of chip formation and tool wear analysis. 

Cutting forces, flank and crater wear values were measured and evaluated. Results 

showed that MQL use provided a reduction in the amount of only 5-10% in cutting 

forces, whereas 25% in surface roughness and significant 30% in crater wear.   
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SEM analysis also revealed much more clear and smooth cutting edges on tool 

surfaces in MQL used tests. However no cutting forces difference was observed 

between dry and MQL cutting conditions.   
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KOMPAKT GRAFİTLİ DÖKME DEMİRİN TORNALAMA SIRASINDA 

MİNİMUM MİKTARDA YAĞLAMANIN ETKİSİ 

ÖZET 

Kompakt grafitli dökme demir (CGI), son zamanlarda mekanik özellikleri 

bakımından otomotiv sanayisinde artan bir şekilde kullanılmaya başlanmıştır. Bunun 

sebebi otomotiv sanayisinin beklentilerinden biri olan daha küçük boyutta, hafif, az 

tüketen ve az gaz salınımı olan motor ve aksamları üretilmesine yardımcı olmasıdır. 

Kompakt grafitli dökme demirler mükemmel dayanım, süneklilik, aşınma direnci 

gibi mekanik özelliklere sahip oldukları için iş makinelerinde ve ulaşım 

ekipmanlarında, krank şaftı, fren diskleri, volanlar, debriyaj parçaları, eksoz 

manifoltları, motor kapağı ve motor blokları gibi parçaların yapımında 

kullanılmaktadırlar. Kompakt grafitli dökme demirler gri dökme demirle 

karşılaştırıldığında, yüksek basınçlı yanma odalarının imalatına daha elverişli, daha 

verimli yanma ve düşük emisyon değerleri elde edilmesine olanak sağlamaktadır. 

Kompakt grafitli dökme demir ile daha ince et kalınlığında parça üretmek mümkün 

olup daha hafif motorların imalatı söz konusu olabilmektedir. İlk bulundukları 

yıllarda sınırlı miktarlarda üretilebilen kompakt grafitli dökme demirler, günümüzde 

seri üretime uygun proseslerin gelişmesi ile büyük miktarlarda da 

üretilebilmektedirler.  

Grafit fazının şeklinden dolayı mekanik özellikleri kır dökme demir ile küresel 

dökme demirin arasında değerler almaktadır. Grafitlerinin sahip olduğu bu özellik 

nedeniyle, kompakt grafitli dökme demirlerin dayanım, özellikle de yorulma 

dayanımı açısından performansları kır dökme demire göre daha iyidir. Kompakt 

grafitli dökme demir ve gri dökme demirdeki özellik farklılıkları iç yapıyla ilgilidir. 

Grafit partikülleri daha kalın ve kısa olduğu için, matris ve bu partiküller arasında 

büyük miktarda yapışma (strong adhesion) oluşur ve çentik etkisi grafitlerin 

geometrisinden dolayı azalır buda daha çok çekme dayanımını sağlar.  
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Ayrıca, grafitin şekli ve dağıtım biçimi, yüksek mukavemetli ve çekme dayanımlı, 

geliştirilmiş süneklik (improved ductility) ve yüksek elastiklik modülüne (higher 

modulus of elasticity) neden olur.  

Kompakt grafitli dökme demir geçmişte, Küresel dökme demir (SG) üretim sırasında 

yanlışlıkla, yetersiz düzeyde magnezyum veya seryum katılmasından dolayı 

üretilmiştir. Ancak, 1965 yılından sonra, farklı üretim teknolojisi gerektiren farklı 

özelliklere sahip bir malzeme olarak dökme demir ailesinde yerini almıştır. Kompakt 

grafitli dökme demir, gri dökme demir ve aluminyüma göre daha fazla yorulma 

dayanımı vardır ki bu özellikler onu otomotiv sanayisinde alternatif bir malzeme 

haline getirebilir. Grafit parçacıkları gri dökme demir de olduğu gibi rastgele 

dağılmıştır, ancak aradaki fark ötektik hücre içinde en yakın komşularına bağlı 

uzatılmış yuvarlak kenarlı, daha kısa ve daha kalın olan grafit partikülleri ile ilgilidir. 

Bu, grafit ve demir matrisi arasında güçlü bir bağ oluşumuna neden olur. Aynı 

şekilde, yüksek soğutma hızı, ince perlit ile nodüler grafit parçacıklarının oluşumuna 

yol açar ki mekanik özelliklerin iyileşiminin kaynağıdır. Diğer taraftan, yuvarlak 

kenarlı ince perlitli içyapı, kompakt grafitli dökme demirlerin işlenebilirliklerinin gri 

dökme demire karşı azalmasına ve gri dökme demir ile karşılaştırıldığında, kompakt 

grafitli dökme demirin iç yapısındaki bu sınırlamalar, üretim maliyetlerinin 

artmasına ve takım ömrünün azalmasına neden olur. Son yıllarda CGI malzemesine 

yönelik yapılan çalışmaların olumlu sonuçları, bu malzemenin kullanımını artırmaya 

başlatmıştır. Grafit kürelerinin yapısı ve yapıyı oluşturan fazlar, kompakt grafitli 

dökme demirin mekanik özelliklerinin belirlenmesinde yardımcı olabilmektedir. 

Yapılan çalışmaların incelenmesi sonucunda, CGI malzemesine yönelik, çalışmaların 

son yıllarda ivme kazandığı, işlenebilirliği açısından değişik yöntemlerin, kesicilerin 

ve kesme parametrelerinin denendiği görülmüştür. Bu çalışmada kompakt grafitli 

dökme demir işlenebilirliği tornalama işleminde kuru kesme ve minimum miktarda 

yağlama (MQL) şartlarında araştırılmıştır. Bu amacla, her iki köşulda takım ucu 

aşınma miktarı, kesme kuvvetleri, yuzey pürüzlüğü ve talaş morfolojisi 

kıyaslanmıştır. 

Minimum miktarda yağlama sisteminde, basınçlı hava ile az miktarda yağın karışımı 

kesme noktasına püskürtülür böylece soğutma ve yağlama işlemi çok az miktarda 

yağlayıcığla yapılır.MQL uygulandığında, yağlayıcı miktarı ve performamsı 

kıyaslanamayacak ölçüde tasarruf edilmesini sağlar.  
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Bunun yanında, işlem sonrası oluşan atık ve onun bakım veya geridönüşüm 

maliyetleri büyük ölçüde azalır. Üstelik, çok daha temiz, sağlıklı ve güvenli çalışma 

ortamı yaratılır. Bu yöntem etkinliği torna, freze, raybalama ve delme gibi çoğu 

kesme işlemlerinde görülmüştür. Örneğin Ford motor fabrikasındaki bir araştırmaya 

göre MQL vasıtasıyla işlem maliyetini 13% oranında düşürmeği başarmışlar. Bu 

başarıyı en çok takım ömrünün çoğalması ve kesme sıvısının miktarının nerdeyse hiç 

kullanılmaması ile ilgili olup, makina bakım ve imalattan çıkan parçaların yüzey 

kaliteleri artmakta ve parça yüzeylerinde ek bir temizlik operasyonuna gerek 

kalmamaktadır. Kesme kenarına erişilebilirlik açısına bağlı olarak, MQL sistemleri 

harici ve dahili kategorilerine ayrılır. Harici besleme durumunda, yağlama aracının 

çemberi etrafında püskürtme nozel vasıtasıyla uygulanır. Bu sistemin standart 

işlemlerde (torna, freze, delme) uygulanması tavsiye edilir. Dahili beslemede, yağ, 

makinenin iş mili sistemi ve işleme noktasındaki kanallar aracılığıyla taşınır. Bu 

sistem daha çok esnek işleme merkezleri ve yüksek hızlı kesme şartları altında 

kullanılır. Bu çalışmada CNC tornalama işleme sırasında, tüm deneylerde harici 

MQL sistemi kullanılmıştır. Kesme derinliği kuru ve minimum yağlama sırasında 

sabit tutulmuş ve her iki prosedür için 1 mm olarak alınmıştır. Bu çalışmada, farklı 

kesme hızları (100, 200, 300 m.min) ve ilerleme değerleri (0.1, 0.2, 0.3 mm/rev) 

seramik kesici takım ucuyla kompakt grafitli dökme demir tornalamasında 

denenmiştir. MQL sisteminin kompakt grafitli dökme demir tornalama işlemi 

üzerindeki verimlik, kesme kuvvetleri, yüzey pürüzlülüğü, takım aşınma türleri 

(serbest yüzey aşınması, krater, çentik, oksitlenme alanı) ve değerleri, talaş şekli ve 

morfolojisi aracılığıyla değerlendirilmiştir. Her deney sonrası takım ucunda oluşan 

aşınmalar, iş parçası yüzey pürüzlülük değerleri, oluşan talaşlar ve uygulanan 

kuvvetler ölçülmeye çalışılmıştır. Kuru kesme ve MQL şartları altındaki kesmede bu 

değerleri elde etmek için optik ve SEM fotoğrafları çekilmiştir. Numunelerin iç 

yapısını incelemek için, temiz ve parlak yüzeyleri 2% nital ile yıkanmış ve alkolle 

temizlendikten sonra optik mikroskopla fotoğrafları çekilmiştir. Çekme dayanımı 

testleri, ISO 16112 standardı üzerinden, numune EN-GJV-450 olarak 

sınıflandırılmıştır. Kesme kuvvetleri üç eksenli dinamometreyle ölçülmüştür. Tüm 

deneylerde seramik takım ucu kullanılıp, yüzey pürüzlülüğü değerleri MITUTOYO 

SJ.201P cihazı kullanarak ölçülmüştür.  
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Yapılan çalışmaların incelenmesi sonucunda, MQL kullanılarak, kesme kuvvetinde 

5-10% azalma gözetlenmiştir. Ayrıca, yüzey pürüzlülüğü açısında 25% azalma ve 

krater aşınması açısından 30% ölçülerde iyileşme gözükmüştür.  

SEM fotoğraflarının analizi ile MQL ile işlenen takım ucu kesme kenarları daha net 

ve pürüzsüz olduğu açığa çıkmıştır. Ancak, kuru kesme ve minimum miktarda 

yağlama koşulları arasında kesme kuvveti açısında mahsus bir fark gözetlenmemiştir. 
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1.  INTRODUCTION 

As automotive industry tries to meet the expectations of the user demands for a long 

time, they also try to respond the scope of expanding environmental protection laws. 

Because of the low emission laws, engine designers are forced to improve 

technology in order to have more effective combustion process in engines [1].  

Cast irons are the most important alloys in industrial environments due to their 

competitive physical and mechanical properties and beneficiary engine material in 

vehicles. The oldest member of this family is Gray cast iron which has flaky graphite 

particles. Although the tensile and strength properties of gray cast irons are lower 

than the other types, it has a wide range of utilizing tendency because of low price 

and marvelous damping capacity [2]. Lower strength properties of gray cast iron and 

more softness demands yield to explore new cast iron types which called ductile iron 

(also known as nodular cast iron) and compacted graphite iron in 1949. At that time 

ductile iron became manufacturing trend while CGI never was seriously utilized 

despite CGI’s magnificent mechanical properties (75% stronger and stiffer than gray 

cast iron). Basic difference of these cast iron categories is due to the shape, size, 

nodularity, and growth mechanism of graphite particles in their microstructure [3,4].  

The coral graphite masses in compacted graphite iron (CGI) and their connection’s 

within each eutectic cell makes it’s mechanical (and physical) properties between 

gray and ductile irons .Strong adhesion between graphite and the metal matrix, being 

randomly oriented and elongated, thicker and round edges of graphite particles 

makes CGI more resistant to crack initiation and propagation even works as crack 

arrestors. Graphite shape and distribution in compacted graphite iron (CGI), cause 

high tensile strength, improved ductility and higher modulus of elasticity. These 

fascinating properties of CGI make it as a gasoline engines, brake disks, exhaust 

manifolds, cylinder heads first candidate material to be used in the automotive 

industry. 
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CGI has more fatigue resistance than gray cast iron and aluminum that could be an 

alternative material for automotive industry. The graphite particles are randomly 

oriented in the microstructure like grey iron. The difference is related to graphite 

particles which are shorter and thicker with rounded edges elongated connected to 

nearest neighbors within the eutectic cell. This causes a strong bond between 

graphite and iron matrix [3]. Likewise, high cooling rates causing nodular graphite 

particles with finer pearlite is the source of mechanical property improvement [5]. 

On the other hand finer pearlitic structure with rounded edge of graphite phases in 

CGI microstructure makes its machinability more difficult than gray cast iron. These 

limitations in CGI mass production in comparison to gray cast iron increase the 

production costs and decrease the tool life. The pearlite phase makes the material 

brittle and nodular compacted graphite protects the crack initiation and consequently 

the strength of CGI becomes higher than gray cast iron. White parts which are 

around the graphite are ferrite phases. 

Many investigations for machinability improvement of CGI have been conducted. 

Dawson et al. observed the MnS inclusions forming a lubrication or protective layer 

over the tool during the high speed machining which reduces the tool wear [5]. 

However, Mohammed stated that these improvements were for specific cutting speed 

or non-continuous machining operations such as milling and may not be applicable 

for turning machining. Their paper reported the effects of microstructure of CGI on 

tool wear and cutting forces by finite element analysis [3]. Also Abele et al. declared 

CO2 cryogenic coolant system increase the tool life of PCD cutting inserts in CGI 

machining. They claimed these improvements were directly related with diamond 

grain size, the binder material, and the cutting parameters [6].  

Gastel et al. investigate the wear mechanism of cubic boron nitride (CBN) insert 

during the turning of CGI. Oxidation of tool and interdiffusion of constituting 

elements in tool-workpiece interface were the key features of tool wear [7]. 

Manipulating metallurgical variables to achieve a CGI with satisfactory machining 

performance was another attempt for machinability improvement. But during the 

work, the fact that machinabilty performance of this material couldn’t be improved 

by the means of metallurgical manipulation has been revealed. Due to the approach, 

the efforts changed for innovative tooling designs which had cost and complexity 

disadvantages [8].  
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Other investigations of machinability improvement were rotary insert tools, different 

cutting insert materials (using 10 mm diameter solid carbide drills from class K35 

with single layer coating of TiAlN) even employing laser-assisted machining (LAM) 

technique at low speeds  (102 m/min) hope to have a material removal volume which 

is suitable for mass production [9,10]. However, all of these solutions seemed to 

work in limited circumstances like low cutting speeds or using high priced and hard 

to manufacture cutting tools or even sometimes the metallurgical manipulation 

caused a decrease in mechanical properties [3]. Machinability studies which were 

conducted by Moecellin et al. on compacted graphite iron (CGI) provided 83% of 

tool life improvement and cause to make a CGI which has machinabilty similarity to 

gray cast iron [11]. Most of these investigations were conducted for drilling or 

milling and the improvements may not be applicable for other machining processes 

like turning [3]. so in this study the machinability improvement was examined 

through external Minimum Quantity Lubrication (MQL) system.  

MQL is a near dry lubrication process in which a small amount of lubricant (most of 

the time oil or alcohol based lubricants) blows over cutting tool-work piece interface 

in the means of less coolant usage. Effectiveness of This method in most of the metal 

cutting processes like sawing, turning, milling, drilling, and tapping propelled the 

Manufacturers using it due to tremendous advantages. As stated by the report of Ford 

Motor Compony which was related about efficiency of MQL, they had a 13% 

decrease in process costs by the means of MQL. Its most advantage was through 

increasing tool life and water mixed fluid elimination, which caused a decrease in 

maintenance costs, increase in machine uptime and better skin care [12]. The basic 

concept of MQL is to spray atomized lubricant to the cutting zone via compressed air 

jet. MQL can be applied externally via separated nozzeles or internally via inside of 

the tool. In order to achieve this mean system divides into two major categories as 

external supply with nozzles separated to the machine (which is going to discuss in 

this paper) and internal supply with channels inside the tool [8, 13]. The objective of 

this study is to investigate wheather the improvements in CGI turning performance 

can be achieved by MQL. In this study tool wear, surface roughness, power 

consumption, chip morphology and cutting forces are examined in dry machining 

and near dry machining Different cutting parameters were selected to understand the 

effect of MQL on CGI turning.  
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1.1 Purpose of thesis 

This paper investigates the effect of minimum quantity lubrication (MQL) on 

compacted graphite iron (CGI). Beneficiary properties of CGI in contrast with gray 

cast iron, makes it valuable material of automotive industries. The material has been 

used for engine blocks with thinner wall instead of gray cast iron because of higher 

strength. However the machining of CGI is cumbersome and increases the overall 

manufacturing costs. This paper presents the machinability improvement and tool life 

expansion by using MQL.  

MQL is a sustainable method in which the mixture of oil and air sprays over cutting 

zone for cooling and lubrication means. The reason of MQL using is not only 

because of costs, but also because of ecological and health issues. In this study 

cutting forces, surface roughness, tool wear and chip morphology were investigated 

in order to evaluate the machinability of CGI with MQL system. Cutting tests were 

performed under different cutting speeds and feed values. During all experiments, 

depth of cut was kept constant as 1 mm and MQL was applied externally to the 

cutting zone. Cutting forces, flank and crater wear values, oxidation zone distance on 

tool rake face, surface roughness, chip types and microstructures were measured and 

evaluated in same condition for both DRYand MQL machining conditions.  

In conclusion, MQL reduces the tool wear and prolongs the tool life almost 25%. 

Also, parts machined by the means of MQL have better finish surface in comparison 

with dry machining. However, no cutting forces and chip morphology difference was 

observed between dry and MQL cutting conditions.  
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2.  BACKGROUND 

2.1 Introduction 

This chapter provides basic information regarding the turning machining of 

compacted graphite iron (CGI) by the means of ceramic cutting tool. It also includes 

a review of published literature on minimum quantity lubrication (MQL), cutting 

mechanics especially for turning operation and properties of the work material 

(CGI). Later, tool wear, surface roughness, cutting temperature and chip formation 

theories will be explained. 

2.2 Mechanics of Orthogonal Cutting 

Turning machining operation is most of the time three dimensional and geometrically 

complicated to figure out the shear angle and cutting force components. As a result, 

theoretically two dimensional orthogonal cutting is employed to explain the turning 

mechanics [14]. 

Material removal in orthogonal cutting occurs with the cutting edge which is 

perpendicular to the direction of tool-work piece motion and respectively cutting 

velocity . Mostly, oblique cutting mechanism (three dimensional) assesses through 

geometric and kinematic model transformation of orthogonal cutting mechanism.  

Orthogonal cutting is considered as a two-dimensional plane strain shearing 

deformation operation so cutting force components are in velocity and width of cut 

directions as tangential force (Ft) and feed force (Ff) respectively. However in 

oblique cutting, the inclination angle (i) causes another cutting component which is 

called radial force (Fr). Figure 2.1 shows a cross section of orthogonal cutting with 

three deformation zones during the tool-work piece interaction. When cutting tool 

penetrates into work piece, primary shear zone forms a chip. The primary shear zone 

deforms and at first sticks over rake faces which cause secondary shear zone 

creation. Also, tertiary zone is the area in which the tool flank rubs the newly 

machined surface.  
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Sticking region is caused when the chips sticks to the tool’s rake face and eventually 

the chips start to slide over rake face with a sliding friction coefficient. Although 

after sliding chips lose their contact with the rake face, depending on cutting 

velocity, tool and material properties contact zone changes. Two main hypotheses 

about the analysis of primary shear zone are:  

1) MERCHANT’S orthogonal cutting model by thin shear plane assumption. 

2) LEE, SHAFFER analysis based on thick shear deformation zone and laws of 

plasticity to predict the shear angle.  

Cutting mechanics in this paper is explained via first assumption in which the shear 

deformation zone is infinitely thin and cutting edge is without chamfer or radius. 

Shear angle (𝜙c), shear stress (𝜏s) and normal stress (𝜎s) is shown in figure 2.2. Also, 

the resultant force (ℱ) which applied to the shear plane is assumed to be equilibrium 

with tangential and feed force components. 

 

Figure 2.1 : Deformations and shear zones of chip and work piece. 

As shown in figure 2.3, tangential force is in the direction of cutting velocity and 

feed force is in the direction of uncut chip thickness. In this section mechanics of 

primary and secondary shear zones will be explained.  

ℱ=√ℱt
2 + ℱf

2  (2.1) 
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2.2.1 Primary shear zone 

Shear force and normal force of the shear plane derives geometrically as shown 

below:   

ℱs = ℱ cos (𝜙𝑐 +𝛽𝑎+𝛼𝑟)               (2.2) 

 

ℱn = ℱ cos (𝜙𝑐 +𝛽𝑎+𝛼𝑟)               (2.3) 

 

ℱs = ℱt cos 𝜙𝑐 - ℱf sin 𝜙𝑐  (2.4) 

                                           

ℱn = ℱt sin 𝜙𝑐 + ℱf cos 𝜙𝑐  (2.5) 

 

𝛼𝑟 is the tool rake angle and 𝛽a is average friction angle between chip and rake face 

.Also shear plane area, shear stress and normal stress in the shear plane with the 

assumption of uniform stress distribution could be derived coherently.  

𝜏𝒮= 
ℱ𝒮

𝒜𝒮
              (2.6) 

                                                         

𝒜𝒮= b 
ℎ

sin  𝜙𝑐 
          (2.7) 

 

                            

b in the shear area formula represents the depth of cut for turning machining , h is 

uncut chip thickness and (𝜙𝑐) is shear angle between the direction of cutting velocity 

and shear plane.Furthermore shear plane length (Lc ) and compression ratio (rc ) 

derives from chip deformation geometry .  

𝐿𝐶 = 
ℎ

sin  𝜙𝑐 
 = 

ℎc

cos(𝜙𝑐 −𝛼𝑟)
                      (2.9) 

   

𝜎𝒮= 
ℱn

𝒜𝒮
                (2.8) 
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rc = 
ℎ

ℎc 
   (2.10) 

h is the uncut chip thickness and hc  is the deformed chip thickness components of 

compression ratio . So the shear angle function could be described as:   

𝜙 =  tan−1   
rc  cos αr

1 − rc  cos αr
 (2.11) 

 

2.2.2 Secondary shear zone 

Two components of cutting force on the tool rake face are friction force (Ϝu) and 

normal force (Ϝv).  

ℱu = ℱt cos 𝛼𝑟 + ℱf sin 𝛼𝑟                              (2.12) 

Although the chip at first sticks to the rake face then begins to slide with a constant 

friction coefficient. in orthogonal cutting theory the sticking part is removed from the 

calculation. The friction coefficient on the rake face (µa) and friction angle (𝛽a) 

equations are given as below:  

µa =tan 𝛽a = 
ℱu

ℱv 
           (2.14) 

Also shear force, resultant force, tangential and feed forces could be definite as a 

function of shear stress, shear angle, tool geometry and cutting conditions:  

ℱs = 𝜏𝑠 b 
ℎ

sinϕc
        (2.16) 

  

ℱv = ℱt cos 𝛼𝑟 - ℱf sin 𝛼𝑟                              (2.13) 

tan (𝛽a – 𝛼r) = 
ℱf

ℱt 
                              𝛽a = 𝛼r + tan−1 ℱf

ℱt 
                (2.15) 
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ℱ= 
 ℱs  

cos  ( 𝜙𝑐 + 𝛽a− 𝛼𝑟 )    
 = 𝜏𝑠 b h  

1

sinϕc  cos  ( ϕc + 𝛽a−𝛼𝑟 )     
 (2.17) 

  

ℱt = 𝑏 ℎ  [𝜏𝑠  
 cos  ( 𝛽a− 𝛼𝑟 )    

   sinϕc  cos  ( 𝜙𝑐 + 𝛽a− 𝛼𝑟 )    
] (2.18) 

In these equations, h is the uncut chip thickness and b is the width of cut. Moreover 

they are dependent to the cutting process and material properties through 𝜏𝑠, 𝛽𝑎, 𝛼𝑟, 

𝜙𝑐 parameters.  

Figure 2.2 demonstrates the cutting force directtions and orthogonal cutting 

parameters. In metal cutting theory, cutting force coefficients are defined for 

understanding the oblique cutting and shear angle prediction. These coefficients are 

called specific cutting pressure or tangential cutting force coefficient (𝒦t) and feed 

force coefficient (𝒦f).  

𝒦𝑡 = 𝜏𝑠  
 cos  ( 𝛽𝑎 − 𝛼𝑟 )    

   sinϕc  cos  ( 𝜙𝑐  +  𝛽𝑎 − 𝛼𝑟 )    
 (2.20) 

  

𝒦𝑓 = 𝜏𝑠  
 sin  ( 𝛽𝑎 − 𝛼𝑟 )    

   sinϕc  cos  ( 𝜙𝑐  +  𝛽𝑎 − 𝛼𝑟 )    
 (2.21) 

Also a dimensionless form of feed force constant (𝒦𝑓) could be shown as:  

𝒦𝑓 = 
ℱf

ℱt
  = tan (𝛽𝑎 - 𝛼𝑟)      (2.22) 

The shear angle (𝛼r) in the equations is dependent mostly to the lubrication, tool-chip 

contact area, tool and workpiece material properties.  

ℱt = 𝑏 ℎ  [𝜏𝑠  
 sin  ( 𝛽𝑎− 𝛼𝑟 )    

   sinϕc  cos  ( 𝜙𝑐 + 𝛽𝑎− 𝛼𝑟 )    
] (2.19) 
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Figure 2.2 : Cutting force and shear diagrams of orthogonal cutting [14]. 

Although the orthogonal cutting equations give an overview on cutting mechanics, 

the theory is insufficient in reality circumstances because the shear plane is assumed 

to be thick zone in reality. Moreover work hardening and temperature variation in the 

shear and friction zones change the stress values of primary deformation zone. 

Hence, it’s more preferred to use the functions which are dependent to cutting 

conditions and cutting constants (𝒦tc and 𝒦fc).  

ℱt = 𝒦tc b h + 𝒦te b                         (2.23) 

ℱf = 𝒦fc b h + 𝒦fe b             (2.24) 
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The edge coefficients (𝒦te and 𝒦fe) are emerged from metal cutting experiments. 

Also, due to complex factors of thermal, deformation and chip thickness effects, 

nonlinear functions are introduced as:  

𝒦t = 𝒦T h-p                                              (2.25) 

In these nonlinear equations p and q are cutting force constants which derive from 

cutting experiments in different feed rates.   

2.3 Mechanics of Oblique Cutting  

While the cutting velocity in orthogonal cutting is perpendicular to the cutting edge, 

it’s lean at an acute angle (𝒾) in normal plane to the cutting edge in oblique cutting 

condition.  

2.3.1 Oblique cutting geometry 

Normal plane (𝒫n) is defined as a cutting edge plane in which the direction is parallel 

to cutting velocity (V). Because the shear deformation is plane strain without side 

spreading, the shearing and chip motion are parallel to cutting velocity and 

perpendicular to cutting edge as shown in figure 2.3.  

The cutting velocity in oblique cutting has an indication angle (𝒾) so consequently 

shear, friction, chip flow and resultant cutting force have components in all three 

directions (x,y,z). Oblique cutting mechanics in normal plane are similar to 

orthogonal cutting for velocity and force vectors.  

In figure 2.4, the friction force on the rake face (ℱ⃗ u) and normal force to the rake 

(ℱ⃗ v) are the resultant cutting force (ℱ⃗ ) components with a friction angle of 𝛽a. Also 

(ℱ⃗ )  has an acute projection angle (𝜃i) with the normal plane (𝒫n) and eventually 

𝜃n+𝛼n with the normal face (ℱv).  

 

𝒦f = 𝒦F h-q                                              (2.26) 
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Figure 2.3 : Geometry of oblique cutting process [14]. 

Oblique cutting parameters, define the direction of resultant force (𝜃n  , 𝜃i ) , shear 

velocity (𝜙n , 𝜙i ) and chip flow (𝜂).  

ℱu = ℱ sin 𝛽a = ℱ
sin𝜃𝑖

sin𝜂
                          sin 𝜃𝑖 = sin 𝛽𝑎 sin 𝜂         (2.27) 

 

ℱu = ℱv tan 𝛽a = 𝐹𝑣
tan(𝜃𝑛 + 𝛼𝑛)

cos𝜂
            tan( 𝜃𝑛  +  𝛼𝑛)= tan 𝛽𝑎 cos 𝜂         (2.28) 

           tan 𝜂 =  
tan 𝑖 cos( 𝜙𝑐 − 𝛼𝑛 ) − cos 𝛼𝑛  tan𝜙𝑖

sin𝜙𝑛
        (2.29) 
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2.3.2 Maximum shear stress principle 

In order to predict the direction of shear angle (𝜙n = 
𝜋

4
 – 𝛽 + 𝛼n) numerous solutions 

by Krystof [15] and later by Lee and Shaffer [16] applied with maximum shear stress 

criteria and slip-line field. Both of the papers had an assumption for oblique cutting 

which was same as orthogonal cutting theory. The assumption was, the shear occurs 

in the direction of maximum shear stress in which the angle between shear velocity 

and resultant force is 45°.  

 

Figure 2.4 : Force, velocity, and shear diagrams in oblique cutting [14]. 
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ℱs =  ℱ(cos 𝜃i cos (𝜃n +𝜙n) cos 𝜙i + sin 𝜃i sin 𝜙i) = ℱcos (45°) (2.30) 

Also the component of the resultant force in the normal direction to the shear is:  

ℱ(cos 𝜃i cos (𝜃n +𝜙n) sin 𝜙i - sin 𝜃i sin 𝜙i) = 0 (2.31) 

These equations occur when the shear stress in the shear direction is maximum(45°).  

sin 𝜙i = √2 sin 𝜃i                                      (2.32) 

For oblique cutting a block diagram is used to predict the (𝜙i , 𝜙n , 𝜃i , 𝜃n ) angles 

and consequently maximum shear stress. Friction ( 𝛽a ) , rake ( 𝛼n ) and inclination 

(𝒾) angles are known through tool geometry and material properties.  

2.3.3 Minimum energy principle 

Another theory over shear angle prediction was conducted by Merchant [17]. In this 

theory, the minimum energy principle was applied to orthogonal cutting then 

extended for oblique cutting.  

ℱs= ℱ(cos 𝜃i cos (𝜃n +𝜙n) cos 𝜙i + sin𝜃i sin𝜙𝑖 = 𝜏s 𝒜s= 𝜏(
𝑏 ℎ

cos 𝑖 sin𝜙𝑛
)  (2.34) 

In these equations 𝒜s, b and h are shear area, the width of cut and uncut chip 

thickness respectively. Also, resultant force (ℱ) and cutting power (𝒫t) in oblique 

cutting are:  

ℱ =  
𝜏 b h

[cosθi  cos  ( θn + 𝜙𝑛 ) cosϕi+sinθi  sinϕi ] cos i sinϕn 
 (2.35) 

 And nondimensional power (𝒫t’) could be derived from the above equations.  

cos (𝜙n + 𝜃n ) = 
tanθi

tan𝜙𝑖
        (2.33) 

𝒫𝑡 = ℱ𝑡𝒱 =  ℱ(cos 𝜃𝑖 𝑐𝑜𝑠 𝜃𝑛 cos 𝑖 + sin 𝑖  sin 𝜃𝑖) 𝒱 (2.36) 
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𝒫t
’ =  

𝒫t 

𝑣 𝜏𝑠 𝑏 ℎ 
 =  

cos 𝜃𝑛+tan 𝜃𝑖  tan i

[cos ( 𝜃𝑛 +𝜙𝑛)cos 𝜙𝑖 + tan 𝜃𝑖 sin  𝜙𝑖 ]  sin  𝜙𝑛 
 (2.37) 

In minimum energy principle, the cutting power must be minimum, in order to find 

the unique shear angle. So the unknown angles (𝜙n , 𝜙i , 𝜃n , 𝜃i , 𝜂) could be solved 

from equations with the usage of iteration technique.  

2.3.4 Emprical approach 

For this approach Armarego [18] gave a model with two assumptions of shear 

direction and chip length ratio. 

(1): Shear velocity is collinear with the shear force 

(2): The chip length ratio for both oblique and orthogonal cutting is same.  

            tan(𝜙𝑛  +  𝛽𝑛 ) = 
cos𝛼𝑛  tan i

tan 𝜂 –sin𝛼𝑛  tan i
      ,       𝛽n = 𝜃n + 𝛼n     (2.38) 

 

2.3.5 Prediction of cutting forces 

The cutting force components are projections of resultant cutting forces in different 

directions. As shown in following equations, they are function of shear yield stress 

(𝜏s), oblique cutting (i), resultant force directions (𝜃n , 𝜃i ) and oblique shear angles 

(𝜙i , 𝜙n ). 

The force components in the direction of cutting speed (ℱt), thrust (ℱf) and normal 

(ℱr) are shown in the equations below: 

ℱ𝑡 =
𝜏𝑠  𝑏 ℎ (cos 𝜃𝑛 + tan 𝜃𝑖  tan i )

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖  sin 𝜙𝑖 ] sin𝜙𝑛 
 (2.40) 

        tan 𝛽𝑛  = tan βa  cos η    ,     tan (𝜙𝑛) = 
𝓇c (cos𝜂 / cos 𝑖 ) cos𝛼𝑛 

1− 𝓇c (cos𝜂 / cos 𝑖 ) sin𝛼𝑛 
 (2.39) 

ℱ𝑓 =
𝜏𝑠  𝑏 ℎ sin θn

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖 sin 𝜙𝑖  ] cos i sin 𝜙𝑛 
 (2.41) 
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ℱ𝑟 =
𝜏𝑠  𝑏 ℎ (tan𝜃𝑖 − cos 𝜃𝑛  tan i )

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖 sin 𝜙𝑖  ] sin 𝜙𝑛 
 (2.42) 

In order to make these equations simple, we use the cutting force coeffient terms and 

define them as:  

ℱt = 𝒦tc b h + 𝒦te b ,   ℱf = 𝒦fc b h + 𝒦fe b ,  ℱr = 𝒦rc b h + 𝒦re b ,     (2.43) 

 Where the corresponding coefficients are: 

𝒦𝑡𝑐 =
𝜏𝑠 (cos 𝜃𝑛 + tan𝜃𝑖  tan i )

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖  sin 𝜙𝑖 ] sin𝜙𝑛 
 (2.44) 

By employing Armarego’s [19] classical oblique model and transforming the 

geometrical relations, the following equations emerge. These equations could be 

useful for predicting the oblique cutting forces from orthogonal cutting forces. So, 

this prediction equations are practical for understanding forces amount in many 

operations like turning, milling and drilling. 

ℱt = 𝑏𝒽 .    
𝜏𝑠

sin𝜙𝑛
  

cos  ( 𝛽𝑛−𝛼𝑛 )+tan i tan𝜂 sin𝛽𝑛 

√cos2( 𝜙𝑛+𝛽𝑛−𝛼𝑛 ) +  tan2 𝜂  sin2  𝛽𝑛                   
 (2.47) 

𝒦𝑓𝑐 =
𝜏𝑠   sin 𝜃𝑛

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖  sin 𝜙𝑖 ] sin𝜙𝑛 cos i
 (2.45) 

𝒦𝑟𝑐 =
𝜏𝑠  ( tan θi − cos θn  tan i )

[cos ( 𝜃𝑛  + 𝜙𝑛 )cos 𝜙𝑖  +  tan 𝜃𝑖  sin 𝜙𝑖 ] sin𝜙𝑛
 (2.46) 

        ℱf = 𝑏𝒽 .      
𝜏𝑠

sin𝜙𝑛 cos 𝑖
  

sin( βn−αn )

√cos2( 𝜙𝑛+𝛽𝑛−𝛼𝑛 ) +  tan2 𝜂  sin2  𝛽𝑛                   
 (2.48) 

ℱr = 𝑏𝒽 .    
𝜏𝑠

sin𝜙𝑛
  

cos  ( 𝛽𝑛−𝛼𝑛 ) tan i − tan𝜂 sin𝛽𝑛 

√cos2( 𝜙𝑛+𝛽𝑛−𝛼𝑛 ) +  tan2 𝜂  sin2  𝛽𝑛                   
 

(2.49) 
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2.4 Turning Mechanics 

Turning operation is used for machining of cylindrical parts. Conventional lathe is 

including chuck (to hold the workpiece), spindle (for rotating), and a tool post (for 

holding the tool and accurate motion during the machining process). Also at the 

bottom part of lathe is held tail stock for long and heavy workpieces.  

The power motor of conventional lathe produces a constant speed and transmitted it 

to spindle and feed drive via belts. Also a gear box is designed for favorable speeds 

during the machining operation. However, in turning CNC, stepless drives and 

consequently spindle speed and feed rate get controlled by programmed NC 

controllers. The turret could move in both directions (along and perpendicular to 

spindle axis) and reduce the workpiece diameter or shorten workpiece length and 

facing operation respectively. Moreover combination of these motions with 

programming in CNC could be used for chamfering, radius machining and threading 

operations very accurately. The direction of cutting force and cutting velocity 

components are very important criteria for power consumption, tool wear, surface 

roughness of workpiece and main cutting parameters. Figure 2.5 shows turning tool 

geometry with its faces. The tool nose radius, rake face, side rake, back rake and 

cutting edge plays an important role in tool wear and chip formation.  

The orientation of rake angle is the main factor in categorizing tools as positive, 

neutral and negative. In orthogonal cutting back rake considered zero and only side 

rake is assumed to be. Positive rake angle is used because of higher shear angles 

which reduce the cutting force and better finish surface due to chip flow on the rake 

face. Negative tools create more cutting force in comparison with positive ones due 

to shear angle decreasement. These tools are mostly used in interrupted cutting 

conditions and where tools are used periodically. These tools have more shock 

resistance than positive ones because the weak part of cutting edge doesn’t contact 

with the workpiece. Figure 2.6 shows a typical cutting tool which is clamped to 

holder and its faces. Another advantage of negative tools is cost reduction. In 

positive tools, only one side could be used due to clearance angle at edges but for 

negative ones this angle is zero and more edges could be used.  



18 

 

Figure 2.5 : Geometry of turning process [14]. 

The tool radius at the nose part is mostly zero or small amount. This is because of, 

the large tool nose make self-excited vibrations or chatter in machining. Oblique 

cutting angle equations in turning process are shown as:  

tan α0 = tan αf cosψr + tan αp sin𝜓𝑟 (2.50) 

Where i, 𝛼0 and 𝛼𝑛 are the oblique, orthogonal and normal rake angles, respectively. 

Stabler [20] suggested that the chip flow angle is assumed to be equal to oblique 

angle. The oblique cutting geometries in turning operation (as shown in                   

Eq. 2.50-2.51-2.52) transform the orthogonal cutting parameters to predict the 

cutting forces. 

tan i = tan αp cosψr + tan αf sin𝜓𝑟 (2.51)  

 

tan αn = tan α0 cos i  

 

 

     (2.52) 
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Figure 2.6 : Geometry of turning tool.  

 

2.4.1 Prediction of cutting forces in turning 

Armarego [18] proposed the classical oblique cutting transformation for two regions 

in which the chip thickness is the criteria.  In regionӏ, the radial depth is less than 

radius (r) and chip thickness is uniform. But for regionӏӏ, the chip thickness alters 

owning to the corner radius of the tool. Figure 2.7 shows the corner radius (r), side 

rake angle (𝛼f ), back rake angle (𝛼p ), diameter of workpiece (d) and the radial depth 

of cut (a). 
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Figure 2.7 : Mechanics of turning with bull-nosed inserts. 

 

2.4.1.1 Region I 

In the first region the chip thickness is invariant and same as feed rate (h=c). Also, 

depth of cut is less than tool radius (0<y<r). As shown in figure 2.7, the cutting force 

components in x,y,z directions, are parallel to oblique cutting forces ℱt , ℱr , ℱf , 

respectively.  

ℱx,I = ℱt,I  = 𝐾tc c (a-r) + 𝒦te (a-r) (2.53) 

  

 

ℱy,I = ℱr,I  = 𝐾rc c (a-r) + 𝒦re (a-r) (2.54) 
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ℱz,I = ℱf,I  = 𝐾fc c (a-r) + 𝒦fe (a-r) (2.55) 

The cutting constants (𝒦tc , 𝒦rc , 𝒦fc ) could be derived from orthogonal cutting 

parameters (𝜙n , 𝛽a , 𝜏s ) by oblique angle (i) and normal rake angle (𝛼n) 

considerations. The normal friction angle is calculated from:  

𝛽n = tan−1 (tan𝛽a cos i) (2.56) 

2.4.1.2 Region II 

In second region, the directions of oblique cutting change around the chip segment 

and chip thickness consequently changes. So the calculations are through angular 

increment (d𝜃). The cutting force component equations are as:  

𝑑𝐹t,II = 𝐾𝑡𝑐 (𝜃) dA + 𝐾𝑡𝑒 dS (2.57) 

Also, the cutting constants at each element must be considered as a function of 

approach angle (𝜃). Furthermore, in second region the radial component of the 

cutting force is assumed to be zero (𝐾𝑟𝑒 = 0).  

Because of direction change in second region, the x,y,z components of turning 

machining cutting forces are as below:  

𝑑𝐹x,II = 𝑑𝐹t,II  (2.60) 

𝑑𝐹r,II = 𝐾𝑟𝑐 (𝜃) dA + 𝐾𝑟𝑒 dS (2.58) 

𝑑𝐹f,II = 𝐾𝑓𝑐 (𝜃) dA + 𝐾𝑓𝑒 dS (2.59) 

𝑑𝐹y,II = 𝑑𝐹f,II cos 𝜃 - 𝑑𝐹r,II cos 𝜃 (2.61) 

    𝑑𝐹z,II = 𝑑𝐹f,II cos 𝜃 + 𝑑𝐹r,II cos 𝜃    (2.62) 
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 The total cutting forces in second region is calculated by integral function for each 

component.  

𝐹𝑞,𝐼𝐼 = ∫ 𝑑ℱ𝑞,𝐼𝐼     
θ0

0
        𝓆= x, y, z (2.63) 

The approach angle limit in integrating function is 𝜃0 = 𝜋-cos−1(𝑐/2𝑟). Another 

approach for cutting force calculation is numerically gathering the segmental forces 

are explained individually.  

𝐹𝑞,𝐼𝐼 = ∑   𝑑ℱ𝑞,𝐼𝐼
𝑘
𝑘=0         𝓆= x, y, z (2.64) 

The chip is divided into segments as  𝒦= 𝜃0 /∆𝜃 . The total cutting forces are the 

sum of two region’s force.  

ℱq = 𝐹𝑞,𝐼 + 𝐹𝑞,𝐼𝐼          𝓆= x,y,z, (2.65) 

Also the torque (𝒯) and power (𝒫) for spindle revolution can be explained as:  

𝒯= ℱx ( 
𝑑−𝑎

2
 )  [𝒩𝑚]             𝒫= ℱx 𝒱  [𝒲]                     (2.66) 

 Where 𝒹 is shaft’s diameter [m] and 𝒱 is cutting velocity [m/s] . 

Feed mark’s amplitude is:  

ℛs = r (1 − cos(sin−1( 
𝑐

2𝑟
 )))  (2.67) 

The cutting force prediction is an important attitude for cost saving, tool breakage 

foresight, chatter vibration preventing, power consumption and main cutting 

parameters selection (cutting speed, feed, depth of cut ).  

2.5 Tool Wear and Breakage 

In order to produce parts with desired surface finish and dimensional tolerances, the 

cutting tool edges must be in favorable life cycle with monitoring the tool wear and 

breakage. Otherwise, if the tool reaches its life limit, it should be replaced with new 

one. Tool wear describes the gradual failure of tools material in contact with 

workpiece at contact zones [21]. Figure 2.8 shows the tool wear types and tool-

workpiece contact area.  
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The chip which erodes the rake face of the cutting tool causes the crater wear. The 

crater wear does not seriously degrade the use of tool until it reaches serious amounts 

and cause the cutting edge failure.  

 

Figure 2.8 : Types of tool wear and breakage [14]. 

The flank face of the tool in contact with wotkpiece starts to rub against the finish 

surface and cause flank wear as shown in figure 15. The flank wear is one the most 

important criteria’s for tool life prediction. Notch wear occurs by rubbing the finish 

surface and cutting tool at the border in which the chip does not contact the tool. This 

kind of wear causes poor surface finish and risk of edge breakage. Also, other kinds 

of tool wear like plastic deformation and thermal cracks occur in the cutting edge of 

the tool but for our paperwork these wear categories have not seen during the 

machining of CGI via ceramic cutting tool. Tool breakage occurs mostly due to 

thermal and mechanical overloading of cutting edge or increased cutting force 

through tool wear growth. 

The tool wear mechanism understanding and optimization purpose is to find out the 

economical machining time with desired surface finish and dimensional tolerance 

accuracy by the usage of same tool and with all factors consideration to reduce the 

costs.  
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2.5.1 Tool wear 

In this part, the most known wear known wear mechanism will be introduced and 

will be tried to explain. These mechanisms could occur simultaneously or just one of 

them could affect the cutting operation.  

2.5.1.1 Abrasion wear 

Abrasion wear occurs when a hard rough material slides across a softer workpiece 

and cause particle removal in both materials. Also, the hard tool particles  between 

the tool and workpiece are include of carbides, oxides, and nitrides with hard 

microstructure characteristics so consequently abrasion wear starts during the 

machining operation.  

2.5.1.2 Adhesion wear 

Adhesion wear is the result of micro-junctions caused by workpiece particles and 

they weld and adhere to the cutting tool. Adhered particles stick to the contact edge 

of tool and because of unstableness, they take small fragments of cutting tool edge 

with themselves and wear occurs. At low cutting speed, part of a chip sticks to 

cutting edge and the build-up edge occurs. This phenomena cause the cutting forces 

decrease or increase due to changing the rake angle. At low cutting speed the 

interface temperature is low and it’s hard for chip to slide over the rake face but as 

the temperature increases, the chip becomes softer and slides easier. Also, as the 

cutting speed increases, the length of build-up edge decreases and becomes non 

effective.  

2.5.1.3 Diffusion wear 

Atoms of the tool migrate to the chip at high temperature in the contact zones due to 

the same atom concentration in chip and tool microstructure. This progressive 

behaviour is explained via diffusion wear mechanism and gradually may cause the 

tool breakage.  

2.5.1.4 Oxidation wear 

At contact area, the affecting atoms in exposure with air (oxygen) form new 

molecules and corrosion starts to act. This kind of wear is so dependent to work 

materials, tool geometry and cutting conditions.   
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2.5.1.5 Crater wear 

At high temperature, heavy loads or high feed rate circumstances, the crater wear on 

the rake face of the tool with cut chip rub action occurs. The crater wear in the 

cutting edge, weakens the rake and the contact area which could cause chipping. The 

use of lubricant and its penetration between the chip and tool reduces the friction and 

cutting temperature and eventually the crater wear reduces. In general, crater wear is 

in small concern in tool life dependency.  

2.5.1.6 Flank wear 

This kind of wear occurs as a result of friction between the tool flank and machined 

surface of workpiece. The tool particles adhere to the primary clearance face of 

workpiece and periodically shear off. It’s measured by the width of wear land. The 

flank wear affects the mechanics of cutting drastically. At high temperatures in the 

contact area, beside the adhesion mechanism, the abrasion and diffusion occurs in the 

flank face by the means of escaped tool particles and work material scratching. The 

critical limit for flank wear in industrial machining environments is 0.3 mm,                  

(VB = 0.3 mm). The higher amount of VB could cause the tool failure and high 

surface roughness due to cutting force growth.  

2.5.1.7 Notch  wear 

This is a special type of combined flank and rake face wear which occurs adjacent to 

the point where the major cutting edge intersects the work surface. The gashing (or 

grooving, gauging) at the outer edge of the wear land is an indication of a hard or 

abrasive skin on the work material. Such a skin may develop during the first machine 

pass over a forging, casting or hot-rolled workpiece. It’s also common in machining 

of materials with high work-hardening characteristics, including many stainless 

steels and heat-resistance nickel or chromium alloys.   

2.5.2 Tool breakage 

Fracture can be the catastrophic end of the cutting edge. The bulk breakage is the 

most harmful type of wear and should be avoided as far as possible. The loss of a 

major portion of the tools cutting edge, make the cutting ability loss in tools. The 

feed rate and cutting forces have an important role in tool breakage. 
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 Theoretically, when the feed rate increases until it reaches the tensile strength of the 

cutting tool, the crack starts and grows in the cutting edge. Eventually, brittle tool 

deforms a little bit plastically and after that by loading the cutting force, the tool 

breakage occurs. Effects of the tool wear on technological performance measures 

are: 

1. Increasing the cutting force, 

2. increasing the surface roughness, 

3. increasing the cutting temperature in both tool and workpiece, 

4. decreasing the dimensional accuracy, 

5. vibration causing, 

6. lowering the production efficiency, and part quality.  

2.5.2.1 Influence on cutting force 

Crater and flank wear on the cutting edge, affect performance of the performance of 

the cutting tool in various ways. The cutting forces are normally increased by the 

wear of the tool. Crater wear may, however, under certain circumstances, reduce 

forces by effectively increasing the rake angle of the tool. Clearance –face (flank or 

wear-land) wear and chipping almost invariably increase the cutting forces due to 

increased rubbing forces.  

2.5.2.2 Influence on finish surface 

The surface finish produced in a machining operation usually deteriorates as the tool 

wears. This is particularly true of a tool worn by chipping and generally the case for 

a tool with flank-land wear. Also, there are circumstances in which a wear land may 

polish the workpiece and produce a good finish.   

2.5.2.3 Influence on dimensional accuracy 

Flank wear influences the plan geometry of a tool, this may affect the dimensions of 

the components produced in a machine with set cutting tool position or it may 

influence the shape of the components produced in an operation utilizing a form tool. 

Also, if tool wear is rapid, cylindrical turning could result in a tapered workpiece.  
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2.5.2.4 Influence on chatter or vibration 

Vibration or chatter is another aspect of the cutting process which may be influenced 

by tool wear. A wear land increases the tendency of a tool to dynamic instability.  

A cutting operation which is quite free of vibration when the tool is sharp may be 

subjected to an unacceptable chatter mode when the tool wears.  

2.5.3 Tool life  

As the cutting process proceeds gradually, the tools wear value increases. In tool life 

expectancy theories, the flank wear amount (VB) is mostly considered. The critical 

limit for VB in machining operation is about 0.3 mm. The cutting time in which the 

flank wear (VB) reaches this limit is called tool life (T) which is a basic parameter 

during the machining operation. Figure 2.9 shows the cutting time –flank wear 

diagram. Taylor [22] showed the tool life as a function of cutting speed 𝒱 [m/min], 

feed rate 𝒞 [mm/rev] and tool-workpiece material behaviour.  

𝒯t = 𝒞t 𝒱-p’ 𝒞-q’ 
(2.68) 

𝒞t , 𝒫’, and 𝓆’ are constants of tool-workpiece machinability characteristics. The 

slope of the wear curve depends on the cutting speed and cutting temperature mostly. 

Also, properties of work material and cutting tool geometry are effective factors in 

tool life predictions. Figure 2.10 shows the parameters which effect the tool wear.  

 

Figure 2.9 : Tool life (T) curves at different cutting speeds (V) [14]. 
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2.6 Chip Formation 

Chip formation process begins with tool penetration at the cutting zone which causes 

the work material to deform elastically and plastically. When shear stress surpasses 

material’s yield shear stress the chip begins to flow over rake face of cutting tool. 

The produced stress is dependent to feed rate (ℱ), cutting velocity (𝒱c) and depth of 

cut (𝒶p). Also, the cutting edge angles in the tool as normal rake angle (𝛾n), tool 

cutting edge angle (𝒦r) and cutting edge inclination (𝒾) is concerned [23].  

Although, cutting parameters (cutting speed, feed rate and depth of cut) influence the 

amount of stress, the direction and amount of stress could change the materials 

behavior during the cutting operation as brittle or tough. Figure 2.10 shows 

plastomechanical deformation process during chip formation [24]. The continuous 

plastic deformation zone in the chips could be divided into five parts as shown in 

figure 2.11.  

a) The transition part of the uncut chip to the cut one          

b) Sheared zone 

c) Strong deformation on the rake face of tool                   

d) Cut surface       

e) First detachment of material          

This kind of representation is mostly for the materials with the tendency of 

continuous chip production. However, other types of chips including lamellar chips, 

segmented chips and discontinuous chips could be produced depending on material 

properties. Chip types is mostly related to shear strain (𝜀) as shown in figure 2.12 In 

addition, the description of chip formation is as below: 

If the work material has significant deformability (εB > ε0), continuous chips form. 

Deformation stress does not make brittleness and the chips do not crack 

simultaneous. These kinds of chips are not wanted for manufacturing production. 

Lamellar type of chips form when 𝜀𝐵 < 𝜀0  < 𝜀𝐹 theoretically. Also, the vibrations 

during the machining process and materials with non uniform microstructure could 

have this kind of chips. Furthermore the cutting conditions like high cutting speed 

and feed rate makes these kinds of chips.  



29 

A chip which has high and low shear energy in the shear plane and is separated with 

crack growth along the shear plane is called segmented chips. They form when 𝜀𝐹 

< 𝜀0 . Also, during the machining of materials like cast iron with brittle properties or 

at very low cutting speed (1-2m/min) conditions or in the cases of deformation 

embrittlement during the operation, segments form. Discontinuous chips form during 

the cutting operation of hard materials.  

These chips are not detached and for mass production are favorable. However, they 

could cause tool wear at high rate or tool and some time work material breakage at 

finish surface. When cutting brittle materials with uneven microstructures such as 

certain types of cast iron and stone. The chips are not detached, but are torn off the 

surface, often causing damage due to small breakings from the workpiece surface 

[25].  

 

Figure 2.10 : Deformation representation of workpiece. 

Two basic mechanisms in chip formation are:  

-Yielding: generally for ductile materials  

-Brittle fracture: generally for brittle materials  

During the machining operation, at the tool tip a small crack cracks and because of 

stress concentration, it grows. 
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 Although, in ductile materials yielding and plastic deformation reduces stress 

concentration and prevent crack propagation with the result of continuous chips, in 

brittle materials crack initiation and propagation acts quickly with the result of 

discontinuous chips. Also, strain localization in machining of cast irons could cause 

separated regions of high and low strains which led to segmented chip formation. 

The segmented chips are not homogenously deformed and mostly form at high 

cutting velocity [26]. Furthermore, crack growing mechanism in segmented chips 

beside the shear localization mechanism could cause this kind of chips.  

 

Figure 2.11 : Chip initiation and deformed zones [14]. 

The production process of serrated chips include of two stages. At first deformation 

energy and cutting temperature rises until it reaches a certain value after that the 

stage of shear localization starts. During the machining, local high cutting 

temperature will soften the material and consequently plasticity increases which 

causes shear localization.  

This action repeats during the machining operation and make serrated (tooth-shape) 

chips. Also other cutting factors like cutting speed and feed increasing, tool rake 

angle decreasing and material characteristic change depending on cutting 

temperature rising can cause serrated chip formation.   
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Figure 2.12 : Types of chip depending on material properties [14]. 

 

2.7 Properties of Compacted Graphite Iron: CGI 

Compacted (vermicular) graphite has been produced heedlessly during the spheroidal 

graphite iron production process as a result of magnesium or cerium lacking. 

However, during the 1960’s, this type of cast iron took its place with valuable 

mechanical properties in manufacturing technologies [27].  

Although, the origin of compacted graphite iron is related to a research by Morrogh 

at British cast iron research association (BCIRA), the first patent in U.S was 

conducted by R.D.Schellerg (U.S patent 3,421,886, May 1965). This kind of cast 

irons is characterized by graphite particle shapes and consequently physical 

properties between grey flake-graphite irons and spheroidal graphite (SG) cast irons 

[28]. Figure 2.13 shows the microstructure of different types of cast irons.  

This type of graphite shape originates higher strength and ductility than cast irons 

containing flake graphite. Also, the solidification of flake and compacted graphite 

irons are similar to each other which show better castability of CGI in comparison 

with ductile iron.  
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Even more, the interconnected graphite particles cause better thermal conductivity 

and damping capacity than ductile iron. Figure 2.14 shows the mechanical properties 

of CGI in contrast with grey cast iron. 

Compacted graphite irons can be replaced by grey cast iron where the strength of 

grey iron is insufficient like gearbox housings, turbocharger housings, connecting 

forks, bearing brackets, pulleys for truck servo drives, sprocket wheels, and eccentric 

gears. However, the change for ductile iron is mostly undesirable because of less 

casting properties of latter. The compacted graphite particles restrict crack initiation 

and growth in the microstructure which is the main reason for mechanical properties 

improvement [27]. 

 

Figure 2.13 : Microstructure of (a) grey iron, (b) CGI and (c) ductile iron [77]. 

Compacted graphite iron is produced when near-eutectic molten iron de-sulphurised 

and thermal treated at about 1400 c° with alloy containing magnesium (as a 

nodulizing element), titanium (as anti-nodulizing element) and cerium. Although, 

magnesium tends to produce spheroidal graphite during the process, titanium 

controls this behavior to the amount which is less critical [28].  

The amount of magnesium usually is about 0.01-0.015 % in weight to guarantee the 

flakes would not form in the microstructure but not enough for full nodularity [29]. 

The graphite’s heat resistance characteristic in cast irons is more than iron matrix and 

compacted graphite particles make this specific type of cast iron attractive as a heat-

resisting material for automotive industry [28].  
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Figure 2.14 : Mechanical properties of different cast iron types. 

Table 2.1 shows comparative mechanical and physical properties of different types 

of cast irons. The index 100% was assigned to compacted graphite iron for 

comparison purposes (SAE J1887/2002).  

Table 2.1 : A comparison of mechanical properties in different types of cast irons 

[11]. 

Property    Gray Iron CGI Ductile Iron 

Ultimate Tensile 

Strength  

55% 

 

100% 

 

155% 

 

Yield Strength - 100% 155% 

   Elastic Modulus 75% 100% 110% 

Fatigue Strength 55% 100% 125% 

Hardness 85% 100% 115% 

Damping 

Capacity 

285% 

 

100% 

 

65% 

 

Thermal 

Conductivity 

130% 

 

100% 

 

75% 

 

 

The ISO 16112 standard for CGI grades ranging from 300 MPa to 500 MPa of 

tensile strength is showed in Table 2.2. In this categorization the EN-GJV-300 grade 

is fully ferritic and the GJV 500 grade is fully pearlitic due to application demands. 

All the grades are in the nodularity range of 0-20% in their microstructure. Also, 

specific alloying elements for high temperature resistance, wear resistance or other 

properties could be added to CGI as shown in Figure 2.15.  

 

Hardness

Elastic Modulus

Tensile Strength

Fatigue Strength

Machinability

Thermal 
Conductivity

Damping 
Capacity
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Table 2.2 : CGI Grades – German Standard VDG Merkblatt W50 (2002) [37]. 

Grade UTS (MPa)  YS (MPa)  E (%)            HB 30  

(typical 

results) 

EN-GJV-300 300-375  220-295  1.5 140-210 

EN-GJV-350 350-425  260-335  1.5 160-220 

EN-GJV-400 

EN-GJV-450 

EN-GJV-500 

400-475 

450-525 

500-575 

 

 

 

300-375 

340-415 

380-455 

 

 

 

1.0 

1.0 

0.5 

180-240 

200-250 

220-260 

Figure 2.16 shows the micrographs of worm-shaped graphite particles in compacted 

graphite iron by usage of optical microscope and scanning electron microscope 

(SEM). The graphite particles are randomly oriented in the microstructure like grey 

iron.  

 

Figure 2.15 : Typical element contents for CGI with 0-20% nodularity [5]. 

The difference is related to graphite particles which are shorter and thicker with 

rounded edges elongated connected to nearest neighbors within the eutectic cell. This 

action causes a strong bond between graphite and iron matrix [30]. likewise, high 

cooling rates cause nodular graphite particles with finer perlite phases and this action 

is the source of mechanical property improvement as shown in Table 2.3.  

 

Figure 2.16 : CGI microstructue a) with 10% nodularity b) SEM micrograph 

[37]. 
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Table 2.3 : Typical properties of ISO Grade GJV 450 as a Function of Nodularity 

[5]. 

 

     Property (25°C) 

  

 

 Nodularity %  

 

 

 10  30 50 70 90 

Tensile Strength (MPa)   
 

465 
 

 

520 

 

590 

 

640 

 

700 

          

Yield Strength (MPa)  350  370 390 420 470 

Elastic Modulus (GPa)  
 

145 
 

 

150 

 

155 

 

155 

 

160 

Elongation %                                  
 

1-2 
 

 

1-3 

 

2-4 

 

2-5 

 

3-6 

Thermal 

Conductivity (W/m- K)                                      
 

 

36 
 

 

33 

 

31 

 

28 

 

25 

 

2.7.1 Important factors effecting CGI formation  

The main factors affecting the formation of CGI are the following:  

- Sulphur content 

- Oxygen content 

- Active Magnesium 

- Nucleation status 

- Cooling rate 

A close balance between these five variables is required. Unlike grey and ductile 

irons, the sensitivity of CGI to Magnesium and inoculants prevent foundries from 

adopting the traditionally conservative philosophy of overtreatment. Therefore, 

reliable CGI production requires simultaneous control of active Magnesium and 

inoculation throughout the process. 

2.7.1.1 Control of Magnesium 

After Magnesium reacts in the melt with Sulphur and Oxygen, the residual 

Magnesium is classed as active Magnesium. Active Magnesium content needs to be 

controlled to suit the section or modulus (cooling rate) of the chosen casting to 

ensure that suitable CGI structures are produced. Too high an active Magnesium 

content results in a high proportion of nodules, reducing thermal conductivity and 

decreasing mechanical damping. Too low an active Magnesium results in the 

formation of flake iron, reduced mechanical strength and ductility. Fast cooling 

promotes nodule formation and slow cooling promotes flake iron.    
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2.7.1.2 Control of inoculation 

Inoculation levels need to be tightly controlled to minimize the formation of flake or 

carbides but limited to prohibit the formation of excessive nodules. The only reliable 

method available to monitor nucleation levels and performance of different Ferro 

Silicon inoculants is with the use of thermal analysis.  

2.7.1.3 Titanium method of CGI production 

A wide window of opportunity is available if the titanium method of CGI production 

is utilized and complete CGI structures can be produced in castings with wide cross 

sectional variation. The downside is reduced machineability. This method is usually 

limited to ingot moulds, brake discs (the cuboids enhance the brake disc wear 

properties) or parts requiring limited machining. However for general engineering 

castings, requiring extensive machining, alternative methods are required.If the 

titanium method is not applicable, very tight control of base iron metallurgy is 

necessary. Active Sulphur, Oxygen, Magnesium levels and nucleation status need to 

be measured and controlled.  

The main obstacle in CGI’s mass production and replacement with grey cast iron is 

its poor machinability. Investigations for machinabilty improvement was through 

manipulating metallurgical variables [8], innovative tooling designs as rotary insert 

tools [31], different cutting insert materials even employing laser-assisted machining 

(LAM) technique at low speeds [10], hope to have a material removal volume which 

is suitable for mass production. However, all of these solutions seemed to work in 

limited circumstances like low cutting speeds or using high priced and hard to 

manufacture cutting tools or even sometimes the metallurgical manipulation caused a 

decrease in mechanical properties [3]. 

 Machinability study which was conducted by Moecellin et al. on drilling of CGI 

provided 83% of tool life improvement and cause to make a CGI which has 

machinabilty similarity to gray cast iron [11]. Most of these investigations were 

conducted for drilling or milling and the improvements may not be applicable for 

other machining processes like turning [11] by the means of CGI’s machinability 

development. 
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2.7.2 Factors influencing machining performance of CGI 

The percentage of nodularity in CGI workpieces has extensive influence on 

machining performance and more nodularity could cause less tool life. Also, the 

pearlite content could affect the machinability of CGI depending on the type of 

operation. Although, an increase of pearlite during the milling operation improved 

the tool life, for turning and boring operations (continuous cutting) it has reverse 

effect and decreased the tool life.  

It is assumed that the CGI with low content of pearlite is too soft for chip formation 

during the milling operation; however the high content is too abrasive for turning and 

decreases the tool life. Furthermore the addition of titanium for controlling the 

magnesium and spheroidal graphite preventing, influences the machining 

performance of CGI negatively (causing 50% reduction in tool life). Magnesium 

bonds with oxides, silicate and sulphide which affect the machining performance of 

CGI negatively. However, Dawson et al. [5] observed the MnS inclusions forming a 

lubrication or protective layer over the tool during the high speed machining which 

reduces the tool wear.  

2.8 Minimum Quantity Lubrication: MQL 

The investigations for the usage of less harmful cutting fluids and wet machining 

elimination induced many researchers to work on near-dry machining processes as 

like minimum quantity lubrication (MQL). As stated by the report of Ford Motor 

Company which was related about efficiency of MQL, they had a 13% decrease in 

process costs by the means increasing tool life, water mixed fluid elimination, 

decrease in maintenance cost and better skin care via MQL [12]. Also, in the reports 

of Chalmers (1999) [32] more than 100 million gallons of metalworking fluids are 

used in the U.S. each year and 1.2 million employees are exposed to these fluids 

which could have serious health issues and economy damage [33]. Furthermore, the 

chips which are produced during the wet machining, should be dried before recycling 

which incurs additional costs. Besides, MQL produces almost dry chips with easier 

maintence,recycling, cleaning and waste organizing so the cost reduces. Also, during 

the MQL process the basic functions of cooling, lubrication and chip removal occurs. 
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MQL is a near dry lubrication process in which a small amount of lubricant blows 

over cutting tool-workpiece interface by the means of compressed air jet so it cause 

less coolant usage. Effectiveness of this method in most of the metal cutting 

processes like sawing, turning, milling, drilling, and tapping propelled the 

manufacturers using it due to tremendous advantages. The oil droplets reduce the 

friction and adhesion of chips between tool and workpiece so the cutting temperature 

in the contact area reduces and tool life improves. The basic types of MQL delivery 

systems are external spray with a nozzle blows over tool-workpiece interface, and 

internal by the means of channels inside the cutting tool to bring the mixture in the 

contact area. 

 The external system is consists of compressor, coolant tank, coolant delivery system, 

tubes and nozzle that are not integrated into machine’s design. Therefore the nozzle 

must be adjusted to the respective application. This relatively rigid system is suitable 

for machining operations where the tools and work piece contours do not change. It 

can also be used for series-produced parts. The advantage of external MQL system is 

simplicity and low cost. Also, there is no complex parts in the system and easily 

could be changed or serviced. The problem of this system is while the mixture of oil 

and air travel to nozzle and tool-workpiece interface it could be seprated which affect 

the performance of lubrication and cooling.  

With internal MQL, the aerosol is transported by either the rotating spindle or turret 

through the tool holder and tool. The metered oil quantity is completely dispersed 

when adjusted properly. This system has less sepration of oil and air in comparison 

with external and during the tool change less lag time is the benefits of system. 

However, the maintence and service of parts because of complexcity is much more 

difficult and costly. Figure 2.17 shows the component of MQL system for external 

and internal applications. During the MQL operation the lubricant evaporates and 

mixes with air and blows over too-workpiece interface. Then,  the chips, workpiece 

and tool remain in near-dry statue which is beneficiary for mass production in 

environmentally friendly manufacturing. Therefore, better surface finish and tool life 

occurs during the operation [34]. 
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Figure 2.17 : MQL feed system [13]. 

Lugscheider et al. reported that by the usage of MQL in reaming process of gray cast 

iron and aluminum alloy by the means of coated carbide tools, tool wear reduces in 

comparison with dry machining and consequently, the surface roughness of holes 

reduces [35]. Oil and other wastes present significant disposal impacts and 

implications to our environment. While legislation and regulation specify mitigation 

to the environment, enforcement of this legislation is challenging, expensive, and 

difficult. Metal chips produced during MQL machining are nearly dry and much 

cleaner than conventional approaches. Near-dry chips are easier to recycle and more 

valuable as a recycled material.  

2.8.1 Advantages of MQL 

Financial 

 Through the elimination of nearly all supply and waste disposal systems for 

the metalworking fluid produce large savings. 

 With streamlined processes longer service life can be expected. 

 In individual cases can be reduced with optimized processes, the process time 

by up to 30%. 

 Purchase, storage, transport and disposal of cutting fluids are greatly reduced 

or dropped. 

 The cost of checking and maintaining the coolant is gone. 
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 Depending on the application consuming subsequent, processes for the 

cleaning and washing of the workpieces can be reduced or saved. 

 Dry chips can be sold as recycled material but, wet chips must be disposed of  

hazardous waste. 

Ecological 

 Accidents by leaking coolant in large quantities are not possible. 

 There are no environmentally harmful emulsions. 

 Through a dry machine environment, the risk of accidents will be reduced. 

2.8.2 Disadvantages of MQL 

 Depending on the circumstances, there is high investment in the upgrading of 

machinery. By more expensive special tools in optimization, a very careful 

tuning of the workpiece, machine parameters, and tool lubrication is needed. 

 Because of extra costs, for individual and small series production a minimum 

quantity lubrication is therefore sometimes not profitable. 

 The change to minimum quantity lubrication is not practical for all machining 

processes, machines and workpieces, so usually the coolant supply is required 

in the company.  
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3.  LITERATURE REVIEW 

The oldest and most famous member of cast iron categories is Grey cast iron with 

graphite flakes. Despite high compression strength of gray cast iron, it has less 

tensile strength and low cost is the main reason for common usage. Since 1950’s, 

spheroidal graphite cast iron (SG iron), has been replaced with most cast iron types 

due to its higher strength and elongation. Higher mechanical properties of SG iron 

compared to other types are via nodular graphite particles with better iron matrix 

continuity in contrast with flaky graphite of gray cast iron [1]. Different mechanical 

and physical properties of cast iron types are mostly related to dissimilar shape, size 

and growth mechanism of graphite particles in the microstructure. Ductile iron and 

compacted graphite iron was first patented in 1949. Although, ductile iron became a 

favorable material in manufacturing industry, CGI was considered as a curiosity at 

the time. It can be said that Compacted Graphite Iron is a denigrated or spoiled 

Ductile Iron and its invention was probably an accident when the base metal for 

producing Ductile Iron was unintentionally under-treated with magnesium and the 

resultant metal was found to have certain characteristics very near to that of Ductile 

Iron and certain characteristics very near to that of Grey Iron. But the advantages of 

CGI in application do not stem from its mechanical properties. If a superior 

mechanical property compared to Grey Iron is the only criteria, then the natural 

choice would be Ductile Iron due its ease of manufacturing compared to CG Iron. 

The most important fact about CG Iron is that, while it has much higher mechanical 

properties compared to Grey Iron, its thermal and damping characteristics are very 

near to Grey Iron [2,3]. In order to describe the graphite shape in CGI microstructure, 

the term “vermicular” has been used. However, the term “compacted” is more 

preferable which shows three-dimensional structure of this cast iron type. Moreover, 

the term “vermicular” refers to the worm-like graphite structure in irons of very low 

sulfur content and differs from compacted graphite [36]. These properties have been 

found to make CGI ideally suited for engine manufacturing, where lighter and 

stronger materials are needed which can absorb more power. An assembled 

automotive engine can be made nine percent lighter with CGI.  
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The engine block weight alone can be reduced by 22 percent. This corresponds to a 

15 percent reduction in length and 5 percent reduction in height and width. It can be 

easily understood why CGI is continually gaining popularity in automobile industry 

[37]. The reason that CGI has not yet been widely adopted for production by 

foundries is that the stable range of compacted graphite is too narrow to ensure     

risk-free production which necessitates very strict process control involving heavy 

investment on control equipments.  While not quite as strong as Ductile Iron, CGI is 

75 percent stronger and up to 75 percent stiffer than Grey Iron. The thermal 

conductivity and damping characteristics of CGI are 80% and 60% respectively of 

Grey Iron. It is five times more fatigue resistant than aluminum at elevated 

temperatures, and twice as resistant to metal fatigue as grey iron [3].                                                                                                                                                                     

CGI standards for different grades have been developed and published by several 

international organizations and countries. These standards are categorized mostly due 

to nodularity percentage and mechanical properties as shown in table 3.1 [37].  

Several methods have been adopted to produce CGI. The simplest method would 

have been to under-treat the metal with magnesium so that the residual magnesium is 

within the specified range. But the treatment process adopted by most of the 

foundries are not very consistent with respect to Mg recovery, besides Mg recovery 

is also dependent on the base metal chemistry and thermal conditions. Other method 

is treating the molten metal with both spheroidizing and anti-spheroidizing elements, 

mainly Ti.  

Table 3.1 : CGI standards. 

Country  Issuing 

body 

 

 

Number  Year 

International  ISO  ISO 16112  2006 

International  SAE  J 1887  2002 

Germany 

USA 

China 

Romania 

 

 

 

 

VDG 

ASTM 

JB 

STAS 

 

 

 

 

W 50 

A 842-85 

4403-87 

12443-86 

 

 

 

 

2002 

1997 

1987 

1986 

This process can provide optimum results in many applications. Indeed, the Ti 

process appears to be a reliable CGI production method with repetitive results. 

However, one important factor impedes the general application of this treatment: 

titanium has a strong carbide, and nitrocarbide formation tendency. TiC and complex 

Ti nitrocarbides are very hard phases that diminish machining tool lifetime. 
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Using a 0.015 to 0.025 percent sulfur addition (after magnesium additions) in the 

form of iron sulfide or iron pyrites, which contained nominally 49 percent sulfur and 

is approximately 100 mesh by down  to denodulize magnesium treated iron, is other 

production method of CGI with less than 20 percent nodularity [38,39]. As a result, 

three main methods for CGI manufacturing, are by treatment of the liquid iron with 

alloys containing both nodularizing elements (Magnesium and RE elements) and 

denodularizing elements (Titanium or Aluminum) [40,41] and the second primary 

method is treatment of liquid iron with RE elements and the last basic method is 

based on extensive desulphurization of cast iron with high casting solidification 

cooling rate and possibly inoculation with Zr [42].  

Murthy et al. [1] on their work studied the production methods and growth 

mechanism of graphite particles in CGI microstructure. Although, the study 

contained a comprehensive overview of production methods and different 

mechanical properties of compacted graphite iron, some methods were not suitable 

for mass production. 

Ecob et al. [43] studied CGI production method route and mechanical properties 

optimization with different treatment methods for improving poor machinability of 

CGI. In order to achieve this mean they develop an alloy that contained 5-6% Mg 

and 5.5-6.5% Rare Earth (RE) in a normal ferrosilicon nodularising base alloy. By 

the means of this alloy they have reduced production costs and suppress CGI’s 

machinability.  

Machinability improvement of CGI is a favorable goal in automotive industry for 

replacing parts such as cylinder block with traditional cast irons because of higher 

strength and thermal shock resistance. Machinability studies of compacted graphite 

iron in turning, milling, drilling and other manufacturing operations have been 

conducted by many researchers, hoping to achieve a desired rate in contrast with 

gray cast iron. Also, in continuous cutting processes of CGI, tool life decreases 

dramatically and production costs arise [44]. Although, experimental studies on CGI 

machining have been few at invention times, in 1980’s by developing the production 

process of CGI and obtaining desired mechanical properties, researches propelled to 

develop poor machinability of this material.   
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Poor machinability of CGI in comparison with other cast iron types is mostly related 

to the  absence of manganese sulfide (MnS) layer as a lubricator and protector during 

CGI machining in the contact area of material and cutting tool [5, 45]. Because of 

lower sulfur content in CGI (0.005-0.025%) in comparison with gray cast iron    

(0.08-0.12%), this phenomenon happens despite other cast iron types during their 

continuous cutting operations. Generally, during the production process of CGI 

sulfur minimization applies to prevent flake graphite formation [46]. Aside from the 

absence of the protective and lubricating layer of manganese sulfide (MnS) in CGI 

machining, the presence of a low percentage of titanium in CGI effects cutting tools 

wear [47]. Large amounts of titanium (0.1 – 0.25%) have been used to prevent 

spheroid graphite formation which increases the stable magnesium range for CGI 

production. Higher percentage of titanium in CGI causes titanium carbonitride 

(TiCN) inclusion formation which are harder than tungsten carbide.  

This microstructure behavior makes more cutting wear during CGI machining. It was 

found that a slight increase of trace level of titanium from 0.01 to 0.02% is sufficient 

to reduce the tool life by about half [5]. Continuous turning tests on ferritic and 

pearlitic grades of CGI, first was conducted by Phillips [48]. He used different types 

of cutting tools (coated and uncoated tungsten carbide, ceramic cutting tools) and 

examined the operation in both dry and wet machining circumstances. From the tests, 

it was found that the machinability of CGI was intermediate to that of gray and 

spheroidal/ductile irons. Furthermore, it was found that ferritic CGI was more 

machinable than pearlitic CGI. Although, usage of cutting fluid provided an 

improvement during CGI machining, it wasn’t in sensible rate.   

Dawson et al. [5] studied the effect of the metallurgical variables on the 

machinability of compacted graphite iron and mostly exposed the effect of pearlite 

contents in CGI machining based on machining process and cutting tool chemistry. 

Increasing the pearlite percentage of <5% nodularity CGI from (70-80%) to (>95%), 

was found to have a negative effect on turning at (150, 250, 400, and 800 m/min) 

cutting speeds. However, increasing the pearlite content of CGI from (70-80%) to 

(>95%) at nodularity (5-10%) enhanced the tool life in milling. Although, pearlite 

content shows an effect in CGI machinability, it is important not to relate it just for 

pearlite content.  
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The actual reason for this machinability improvement was basically due to lower 

nodularity percentage (<5%) in the (70-80%) pearlite range, compared to (5-10%) 

nodularity in the (50-60%) pearlite range. In addition, increasing the cutting speed 

improved machinability in milling, but had a negative effect on turning. he reported 

that the low pearlite alloys are too soft and deformable for easy cleavage and chip 

formation during milling while the high pearlite alloys are too hard and abrasive for 

continuous cutting. Figure 3.1 shows the optimized cutting parameters for different 

machining operation (milling, turning and boring) of CGI with different cutting tools.   

Sahm et al. [49] conducted CGI machining tests on CGI at low cutting speeds (about 

100 m/min) with coated carbide tools and measured tool wear and tool life. However, 

during CGI boring of CGI at low cutting speeds by using PCBN cutting tools, the 

tool life decreases drastically (by 10 to 20 factor). Also, during continuous cutting 

operation of CGI with PCD (Polycrystalline diamond) tools, tool life has been 

increased in contrast with PCBN (Polycrystalline boron nitride) tools (increased by 

about 20 factors).  

Pretorious et al. [50] found PCD tools to be more favorable for CGI milling than for 

CGI continuous cutting operations in their research. They claimed that during 

continuous cutting of CGI, high temperature rise accelerated thermal wear of PCD 

cutting tools. Nevertheless, PCD tools and PCBN tools are highly expensive than 

carbide tools which normally are used in turning operations. 

Gabaldo et al.[51], studied performance comparison in milling of 98% pearlitic CGI 

using coated carbide inserts; (TiCN, Al2O3 and TiN on the flank face) and Si3N4 

(Sialon)-based ceramic tool. Milling operation have been conducted in different 

cutting speeds (140, 220, 280, and 340 m/min) and without cutting fluids. Carbide’s 

tool life did not show a significant decrease when cutting speed increased to 420 

m/min. At higher cutting speeds, at 680 and 850 m/min, carbide inserts presented 

significant decrease in tool life tendency. According to research, at same cutting 

conditions carbide inserts have showed more tool life than ceramic cutting tools. 

Experimental study on determining the wear mechanisms of CBN (cubic boron 

nitride) tools for CGI machining was first conducted by Gastel et al. [7]. The 

mechanisms which realized during the tool wear were oxidation and diffusion. 

However, they did not show the solutions for CGI machining improvement by using 

PCBN tools. 
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Diamini et al. [52] studied CGI’s machinability by using PCBN inserts in turning 

operation to achieve a desired optimization. In the experiment dry turning of 5% 

nodularity, 70% pearlitic compacted graphite iron was selected to study flank wear of 

tool and finish surface of workpiece. During the study cutting speed was in the range 

of 400-800m/min, and the tool had a negative rake angle of -6°, flank angle 6°, and a 

lead angle of 45°. They reported that tool wear at high cutting speed (600 – 800 

m/min) was dominated by crater wear. Decreasing the cutting speed prolonged the 

tool life and wear was mainly on the flank surface. Other researchers have been lead 

to innovative techniques and methods of CGI machining. Multiple insert tool usage 

was one of these techniques. Although, they revealed better productivity, they were 

expensive, complex and hard to maintenance [5]. Rotary-insert boring tools were 

used and enabled machining of CGI at cutting speeds comparable to cast irons. 

However, machine tool rigidity and accuracy were the problems [53].  

 

 Tool life for different tool materials in interrupted and continuous 

cutting of 70-80% pearlitic CGI and gray iron. 
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Abele et al. [6] declared CO2 cryogenic coolant system increase the tool life of PCD 

cutting inserts in CGI machining. They claimed these improvements were directly 

related with diamond grain size, the binder material, and the cutting parameters. 

Skvarenina et al. [10] used Laser Assisted Machining (LAM) technique for 

compacted graphite iron machining. LAM was effective and cost saving, but it was 

laboratory based technique and hard to be established in a factory based setting.  

Moreover, the process was economically useful only at low cutting speeds (100-120 

m/min) which was in the same success rate of carbide tools. So, usage of LAM in 

low cutting speed was an expensive and complex alternative in comparison with 

carbide cutting tools. 

Mohammad et al [3,54] studied the microstructure of CGI for modeling the 

machining process and its effect on tool wear, cutting forces and chip formation. 

They modeled segmental chips which were produced during CGI machining and by 

the means of cohesive zone elements graphite-matrix interface have been studied. In 

order to validate their finite element model, they have compared simulated chips and 

force trends with experimental findings. They investigated the effect of cutting 

forces, cutting speeds and cutting temperature on tool wear during CGI machining 

for finding an optimized technique of CGI machining and tool material selection. 

Their work gathered different cutting conditions and selective tool material for 

automotive and locomotive industries are of significant need to date. Their 

experiments were at 100, 200, and 400 m/min, cutting speeds and feeds of 0.05, 0.1, 

and 0.2 mm/rev each. Although, their comprehensive work helped to understand chip 

microstructure, cracked behavior of segmented chips, cutting forces and tool wear, it 

was assumed to be orthogonal cutting condition and the work was focused on 

modeling not to improve CGI machinability. 

Moecellin et al. [11] reported an 83% tool life improvement during the drilling of 

CGI and cause the machinability advancement which was similar to gray cast iron. 

The tests were performed using 10 mm diameter solid carbide drills from class K35, 

TiAlN single layer coated (3000 HV). However, the reported data were valid for 

drilling only and may not be applicable to other machining processes as admitted by 

Moecellin.His paper clarified the machinability improvement with the aid of external 

Minimum Quantity Lubrication system during drilling. 
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Oliveira et al. [55] studied the effect of cemented carbide coated with TiAlN tool 

geometry during drilling of CGI. They investigated maximum flank wear (VBmax) as 

a function of tool life and machinability performance of CGI. He reported the 

geometry with tip radius obtained the best results and higher tool life was obtained. 

Also, in their observations better surface roughness of holes were announced. Their 

optimized tool geometry for CGI drilling could be used as a reference in engine 

block production. 

Heck et al. [56] investigate the wear behavior of cutting tools used for CGI 

machining. They reported that the main reason in poor machinability of CGI is 

related to the lack of MnS layer and in order to solve this problem they suggested 

reducing cutting speed and increasing feed rate in the same amount as decreasing the 

cutting speed. Also, replacing single insert tools with multiple insert tools has shown 

effective in productivity. Furthermore, in this study the analytical MnS layer 

thickness value for other cast irons were measured and compared with CGI. 

Alves et al. [44] investigated improvements in CGI drilling achieved through the use 

of cutting fluids with EP (extreme pressure) additives. Cutting parameters in the 

study were kept constant by a cutting speed of 110 m/min, feed velocity of 350 

mm/min and hole-depth of 20 mm. He reported an improvement due to a layer 

comprised of sulphur (EP additive) and metal. The use of EP (extreme pressure) 

additives leads to the formation of protective layers upon high loading in the friction 

process. Also, as a result, adhesion was avoided and the friction and wear behavior of 

cutting tool was improved.  

Abele et al. [57] studied the tool wear mechanism of CGI machining and MnS layer 

relation with tool life. Also, different cylinder boring in different cutting speeds (10-

800 m/min) with PCBN inserts has been examined. They used different cutting tools 

(PCBN-CBN-ceramic and carbide) for caparisoning grey cast iron and CGI 

machinability in turning and boring operations.      

Nayyar et al. [58] investigated the machinability of flake, compacted and spheroidal 

graphite iron in continuous machining operations. Cutting temperatures, cutting 

forces, tool life, deformed chip thickness and contact length in different continuous 

machining operations (turning- boring and face turning) were measured for different 

cast iron grades.  
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During their examinations, face turning tests were performed in both dry and wet 

conditions to see the importance of cutting fluids for different grades of cast iron. 

They have reported that during CGI and SGI machining, usage of cutting fluids is 

useful. In order to measure tool life during CGI turning; cutting speed, feed and 

depth of cut was kept constant as 300m/min,0.2mm/rev and 1.5mm respectively. 

Evans et al. [59] studied the machining properties of CGI, and the metalworking 

fluid properties and composition which impact and potentially extend tool life in CGI 

drilling and reaming operation. Machinability studies were made by measurement of 

the cutting forces, tool wear occurring and torque (as a function of friction) during 

the operation. In order to achieve a machinability rate as in gray cast iron and to 

assess the validity and effectiveness of process, a sulfur based additive was 

incorporated into the same metalworking fluid were used and for the same machining 

conditions, drilling and reaming operations were performed. As a result, the 

incorporation of the sulfur based additive has a significant effect on reducing cutting 

forces and tool’s flank wear. While it is necessary to cast CGI with minimal sulfur 

content, it was shown that lubricating sulfur based additives can be utilized in the 

machining fluid to compensate for the lack of sulfur in the metal. Figure 3.2 shows 

the reamed hole finish surface roughness and effect of additive on the hole quality. 

 

 Sulfur additive effects in CGI reaming. 
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There have been little investigations over the performance of CGI machining under 

any lubricant action. This is because of additional costs during CGI and other cast 

irons machining. So, it is preferred to be machined in dry conditions. Moreover, the 

costs in machines with rotary tools or multiple-insert tools (for improving CGI 

machinability) would be more than using lubricants. In addition, several researchers 

have shown the poor machinability of CGI is related to the absence of a lubricating 

(MnS) layer during high speed cutting [5,7,56]. Thus, Minimal Quantity Lubrication 

(MQL) system is investigated in this study to see whether the absence of this layer’s 

effect could be rejected by other means such as cutting fluid action in MQL form. 

Also, during CGI machining, discontinuous chips are produced and by the means of 

cutting fluid penetration to the cutting zone and cooling the interface area, 

machinability development could be achieved [60].  

Minimum quantity lubrication (MQL) has increasingly found its way into the area of 

machining and, in many areas, has already been established as an alternative to 

conventional wet processing. In contrast to flood lubrication, minimum quantity 

lubrication uses only a few drops of lubrication in machining.  

Today, the enormous cost-saving potential resulting from doing almost entirely 

without Metalworking fluids in machining production is recognized and 

implemented by many companies, primarily in the automotive industry. By using 

MQL in the framework of highly automated large volume production, most of 

automotive industry parts like cylinder heads, crankcases, camshafts and numerous 

other components made of common materials – such as steel, cast iron and 

aluminum, could be produced economically.  

Minimal Quantity Lubrication (MQL) is a near dry lubrication technique that has 

been recently used as an alternative for wet machining and also dry machining 

operations.  In MQL small amount of lubricant (mostly oil), in atomized form, is 

mixed with compressed air and spray over the tool-workpiece contact area for 

coolant means. This action causes friction reduction between tool and chip contact 

area. Also, this process effectively reduces disposal fluid management and by the 

help of compressed air, cooling achieves [60]. Although, this lubrication system is in 

the category of near-dry process, it has achieved success through most of machining 

operations like sawing, turning, milling, drilling, and tapping in the means of 

adequate cooling, less pollution and effective lubrication.  
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Ford motor company reported a 13% decrease in the process costs via MQL by the 

means of tool life improvement, and water waste elimination [61]. In addition, chips 

produced are devoid of cutting fluid coating, enabling easier recycling. Several 

investigators have found MQL to be superior to dry and flood machining in terms of 

surface roughness, tool wear and cutting forces under certain cutting conditions 

[62,63,64]. Machining with MQL thus presents a perfect alternative to both dry 

machining and machining under flood lubrication. 

Weinert et al. [13] investigated dry and MQL machining in different cutting 

conditions and analyzed cutting parameters, cutting tools, machine tools and the 

production environment during MQL machining. Although, a comprehensive study 

over MQL systems and its equipments were shown in this study, suitable operations 

and work materials with internal and external MQL systems were presented. Also, 

selective MQL fluids, dry and MQL process for different machining operations, 

optimized cutting parameters have been conducted in this paperwork. 

Thamizhmanii et al. [65] studied Inconel 718 (steel) machining by applying MQL 

system. In the research vegetable based oil was applied by MQL in milling operation. 

They reported that MQL helps to use limited supply of coolant in order to minimize 

waste and it is environmental free. Also, their study showed that super cobalt tool has 

given more life by MQL than dry milling. Furthermore, better surface roughness in 

high cutting speeds was achieved by the means of MQL.     

Silva et al. [66] investigated behavior of the MQL technique under different 

lubrication and cooling conditions when grinding ABNT 4340 Steel. They studied 

various types of lubricants for MQL system in order to determine the best lubricant 

and compressed air flow. Cutting forces, surface roughness, grinding wheel’s 

diametric wear and residual stresses were measured. They reported that the MQL 

technique could be applied efficiently in the grinding process, providing 

environmentally friendly and technologically relevant gains. Also, surface roughness, 

tangential cutting forces and tool wear values were reduced by MQL usage. 

Park et al. [67] studied the droplet sizes and the droplet distribution after MQL oil 

has been sprayed onto a polished silicon wafer. Also, droplet distribution has been 

investigated in this study to determine the MQL optimal nozzle–workpiece distance 

and the nozzle discharge pressure.  
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Droplets in several distances from target and different pressures were examined in 

this study for finding droplet velocity, size estimation and distribution behavior 

during machining operations with MQL systems. 

Tasdelen et al. [68] investigated the contact length during minimum quantity 

lubrication (MQL) machining. They used uncoated and TiN coated inserts in the 

orthogonal turning tests. The examination conditions for both dry and MQL 

machining were same and contact length, chip morphology and engagement time 

were compared for both circumstances. They reported that MQL and compressed air 

lowers the contact length compared to dry cutting at short and longer engagement 

times. Although, the contact length was almost same for MQL and compressed air 

machining operation, the difference was in sliding region with the shorter 

engagement times. As a result, it was shown that MQL is a suitable method for short 

engagement time machining. 

Ali et al. [69] studied the effect of MQL on cutting performance of medium carbon 

steel during turning operation at different speed-feed combinations. The paper 

investigated the role of MQL on chip ratio thickness, cutting forces, cutting 

temperature, tool wear and surface roughness in medium carbon steel turning by 

uncoated carbide inserts. Different cutting velocity (68-266 m/min) and feed rates 

(0.1-0.2mm/rev) were used in this examination for both dry and MQL turning 

conditions. Upon their results, a reduction in cutting zone temperature, surface 

roughness, tool wear and dimensional inaccuracy were achieved by the means of 

MQL. They reported that a productivity improvement and cost saving could be 

reached by implementing MQL systems in dry machining operations. 

Heisel et al. [70] carried out extensive studies on applications of MQL in cutting 

processes. They described the possibilities of MQL applications in turning, milling 

and broaching experiments with geometrically defined cutting edges. All the 

investigations in turning and milling processes were using TiN-coated carbide 

inserts. They announced that certain surface quality and economical tool life 

depending on the machining operation and technology could be obtained with 

minimum quantity lubrication. Although, MQL could be applied to various 

machining operations, the volume of the cooling lubricant and the number of nuzzles 

are effecting the cutting operation. So, these factors should be used in optimized 

values during cutting of different materials.  
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Lugscheider et al. [35] MQL in reaming process of gray cast iron and aluminum 

alloy with coated carbide tools. During high speed cutting (250m/min), dry cutting 

was not possible in the reaming operation. By the aid of PVD layers and MQL, 

cutting process of gray cast iron were realized by twice the speed of dry cutting.  

They concluded that it caused a reduction of tool wear when compared with the 

completely dry process and, consequently, an improvement in the surface quality of 

the holes.  

Dhar et al. [34] conducted an experiment on the influence of minimum quantity of 

lubrication (MQL) on cutting temperature, chip formation and dimensional accuracy 

in AISI-1040 steel turning operation. They compared results with dry machining and 

machining with soluble oil as coolant in different cutting velocities (64, 80, 110 and 

130 m/min) and feed rates (0.10, 0.13, 0.16 and 0.20 mm/rev).  

Due to experimental results they noted that MQL enables substantial reduction in the 

cutting temperature, dimensional inaccuracy depending upon the levels of the cutting 

velocity and feed rate.Furthermore, under MQL cutting condition chip formation and 

chip-tool interaction zone become more favorable than dry machining. By the means 

of MQL, discontinuous chips with smaller length were produced. Thus, in selective 

cutting speed-feed combinations, it appears that MQL not only provides environment 

friendliness but can also improve the machinability characteristics. Their 

dimensional deviations results are shown in figure 3.3. 

The drilling of aluminum–silicon alloys is one of those processes where dry cutting 

is impossible. Braga et al. [71] used MQL system and diamond coated tool in the 

drilling of aluminum–silicon alloys. Their results showed an irregular wear in the 

surface of the diamond coated drill and a decrease in the quality of the hole made by 

it, compared to the uncoated drill. They reported that the performance of the process 

by considering cutting forces, tool wear and holes roundness when using MQL, was 

same as using very high amount of soluble oil, for both coated and uncoated drills. In 

addition, MQL was more economical than wet machining and could be used in 

aluminum-silicon alloy’s drilling operation.  
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 Dimensional deviations observed under dry, wet and MQL conditions. 

Rahman et al. [72] studied the effect of minimum quantity lubrication (MQL) in 

drilling commercially used steels. He reported that due to the high ductility of some 

cast irons, without cooling and lubrication, the chip sticks to the tool and breaks it in 

a very short cutting time and more crater wear and adhesion wear of tool will 

happen, which reduces the tool life and increases the production costs. Therefore, in 

drilling process a good alternative is the use of the MQL technique. 

Da silva et al. [73] analyzed coated cemented carbide insert wear in milling of 

medium carbon steel by using different lubrication systems. Although MQL has 

shown its effectiveness during the operation, it was not suitable for high machined 

length conditions and for these circumstances wet machining with the applying 

method of reduced flow rate will be favorable. They measured flank wear and 

surface roughness for dry, wet and MQL machining in order to comparison their 

effects on the process as shown in figure 3.4 and 3.5. 

N.R.Dhar et al. [106] studied the effect of MQL on tool wear and surface roughness 

during the turning operation of AISI 4340 steel. By this mean, the examined in three 

circumstances as dry, wet and MQL machining and claimed that MQL machining 

has better cutting performance than dry and wet machining due to reserving tool 

sharpness and reducing the cutting temperature. Because tool tip has less damage, 
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better surface roughness is achieved. Figure 3.6 shows the average flank wear and 

surface roughness in these circumstances. 

Attanasio et al. [74] investigated effect of MQL on tool wear in turning operation of 

normalized 100Cr6 steel. MQL was applied to the rake and flank face of a triple 

coated carbide tool (TiN outer layer, Al2O3 intermediate layer and TiCN inner layer) 

with constant cutting speed (300m/min) and two feed rates (0.2, 0.26mm/rev). They 

reported that when MQL is applied to the tool rake, tool life is generally no different 

from dry conditions, but MQL applied to the tool flank can reduce flank wear and 

eventually increases the tool life. Although, MQL gives some advantages during the 

turning operation, it presents some limits due to the difficulty of lubricant reaching 

the cutting surface. 

Varghese et al. [60] determined the effect of tool material, tool topography and 

minimal quantity lubrication (MQL) on machinability of CGI. Cutting tools used in 

this study were coated carbide, coated cermet inserts, and ceramic insert materials. 

He reported that flat coated carbide inserts provided higher cutting forces in dry and 

MQL conditions compared to grooved coated carbide inserts. However, machining 

under MQL conditions at low speed (250 m/min) caused an increase in the cutting 

forces when flat coated carbide and grooved coated cermet inserts were tested. 

Reduction in cutting forces under MQL conditions was in the grooved coated carbide 

and flat ceramic inserts. At higher cutting speed (400 m/min), machining under MQL 

conditions increased the cutting forces for all cutting inserts. Hence, several useful 

techniques and studies have been conducted over CGI machining in different cutting 

operations. 
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 Tool wear (VBmax) curves versus machined length when machining 

AISI 1047 steel  under various cutting conditions. 
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 Surface roughness recorded after milling AISI 1047 steel versus cutting 

speed and under various machining lubrication/cooling systems. 

As mentioned before CGI’s favorable mechanical properties like high tensile 

strength, good fatigue resistance, good damping capacity, fair shock resistance and 

low shrinkage characteristics, persuaded automotive industry to use it as a trend 

material in reducing motor block weight.  

Despite CGI’s poor machinability, innovative techniques for diminishing this effect 

needs to be economical. By this means, MQL seems to be a desirable solution for 

high speed continuous cutting of CGI (boring/turning operations) and other dry 

machining circumstances. These investigations still remain elusive, in using MQL 

system for CGI turning and perusing its effect in cutting conditions (tool wear, 

cutting forces, surface roughness, cutting temperature and chip morphology). So, 

further studies in this area are needed [75]. 
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 Auxiliary flank wear, with time under dry, wet and MQL conditions. 
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4.  EXPERIMENTAL PROCEDURE 

The primary aim of the current work is to investigate machinability of compacted 

graphite iron (CGI) in dry and minimum quantity lubrication (MQL) machining 

circumstances. However, such goal should be scrutinized and validated to give 

valuable results for manufacturing societies. Also, the work has to be applicable to 

the poor CGI machinability problem and economically should be favorable.  

Compacted graphite iron (CGI) is becoming popular material for automotive 

industries and is used as cylinder block material for diesel motors. The worthiness of 

adopting CGI as a new material in designing automotive and locomotive components 

has to be comparable to the conventional cast iron types. Literally, CGI machining is 

a challenging issue and restricts its application in manufacturing.  Accordingly, this 

paperwork will conduct experiments over CGI machinability in dry and MQL 

conditions with different cutting parameter combinations and will evaluate cutting 

forces, tool wear, surface roughness and chip morphology of both. 

4.1 Testing Methods 

Compacted graphite iron basically consists of nodular and flake graphite particles 

with pearlite and ferrite phases in microstructure. Figure 4.1 shows the 

microstructure of CGI with nodular and flake graphites as A and B respectively. The 

pearlite phase makes the material brittle and nodular compacted graphite protects the 

crack initiation and consequently the strength of CGI becomes higher than gray cast 

iron. White parts which are around the graphite are ferrite phases. Microstructure 

micrographs of CGI were taken by a microscope (Nikon SMZ 800). The samples 

were polished and cleaned to remove any surface contamination. The samples were 

etched with 2% Nital. They were exposed to Nital for an appropriate time (5-10 

seconds) and then washed off under a stream of water to stop the etching process. 

Later washed with alcohol (methanol or ethanol) and dried by air.     
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Figure 4.1 : Microstructures of workpiece material. 

The ISO 16112 standard for CGI grades ranging from 300 MPa to 500 MPa of 

tensile strength is showed in Table 4.1 [76]. EN-GJV-300 grade is fully ferritic and 

the GJV 500 grade is fully pearlitic due to application demands [77].   

Table 4.1 : CGI Grades – German Standard VDG Merkblatt W50 (2002). 

Grade UTS (MPa)  YS (MPa)  E (%)            HB 30  

(typical 

results) 

EN-GJV-300 300-375  220-295  1.5 140-210 

EN-GJV-350 350-425  260-335  1.5 160-220 

EN-GJV-400 

EN-GJV-450 

EN-GJV-500 

400-475 

450-525 

500-575 
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In order to determine the mechanical properties of our workpiece, three samples were 

tested by tensile test at room temperature. The obtained test results were given in 

table 4.2. Also figure 4.2 shows the stress-strain curve of three samples.   

Table 4.2 : Mechanical properties of CGI samples. 

Mechanical 

properties 

Value 

Yield Strength 

(MPa) 
345-365 

Tensile Strength 

(MPa) 
435-495 

Elongation (%) 1.2-1.6 

Hardness (HB) 190-200 
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In this study YCM GT200A CNC turning machine with 7.5 kW spindle power and a 

maximum spindle speed of 6000 rpm was used. The CNC lathe can be seen in Fig 

4.3.   

 

Figure 4.2 : Stress- strain curve of tensile samples. 

In order to measure cutting forces the CNC machine was equipped with a 3-axis 

force dynamometer Kistler 9257BA on the turret and the used software for analyzing 

the data of cutting forces was CUT PRO. MQL experimentations were conducted by 

Werte DKN-25 MQL system in order to mix the oil with compressed air and spray it 

periodically via nozzle.  

Also, the supply rate of MQL during the machining was 17.28 ml/h. The schematic 

representation of experimental set-up was given in Figure 4.4. The uncoated 

SSangYong SZ200 ceramic inserts without chip breaker of ISO code CNGN 120708 

E040 were used during the cutting experiments. The ceramic inserts are mostly used 

because of their hardness and wear resistance at higher temperatures.  

These inserts are consisting of the Alumina (AL2O3) and Zirconia (ZrO2) mixture. 

Zirconia causes the hardness and toughness behavior of cutting tool and Alumina 

bond with it for its hot hardness properties. The hardness of insert is 1800 Hv and the 

fracture toughness of ceramic insert is 4, 5 MPa m1/2 . The CCLNR 2020 K 12 S type 

tool holder was used in throughout the work.   
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Figure 4.3 : CNC lathe. 

Figure 4.5 shows the CNGN inserts actual geometry which were obtained from 

SSangYoung catalogue. The surface quality of machined work pieces were measured 

by MITUTOYO SJ.201P surface roughness measurement machine.  

 

Figure 4.4 : Schematic representation of test set-up. 

Cutting speed (Vc) and feed (f) were selected as 200 m/min and 0.3 mm/rev, 

respectively in order to understand the effect of MQL on tool wear mechanisms 

during CGI turning with ceramic insert. Depth of cut was kept constant as 1 mm. In 

order to comparison the effect of MQL on CGI machinability, three different cutting 

speeds and feed rates were selected which are given in Table 4.3.  
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The cutting forces, surface roughness, tool wear and chip morphology were 

investigated according to these cutting parameters. During all experiments, depth of 

cut was kept constant as 1 mm. The cutting parameters for both machining 

conditions (dry and MQL) were same and each case was repeated twice for 

improving the statistical errors. In order to keep cutting speed constant a G code 

algorithm was developed. Dry and MQL turning tests were carried out on the 

prepared samples of about 150mm length. Theses samples were machined in the 

length of 120mm each time. During the experiment the chips were collected and the 

microstructure and fracture behavior was investigated.   

 

Figure 4.5 : CNGN inserts actual geometry.  

Chip samples were cold mounted and polished to reach the middle plane of the chip. 

chip samples mounted on an examination stub and SEM chip images were taken. 

Also, flank and rake face of ceramic tools was examined by optic microscope and 

scanning electron microscope (SEM).  The measured responses of tool wear included 

crater wear, flank wear, notch wear and oxidation zone length. 

Table 4.3 : Cutting parameters. 

“ Vc ” Cutting 

speed (m/min) 

“ f ” feed 

(mm/rev) 

100 0.1 

200 0.2 

300 0.3 

For wear comparison, tests were conducted on cutting velocity of 200 m/min and 

feed of 0.3 mm. A fresh cutting edge was used for each test condition. In the event of 

rapid tool wear, the test was stopped to avoid catastrophic failure.  

For wear progression, all tests were conducted until tool reached a flank wear value 

of 0.3 mm. The worn tools were viewed under SEM and optical microscope to 

measure tool wear values.  

12.70        7.94            0.8                                   CNGN120708 
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5.  RESULTS AND DISCUSSION 

Machinability tests were conducted with reference to surface roughness, cutting 

forces, tool wear and chip morphology criterions. In order to achieve favorable 

purpose, the surface roughness (Ra), cutting forces, tool wear values were recorded 

during turning CGI specimens via CNC machine. The procedure contained selective 

cutting velocity, feed rate and depth of cut to comparison MQL and dry machining 

circumstances.  

5.1 Tool Wear 

In order to produce parts with desired surface finish and dimensional tolerances, the 

cutting tool edges must be in favorable life cycle with monitoring the tool wear and 

breakage. Otherwise, if the tool reached its life limit it should be replaced with new 

one [14]. Tool wear is related to cutting parameters, tool and workpiece materials 

and coolant circumstances. It increases gradually as the cutting proceeds. Because of 

its importance in mass production and directly relation to manufacturing costs, 

understanding the wear mechanisms with longer tool life achievement is needed 

during the machining operations.  

In this study, tool wear of CGI was measured in order to comprehend the influence 

of MQL on tool life. Although flank wear (VB) is the most important wear type in 

tool life expectancy, crater wear (Vcr), notch wear (VBmax) and oxidation zone (VOX) 

was measured. Tool life was considered by the machining distance in which the flank 

wear reaches a limited value of 300 µm.  Xavier et al. [78] reported that adhesion and 

abrasion are the two main wear mechanisms of CGI machining. Adhesion occurs 

while two materials interact with each other under high pressure and temperature 

conditions [79], and abrasion is related to the mechanical wearing due to hard 

particles which are chips in machining process. These phenomena could be 

decreased with the aid of lubricant.  
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MQL is a newly known near dry lubrication method which decreases the friction 

coefficient as a result, the effect of adhesion and abrasion wear mechanisms 

diminish. SEM micrographs of different kinds of tool wears are shown in Figure 5.1. 

Flank wear occurs as a result of friction between the tool flank and machined surface 

of workpiece. The higher amount of flank wear could cause the tool failure and high 

surface roughness due to cutting force growth. The flank wear was measured by the 

width of wear land (VB). The excessive local plastic deformation on insert faces 

leads to notch wear. Notch wear is a special type of combined flank and rake face 

wear which occurs adjacent to the point where the major cutting edge intersects the 

work surface. It was measured by the maximum width of wear length at flank face 

(VBmax). Crater wear is related to friction between chip and rake face of insert. The 

crater wear in the cutting edge, weakens the rake and the contact area which could 

cause chipping.  

 

Figure 5.1 : Typical wear types of CGI under dry cutting conditions a) Flank and 

Notch Wear b) Crater Wear (Vc=200 m/min, f=0,2 mm/rev). 
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The flank wear curves for the turning of CGI are shown in Figure 5.2. Flank wear 

curve of MQL and DRY cutting conditions were almost similar. The effect of MQL 

on flank wear was gradually observable while the cutting distance is increased. By 

the means of MQL, limited value of flank wear 0,3 mm was obtained with more 

cutting distances corresponding to DRY cutting conditions. These observations could 

be attributed to cutting temperature or abrasive and adhesion reduction via oil 

particles.  

 

Figure 5.2 : Flank wear vs cutting distance under VC=200 m/min, f= 0.3 mm/rev. 

Figure 5.3 shows the relation between notch wear and cutting distance. The notch 

wear under dry cutting condition was lower than MQL at the beginning of the graph. 

However notch wear under MQL condition reached 300 µm at higher cutting 

distance because the wear rate of MQL was lower than dry cutting condition.  

As shown in Figure 5.3, distinguishable role of MQL was not observed for notch 

wear excelling. Nevertheless, few development of notch wear at higher cutting 

distances could be explained by reduction in abrasion wear through MQL. The 

oxidation zone on the rake face and crater wear of ceramic insert were measured by 

optical microscope as shown in Figure 5.4.  

In this figure, Vox and Vcr represent oxidation length and crater width, respectively. 

Figure 5.5 shows crater wear vs cutting distance graph. Observations of rake face of 

the tool revealed the fact that, the crater width increases as the cutting distance grows 

for both DRY and MQL conditions.  
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Although, in low cutting distances crater wear with MQL is higher, gradually MQL 

becomes effective in crater wear at the high cutting distance. It could be attributed 

less adhesive wear and less cutting temperature and deposits on the cutting tool via 

oil droplets. The use of lubricant and its penetration between the chip and tool 

reduces the friction and cutting temperature and eventually the crater wear reduces.  

The oxidation zone measurement which was explained at previous paragraph is given 

in Figure 5.6 according to the cutting distance. As the cutting distance increases, 

length of oxidation zone progressively grew larger. The larger oxidation zone on the 

rake face of insert could weaken the cutting edge and consequently tool life. 

 

Figure 5.3 : Notch wear vs cutting distance under VC=200 m/min, f= 0.3 mm/rev. 

During machining with MQL, oxidation area was reduced in comparison with DRY 

machining. One objective of MQL is decreasing cutting temperature and oxidation 

dispersion which cause machining stability.  Also, MQL could reduce the effect of 

oxidation via less tool-chip contact length and chip spreading mechanisms in cutting 

edge. Accordingly, compressed air assists chip evacuation from the cutting zone so 

the contact length between chip and flank surface decreases. SEM photos of inserts 

which show the wear types of CGI turning for DRY and MQL cutting conditions 

were taken in Figure 5.7.  
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Figure 5.4 : The oxidation zone on the rake face and crater wear width. 

 

Figure 5.5 : Crater wear vs cutting distance in VC=200 m/min, f= 0.3 mm/rev. 
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Figure 5.6 : Oxidation zone vs cutting distance under Vc=200 m/min f= 0.3 mm/rev. 

MQL does not prevent the wear of tool but it decrease the abrasion and adhesion 

effect. Obviously the main role of MQL development was seen at crater wear and 

oxidation zone.  

  

Figure 5.7 : SEM cutting edge photo a, c) DRY b, d) MQL. 
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5.2 Cutting Forces 

During the machining operation, high stresses acting on cutting tool could cause tool 

failure, and high friction stresses in chip forming action and high machine vibration 

[80]. Turning test of CGI were performed in dry and MQL machining conditions to 

evaluate the cutting force components and resultant cutting forces.  

Cutting forces were measured to see if any improvement and consequently, cutting 

force reduction could be achieved by using MQL or not. These tests were conducted 

with worn and fresh cutting tools both for dry and MQL circumstances for 

comparison mean. Experiments were conducted on CNC turning machine in order to 

measure 3 cutting force components in dry and MQL machining. The cutting forces 

at three axes were given in Figure 3 for both machining conditions.  

Minimum cutting force value was 146 N which measured under Vc=100m/min, 

f=0.1mm/rev through MQL method as the y-axis force component. Also the 

maximum cutting force value was 685N measured under Vc=100m/min, 

f=0.3mm/rev through MQL method as he x-axis force component.  

Furthermore it can also be seen that during the experiment Fx is always the highest 

among other force components. Although all the three force components are seen to 

increase with feed rate, cutting forces in machining with MQL system were a little 

bit less (about 2%) than dry machining in same cutting conditions. This kind of 

behavior could be explained through small layer of oil in tool-workpiece cutting 

interface which cause less vibration in CNC machine and wet area helps the chip to 

slide over tool more sufficiently. Also ductile and brittle cutting removal could be 

effective criteria. In some cases, the usage of MQL under these cutting conditions 

could affect cutting temperature and heat transfer between chips and oiled tool and 

eventually cause some disturbance which sometimes makes more cutting force at 

MQL cutting procedure. Figure 5.8 shows components of cutting force on ceramic 

inserts. The value of cutting forces is an important factor for machine parts 

deformability, tool life, vibration, finished surface of parts, machinability of 

workpiece and other cutting parameters. 
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Figure 5.8 : Cutting forces components for both conditions.  
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As shown in figure 5.9, Fx always has the highest value among other cutting force 

components. Cutting force, during machining operation by the means of MQL were a 

little bit less (about 2%) but not enough to be tangible in CGI machining 

considerations. Also, machining with worn cutting tool caused higher cutting forces 

in both conditions.  

 

Figure 5.9 : Components of cutting force on ceramic inserts. 

It is assumed that the small layer of oil in contact area and air compressing cause less 

vibration and easier slide of chips over tool rake face and this procedure is the key to 

little improvement in MQL using.  

However, this reduction is not in considerable rate and the cutting force components 

and resultant force are about the same value. Because the cutting temperature during 

dry machining is higher than machining with MQL, CGI tends to be softer. On the 

other hand MQL causes friction coefficient reduction in tool-workpiece interface. 

These two conflicting behavior compensate each other in a way that MQL has not an 

effective role in cutting force decreasing.  
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Figure 5.10 : Cutting Force components at Vc=200 m/min, f=0,3 mm/rev in time    

domain fresh insert: a)DRY  b)MQL  wear insert: c)DRY  d)MQL. 
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5.3 Surface Roughness 

Surface roughness is one of the most important machinability indexes in 

manufacturing industries. It effects the life cycle, micro crack generation on the 

machined surface and performance of components. Figure 5.11 illustrates the 

average surface roughness values of the samples with different feed rates and cutting 

speeds. The comparisoning figure reveals that the effect of feed rate on surface 

roughness is clear in dry condition. Surface roughness increases as feed rate increase 

for all cutting speeds. The maximum surface roughness occurred in highest feed rate 

value, 0.3 mm/rev at the speed of 300 m/min. In contrast influence of feed rate on 

surface roughness is not obvious for the evaluated range of cutting in MQL 

condition. Recorded Ra values regardless of parameter increases, reduces or no 

change.  

During the examinations, samples were examined three times in each steps in order 

to get the average values and determine the deferences for dry and MQL cutting. The 

average surface roughness values vary between 4-6 m for dry, 3-5m for MQL 

condition. It was observed that surface roughness of workpieces which have been 

machined via MQL method is better than dry those in same cutting parameters 

except two circumstances which were under slow cutting velocity (100 m/min). The 

best response of near dry machining in surface roughness decrease was at Vc =300 

m/min and f=0.2 mm/rev condition.  

These results confirmed that MQL has 25% lower surface roughness than that of dry 

condition in CGI turning. MQL method’s improvements on surface roughness can be 

explained through lower cutting temperature and vibration due to the better 

lubrication conditions.  
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                                          DRY 

  Ra1 Ra2 Ra3 
Average  
Ra 

                                        Vc=100 m/min  

F=0,1 mm/rev 1,17 0,91 0,92 1,00 

F=0,2 mm/rev 3,80 3,63 5,78 4,40 

F=0,3 mm/rev 5,22 4,92 5,27 5,14 

                                        Vc=200 m/min  

F=0,1 mm/rev 5,98 4,09 3,18 4,42 

F=0,2 mm/rev 5,20 6,00 4,08 5,09 

F=0,3 mm/rev 6,10 5,71 3,74 5,18 

                                       Vc=300 m/min  

F=0,1 mm/rev 3,12 3,42 3,00 3,18 

F=0,2 mm/rev 5,95 5,16 5,66 5,59 

F=0,3 mm/rev 5,58 4,98 6,38 5,65 

Table 5.1 : Surface roughness values for DRY and MQL machining. 

 

 

Figure 5.11 : Surface Roughness for both conditions under cutting parameters     

Vc= 100, 200, 300 m/min and f= 0,1, 0,2, 0,3 mm/rev. 

MQL  

  Ra1 Ra2 Ra3 Average Ra 

                Vc=100 m/min  

F=0,1 mm/rev 2,23 3,30 3,07 2,87 

F=0,2 mm/rev 3,50 4,37 4,18 4,02 

F=0,3 mm/rev 5,36 4,69 5,71 5,25 

              Vc=200 m/min  

F=0,1 mm/rev 2,97 3,08 2,76 2,94 

F=0,2 mm/rev 2,84 4,23 4,70 3,92 

F=0,3 mm/rev 2,77 2,74 3,58 3,03 

             Vc=300 m/min  

F=0,1 mm/rev 3,32 2,03 3,61 2,99 

F=0,2 mm/rev 1,85 3,01 3,81 2,89 

F=0,3 mm/rev 4,45 3,20 3,98 3,88 
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5.4 Chip Morphology 

Machining chips in both MQL and dry condition were collected and optical 

micrographs of typical chips are given in Fig 5.12. During the turning of compacted 

graphite iron, segmented chips have been observed both in MQL and dry conditions 

due to the fracture characteristics of CGI.  

Segmented chip lengths were affected by cutting velocity in both conditions. Higher 

the velocity causes lower the chip length. Effect of serrated chip formation in tool 

wear will be discussed in succeeding section. This kind of chip is consisting of low 

and high shear strain zones. The geometric shapes of the chips are mostly caused by 

CGI’s brittle behaviour and fracture characteristics.  Also all chips were easy to 

break by hand.  

 

 

Figure 5.12 : The optical micrographs of chips at constant feed of 0,2 mm/rev.                  

a),b),c) for DRY condition; d),e),f) for MQL condition. 

Chip lengths are affected mainly with cutting velocity. Moreover under both DRY 

and MQL conditions, cutting velocity increment cause chips length reduction.              

Fig 5.13 shows the SEM micrograph of the cross-sectional morphology of the 

serrated chips, which are mounted in bakallite for both dry and MQL conditions. Saw 

tooth shape forms of chips due to the sequential high and low shear strain formation 

can be seen clearly in Fig 5.13 (a) and (b). Graphite particles, which are allocated 

randomly in CGI’s matrix, cause the crack initiation on segmented chip. However, as 

can be seen in both figures, Fig 5.13 (a) and (b), all along the chip width 

segmentation does not follow-up specific pattern, they are irregular size and 

VC=100m/min VC=200m/min VC=300m/min 
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geometries due to the random dispersion of graphite’s throughout the matrix. Fig 

5.14 shows the single serrated chip, which has been magnified in Fig 5.15. 

The micrograph belongs to 100 m/min cutting speed and 0.3 mm/rev feed conditions 

on MQL used test.  

 

Figure 5.13 : Micrograph of chips under a) DRY and b) MQL conditions . 

The asymmetric segmentation of chip form and inhomogeneous deformation can be 

seen clearly in Figure 5.15 (a).  The close up view of “Y” section was given in   

Figure 5.15 (b). In this Figure, cleavage steps and stacked shear planes which is the 

proof of the cleavage fracture, is shown.  

 

Figure 5.14 : SEM micrograph of chip under Vc=100m/min and f= 0.3mm/rev. 
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Figure 5.15 : a) The close up view of X   b) The close up view of Y. 
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6.  CONCLUSIONS AND RECOMMENDATIONS  

In the current work, compacted graphite iron (CGI) machinability, in dry machining 

and minimum quantity lubrication (MQL) machining have been investigated. The 

previous chapters presented a detailed representation and discussion of the examinations 

conducted on CGI turning in order to gain insight into the MQL’s effect on the machinability 

factors.  

Throughout the experimental observations in this paper, a comprehensive study of 

different types of tool wear, cutting forces measurement, surface roughness and chip 

morphology were conducted in both cutting conditions. Available literature in the area 

of CGI turning operation with ceramic cutting inserts in both dry and MQL machining, fails 

to provide a detailed understanding of tool wear mechanisms, cutting force components, 

finished surface quality and chips produced in both conditions. This lack caused to study 

CGI machinability in more detailed form.The current chapter concludes the main findings 

of the study. Also, it suggest some recommendations for future work in the area. In order to 

evaluate the effect of MQL in CGI turning, cutting force, surface roughness, chip 

morphology and tool wear were analyzed. The results are summarized as follows: 

1- Cutting forces were measured by the means of piezoelectrical dynamometer and 

package software of CUTPRO. The examinations on cutting forces revealed that 

MQL has not considerable effect in cutting force reduction due to its conflicting 

behavior in less friction coefficient and less cutting temperature which cause less 

softer workpiece during machining. However, the effects of MQL in higher feed 

rates were negligible. Under MQL conditions, the results are inconclusive to point 

out a trend in the measured forces. Furthermore, Varghese et al. [60] studied the 

cutting forces in machining with grooved tool for dry and MQL conditions. He 

claimed that the grooved tool caused a 3-12% reduction under dry conditions and 9-

20% in MQL when tangential cutting force were measured. The difference for other 

force component was not in considerable rate. Also he claimed that the usage of 

MQL at low cutting speed, reduces the cutting forces. However, at high cutting speed 

it has reverse effect and increses the measured cutting forces. 
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2-The positive effect of feed rate on surface roughness was clear in dry condition. Ra 

values increased as feed rate increase for all cutting speeds. The influence of feed 

rate on surface roughness was not obvious for the evaluated range of cutting in MQL 

condition. Recorded Ra values regardless of parameter, increased, reduced or did not 

change.  

The average surface roughness measurement results confirmed that MQL generated 

25% lower surface roughness than that of dry condition. 

3- During the turning of compacted graphite iron, serrated chips have been observed 

both in MQL and dry conditions. Serrated chips were long length and had accordion 

shape due to the excessive inhomogeneous plastic. 

4- Tool wear analysis result indicated that MQL provides 10% less flank wear, 30% 

less crater width than that of dry condition. Silva et al. [66] claimed that by using 

MQL technique during the grinding process of 4340 steel, a 13 to 50% reduction in 

diametral wear has been achieved. Also, Ali et al. [69] stated that MQL reduces the 

flank wear and surface roughness in turning of medium carbon steel. They said that 

this process reduces deep notching and grooving. By this mean better surface finish 

is achieved. Thamizhmanii et al. [65] studied Inconel 718 (steel) MQL machining 

and said that by comparisoning dry machining, tool life has been increased 43.75%. 

Although MQL has less improvement in reduction of flank wear and notch wear, its 

considerable development in crater wear and oxidation zone decreasing was 

observed during the examinations. Under constant cutting speed and feed, all wear 

types show an increase in amount as the cutting distance grows. However, with the 

effect of MQL this increase is less. And flank wear reaches the limited value of 

0.3mm in more cutting distance by using MQL which could cause longer tool life.  

6.1 Recommendations for Future Work 

As the current work is a foundation to possible future perfection, the following 

recommendations can be provided on the field of this study: 

1- Acording to data available from progressive tool wear, the machining model to 

include different cutting tool materials, geometries and configurations (angles, edge 

preparation, chip breaking, etc), coatings at different machining conditions (cutting 

speeds, feed rates, dry/coolant condition simulation) to study the effect of all 
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variables on machining outputs can be investigated. Developing tool wear models 

can reduce the experimantal time, effort and raw material costs. Also, these models 

could provide new cutting tools in manufacturing industries.  

2- During the experimental investigations in this paper work oxidation zone length 

were studied. Application of lubricant during machining can affect the chemicalwear type 

on the tool rake face. In addition, lubricant could affect the materials microstructure during 

machining operation. An investigation of MQL effects on the lubricants chemical content 

and oxidation zone could be useful. 

3- Due to prior studies, absence of a manganese sulphide (MnS) layer on CGI microstructure 

and cutting tools interface zone at high cutting speeds results in high tool wear and 

machinability reduction. 

Some researchers report this layer as a protector/lubricator during the process. A 

fundamental study on the nature of this layer over tools and its effect on 

machinability and possible improvement by the means of specific lubricants or other 

aspects could be useful. 

4- This study provides information about CGI turning. Study on CGI’s machining 

with other machining operations (milling, drilling, and grinding ...) in dry, MQL and 

wet machining could persue the automotive industry in CGI’s mass production. 
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APPENDIX A 

 

 

 

    
                   (a) (b) (c) 

 
 (d) (e) (f) 

 
 (g) (h) (i) 

 Figure A.1 : Flank wear, for DRY machining, Vc = 200m/min and f= 0.3mm/rev: 

(a)5th pass. (b)10th pass. (c)15th pass. (d)18th pass. (e)23th pass. 

(f)28th pass. (g)33th pass. (h)38th pass. (i)43th pass. 
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APPENDIX B 

 

 

 (a) (b) (c) 

 
 (d) (e) (f) 

 
 (g) (h) (i)  

 

Figure B.1 : Flank wear, for MQL machining, Vc = 200m/min and f= 0.3mm/rev: 

(a)5th pass. (b)10th pass. (c)15th pass. (d)18th pass. (e)23th pass. (f)28th 

pass. (g)33th pass. (h)38th pass. (i)43th pass. 

 

 



96 

APPENDIX C 

 

 

       
 (a) (b) 

       
 (c) (d) 

       
 (e) (f) 

 

Figure C.1 : Crater wear, for DRY machining, Vc = 200m/min and f= 0.3mm/rev: 

(a)5th pass. (c)10th pass. (e)15th pass., Crater wear, for MQL machining, 

Vc = 200m/min and f= 0.3mm/rev: (b)5th pass. (d)10th pass. (f)15th pass.  
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