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Up to now, a lot of research has been done on modeling and optimization of 

parameters like surface roughness, tool life, tool wear, cutting forces, vibration, and material 
removal rate influencing machining. However, little research has been done to optimize and 
model power consumption, sound, and current. To this aim, the effects of cutting parameters 
on power consumption, cutting forces, sound, current, and surface roughness were 
investigated. The present study focuses to obtain the optimal machining parameters leading 
to minimum power consumption, cutting forces, sound, current, and surface roughness during 
turning of AISI 4340 steel with different hardness (30, 35, 40 HRC) using ceramic, carbide, 
and CBN inserts. Predicted results with developed mathematical models for power 
consumption, cutting forces, sound, current, and surface roughness have been compared with 
experimental/calculated values. The results establish that there is a close relationship between 
the predicted values and experimental/calculated values. As a result of optimization, the most 
important parameter for power consumption, current, sound was found to be cutting speed. In 
addition to this, the most effective parameter for surface roughness was determined to be 
insert. The most effective parameter on radial force (Fx) and tangential force (Fy) is feed 
rate. And the most effective parameter on feed force (Fz) is depth of cut. Also, it has been 
observed that there is a strong relationship between the machining parameters and power 
consumption. In this way, it has been determined that power savings can be achieved by 
using optimal processing parameters. 
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Şimdiye kadar yüzey pürüzlülüğü, takım ömrü, takım aşınması, kesme kuvvetleri, 

titreşim ve talaş kaldırma oranı gibi talaşlı imalatı etkileyen parametrelerin modellenmesi 
ve optimizasyonu üzerine birçok araştırma yapılmıştır. Ancak güç tüketimini, sesi ve akımı 
optimize etmek ve modellemek için çok az araştırma yapılmıştır. Bu amaçla, bu çalışmada 
kesme parametrelerinin ses, akım, yüzey pürüzlülüğü, kesme kuvvetleri ve güç tüketimi 
üzerindeki etkileri araştırılmıştır. Bu çalışma, seramik, karbür ve CBN kesici uçlar 
kullanılarak AISI 4340 çeliğinin farklı sertlikte (30, 35, 40 HRC) tornalanması sırasında 
minimum güç tüketimine, kesme kuvvetlerine, sese, akıma ve yüzey pürüzlülüğüne yol 
açan en uygun talaşlı imalat parametrelerini elde etmeye odaklanmaktadır. Geliştirilen 
matematiksel modeller ile tahmin edilen sonuçlar, hesaplanan/deneysel değerlerle 
karşılaştırılmıştır. Sonuçlar; güç tüketimi, kesme kuvvetleri, yüzey pürüzlülüğü, ses ve 
akım için geliştirilen matematiksel modellerle tahmin edilen değerler, hesaplanan/deneysel 
değerler arasında yakın bir ilişki gösterdiğini ortaya koymaktadır. Optimizasyon sonucunda 
güç tüketimi, akım ve ses için en önemli parametrenin kesme hızı olduğu bulundu. Radyal 
kuvvet (Fx) ve teğetsel kuvvet (Fy) için en önemli parametrenin ilerleme; ilerleme kuvveti 
(Fz) için ise en önemli parametrenin kesme derinliği olduğu görülmüştür. Bunun yanı sıra 
yüzey pürüzlülüğüne en çok etki eden parametrenin kesici uç olduğu belirlenmiştir. Ayrıca 
güç tüketimi ile işleme parametreleri arasında güçlü bir ilişki olduğu tespit edilmiştir. Bu 
sayede optimum talaşlı imalat parametreleri kullanılarak güç tasarrufu sağlanabileceği 
belirlenmiştir.        
                                
Anahtar Kelimeler: Güç tüketimi, Kesme Kuvvetleri, Ses, Akım, Yüzey pürüzlülüğü 
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EXTENDED SUMMARY 
 

More energy is needed in the world along with the increasing industrialization and 
human population. The manufacturing process is one of the most energy-consuming 
industries in the world. Machining is one of the most basic and major manufacturing 
processes. Most sectors in the manufacturing area are trying to improve their manufacturing 
processes in order to increase energy efficiency. The basic machining processes include 
turning, milling, shaping, boring, sawing, planing, grinding, broaching, and drilling 
operations. Turning process that is the most common machining operation is addressed in 
the present study. Power consumption that has an important place in the machining process 
is often used to analyze energy efficiency. The power consumption in the turning process is 
affected by many factors like cutting forces, metal removal rate, insert geometry, insert 
material, cutting speed, feed rate, and depth of cut. Also, Finite Element Method (FEM) can 
be used for finding machining parameters such as cutting forces, tool vibration, shear stress, 
strain rate, and temperature without making experiments. By this means, it is saved cost 
and time. For this purpose, this study focuses on optimizing and modeling machining 
parameters to ensure minimum power consumption, cutting forces, sound, current, and 
surface roughness during turning of AISI 4340 alloy steel using different insert materials 
and workpiece materials with different hardness.  

The thesis presented consists of several steps. Initially, by applying different heat 
treatments on AISI 4340 alloy steel, workpieces with a hardness of 30, 35, 40 HRC were 
obtained. Next, cutting tools (inserts) manufactured from CBN, ceramic, and carbide 
material were supplied. The Design of Experiments (DOE) is used to minimize the number 
of total experiments and later for planning, conducting, analyzing, interpreting experiments. 
Thus, first of all, an experiment plan was prepared with Respond Surface Method (RSM) 
taking input machining parameters (insert, hardness, cutting speed, feed rate, depth of cut), 
and their levels (each with three levels). And then output machining parameters (power 
consumption, cutting forces, sound, current, surface roughness) were determined. Minitab 
16 software was utilized to generate RSM in the DOE. In here, a Box-Behnken Design 
(BBD) was chosen. For this study, a Box-Behnken Design of 46 with 5 factors, 3 levels, 
and 1 single block was created. Experiments were conducted by using three levels of 
cutting speed (180, 220, 260 m/min), three levels of feed rate (0,03; 0,07; 0,11 mm/rev), 
three levels of depth of cut (0,08; 0,14; 0,20 mm), three levels of hardness (30, 35, 40 
HRC), and three levels of insert (ceramic, carbide, CBN). Thirdly, experiments according 
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to experiment plan order were executed and results were evaluated. The target is to 
minimize all output parameters (response values). Accordingly, the experimental/calculated 
results were commented. 

The results of ANOVA for radial force (Fx) show that feed rate is the most 
significant cutting parameter with 29,17% contribution. It was followed by insert of 
26,46%, depth of cut of 25,66%, hardness of 9,03%, and cutting speed of 0,28%. From the 
analysis of the surface plot, it is seen that while cutting speed, depth of cut, feed rate, and 
hardness rise; Fx increases. The smaller Fx was got when ceramic insert was used. 
According to Signal-Noise ratios (SN), optimum Fx can be obtained at i = ceramic, h = 30 
HRC, v = 180 m/min, f = 0,03 mm/rev, and a = 0,08 mm. It is predicted as 9,51 N 
according to these parameters in optimization plot. 

The results of ANOVA for tangential force (Fy) show that feed rate is the most 
significant cutting parameter with 44,74% contribution. It is followed by depth of cut of 
41,69%, insert of 7,06%, cutting speed of 0,19%, and hardness of 0,07%. It is seen from 
surface plot that as f and a increases, Fy also increases. Moreover, v has no effect or little 
effect on the Fy. Hardness has little influence on Fy. Fy changes little with the rise of 
hardness level and it can be neglected. Minimum Fy was achieved when ceramic insert was 
used in reference to surface plots. According to SN ratios, the minimum value of Fy was 
obtained at i = ceramic, h = 35 HRC, v = 220 m/min, f = 0,03 mm/rev, and a = 0,08 mm. It 
is predicted as 15,72 N according to these parameters in optimization plot. 

From the results of ANOVA of the feed force (Fz), it can be seen that the depth of 
cut with 53,36% contribution are the most significant cutting parameter on Fz. It is 
followed by insert of 16,61%, feed rate of 10,52%, hardness of 1,57%, and cutting speed of 
0,01%. Fz increases slightly or not changes with increasing cutting speed and feed rate 
levels. However, it was observed that the Fz increased strongly with increasing depth of cut 
value. As hardness the values increased, it was found that the Fz also increased. 
Furthermore, it was seen that the lowest Fz was observed when carbide inserts were used. 
When insert of carbide, hardness of 30 HRC, cutting speed of 180 m/min, feed rate of 0,03 
mm/rev, and depth of cut of 0,08 mm was set according to SN ratios, the minimum value of 
Fz force was established. It is predicted as 29,25 N according to these parameters in 
optimization plot. 

In the present research, the ANOVA analysis was used to indicate the percentage 
influence of cutting parameters on the surface roughness (Ra). According to percentage 
contribution of process parameters for Ra, it is concluded that insert with 51,52% is the 
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most effect parameter on Ra. It is followed by hardness of 13,59%, feed rate of 1,86%, 
depth of cut of 0,47%, and cutting speed of 0,18%. Based on the surface plot results, the 
best Ra is obtained with the highest cutting speed in the pairwise interaction of the 
parameters v, f, a. The effect of depth of cut on the Ra was observed that it changed 
depending on the parameter interaction. It was observed that the value of Ra tends to 
increase with the combination of the highest feed rate and the lowest depth of cut. Besides, 
it was observed that the value of Ra tends to decrease with the combination of the highest 
cutting speed and the lowest depth of cut. Plus, with a rise in the feed rate, an increase of 
values in the Ra is observed. At the highest values of the hardness level, the lowest values 
of the Ra are generated. The minimum values of the Ra were obtained when CBN insert 
was used. From SN ratios for Ra, when i = CBN, h = 40 HRC, v = 180 m/min, f = 0,03 
mm/rev, and a = 0,08 mm was set, the optimum value of Ra was established. It is predicted 
as 0,37 μm according to these parameters in optimization plot. 

ANOVA table was used to determine the significance of cutting parameters on 
Total Current (Itotal). Based on the ANOVA table, the most significant factor affecting Itotal 
is found to be cutting speed with 94,23% contribution. It is followed by depth of cut of 
2,82%, insert of 0,83%, feed rate of 0,40%, hardness of 0,02%. According to surface plot 
for Itotal, as the applied cutting speed increased, the Itotal increased linearly. Further, the 
effect of depth of cut and feed rate on the Itotal values was found to be changed. It was 
observed that the value of Itotal tends to increases with increases in the depth of cut and feed 
rate, but it decreases after peak point with further rises in depth of cut and feed rate. The 
Itotal increased at higher values of hardness. Itotal got its highest value when CBN insert used. 
From SN ratios for Itotal, when i = ceramic, h = 30 HRC, v = 180 m/min, f = 0,03 mm/rev, 
and a = 0,08 mm was set, optimum value of Itotal was established. It is predicted as 4,83 A 
according to these parameters in optimization plot. 

ANOVA method was applied for Total Sound (Stotal) in order to statistically 
analyze the results. Based on the ANOVA table, the most significant factor affecting Stotal 
was cutting speed with 86,71% contribution. It is followed by feed rate of 2,14%, hardness 
of 1,75%, depth of cut of 0,09%, and insert of 0,06%. As depicted in the surface plot, it can 
be deduced that Stotal increases as cutting speed rise linearly. The effect of depth of cut on 
the Stotal values was seen to be changed. It was observed that the value of Stotal tends to 
increase with the combination of the highest feed rate and the lowest depth of cut. Besides, 
Stotal increases while depth of cut level rises in interaction of depth of cut and cutting speed. 
When the hardness values rise, Stotal increases. In addition, the Stotal was established the 
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lowest when insert is used carbide. According to SN ratios, optimum Stotal level is generated 
at i = carbide, h = 30 HRC, v = 180 m/min, f = 0,07 mm/rev, and a = 0,08 mm. It is 
predicted as 77,48 dB according to these parameters in optimization plot. 

From the results of ANOVA of the Total Power Consumption (Ptotal), it can be 
seen that the cutting speed with 94,23% contribution is the most significant cutting 
parameter. It is followed by depth of cut with 2,82%, insert of 0,83%, feed rate of 0,40%, 
and hardness of 0,02%. According to the surface plot of Ptotal, the effect of feed rate and 
depth of cut on the Ptotal was found to be different. It was determined that the value of Ptotal 
increased with risen of feed rate and depth of cut levels, but while feed rate and depth of cut 
levels rise further, Ptotal after peak point decreased. Plus, it has been determined that the 
Ptotal increases linearly as the cutting speed values increase. As the hardness level increases, 
Ptotal usually increases. Ptotal was reduced significantly when ceramic inserts instead of 
carbide or CBN inserts were used. For optimum Ptotal according to SN ratios, the most 
appropriate process parameters are i = ceramic, h = 30 HRC, v = 180 m/min, f = 0,03 
mm/rev, and a = 0,08 mm. It is predicted as 3178,60 W according to these parameters in 
optimization plot. 
 As a result, the mathematical model was developed as a formulation in order to 
obtain minimum Ptotal, Fx, Fy, Fz, Ra, Stotal, and Itotal. A maximum error between 
experimental/calculated and predicted values for Ptotal, Fx, Fy, Fz, Ra, Stotal, and Itotal was 
found as 1,64%; 11,33%; 13,32%; 4,00%; 32,59,00%; 0,81%; and 1,64%, respectively. The 
results showed that the developed model is effective in order to obtain optimum power 
consumption of machine tools and can be used in industry. 
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GENİŞLETİLMİŞ ÖZET 
 

Artan sanayileşme ve insan nüfusu ile birlikte dünyada daha fazla enerjiye ihtiyaç 
duyulmaktadır. Üretim süreci, dünyanın en fazla enerji tüketen endüstrilerinden biridir.  
Talaşlı imalat, en temel ve ana üretim süreçlerinden biridir. Üretim alanındaki çoğu sektör, 
enerji verimliliğini artırmak için üretim süreçlerini iyileştirmeye çalışıyor. Temel talaşlı 
imalat yöntemleri; tornalama, frezeleme, şekillendirme, delme, testereyle kesme, 
planyalama, taşlama, broşlama ve delme işlemlerini içerir. Bu çalışmada, en yaygın talaşlı 
imalat yöntemi olan tornalama işlemi ele alınmıştır. Talaşlı imalat sürecinde önemli bir yere 
sahip olan güç tüketimi, enerji verimliliğini analiz etmek için sıklıkla kullanılmaktadır. 
Tornalama işlemindeki güç tüketimi, kesme kuvvetleri, talaş kaldırma oranı, kesici uç 
geometrisi, kesici uç malzemesi, kesme hızı, ilerleme ve kesme derinliği gibi birçok 
faktörden etkilenir. Ayrıca, kesme kuvvetleri, takım titreşimi, kesme gerilimi, gerinim hızı 
ve sıcaklık gibi işleme parametrelerinin deney yapmadan bulunması için Sonlu Elemanlar 
Metodu (SEM) kullanılabilir. Bu sayede maliyet ve zamandan tasarruf edilir. Bu amaçla bu 
çalışmada farklı kesici uç malzemeleri ve farklı sertlikteki iş parçası malzemeleri 
kullanılarak AISI 4340 alaşımlı çeliğin tornalanması sırasında minimum güç tüketimi, 
kesme kuvvetleri, ses, akım ve yüzey pürüzlülüğünü sağlamak için talaşlı imalatta işleme 
parametrelerinin optimize edilmesine ve modellenmesine odaklanmaktadır. 

Sunulan tez, birkaç adımdan oluşmaktadır. İlk olarak AISI 4340 alaşımlı çelik 
üzerine farklı ısıl işlemler uygulanarak 30, 35, 40 HRC sertlikte iş parçaları elde edilmiştir. 
Ardından CBN, seramik ve karbür malzemeden üretilen kesici takımlar (uçlar) tedarik 
edildi. Deney Tasarımı (DT); toplam deney sayısını en aza indirmek ve daha sonra 
deneyleri planlamak, yürütmek, analiz etmek, yorumlamak için kullanılır. Bu yüzden 
öncelikle giriş işleme parametreleri (kesici uç, sertlik, kesme hızı, ilerleme, kesme derinliği) 
ve bunların seviyeleri (her biri üç seviyeli) alınarak Yanıt Yüzey Yöntemi (YYY) ile bir 
deney planı hazırlandı. Ardından çıktı işleme parametreleri (güç tüketimi, kesme kuvvetleri, 
ses, akım, yüzey pürüzlülüğü) belirlendi. Deney Tasarımında YYY oluşturmak için Minitab 
16 yazılımı kullanıldı. Burada Box-Behnken deney tasarımı seçilmiştir. Bu çalışma için 
Box-Behnken Tasarımı (BBT) 5 faktörlü, 3 seviyeli ve 1 tek bloklu 46 deney seti 
oluşturulmuştur. Üç kesme hızı seviyesi (180, 220, 260 m/dak), üç ilerleme seviyesi (0,03; 
0,07; 0,11 mm/dev), üç kesme derinliği seviyesi (0,08; 0,14; 0,20 mm), üç sertlik seviyesi 
(30, 35, 40 HRC) ve üç kesici uç seviyesi (seramik, karbür, CBN) kullanılarak deneyler 
yapılmıştır. Son olarak deney planı sırasına göre deneyler yapılmış ve sonuçlar 
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değerlendirilmiştir. Hedef, tüm çıktı parametrelerini (yanıt değerleri) en aza indirmektir. 
Buna göre deneysel/hesaplanmış sonuçlar yorumlanmıştır. 

Radyal kuvvet (Fx) için ANOVA sonuçları; %29,17 katkıyla ilerlemenin en 
önemli kesme parametresi olduğunu göstermektedir. Bunu %26,46 ile kesici uç, %25,66 ile 
kesme derinliği, %9,03 ile sertlik ve %0,28 ile kesme hızı takip etmektedir. Yüzey grafik 
analizlerinden kesme hızı, kesme derinliği, ilerleme ve sertlik arttıkça Fx’nin arttığı 
görülmektedir. Seramik uç kullanıldığında daha düşük Fx elde edildi. Sinyal-Gürültü 
oranlarına (SG) göre optimum Fx; i = seramik, h = 30 HRC, v = 180 m/dak, f = 0,03 
mm/dev ve a = 0,08 mm’de elde edilebilir. Bu parametrelerde optimizasyon grafiğine göre 
Fx; 9,51 N tahmin edilmiştir. 

Teğetsel kuvvet (Fy) için ANOVA sonuçları; %44,74 katkı ile ilerlemenin en 
önemli kesme parametresi olduğunu göstermektedir. Bunu %41,69 ile kesme derinliği, 
%7,06 ile kesici uç, %0,19 ile kesme hızı ve %0,07 ile sertlik takip etmektedir. Yüzey 
grafiğinden f ve a arttıkça Fy’nin de arttığı görülmektedir. Ayrıca, v’nin Fy üzerinde etkisi 
çok az veya hiç yoktur. Sertliğin Fy üzerinde çok az etkisi vardır. Fy, sertlik seviyesinin 
artmasıyla çok az değişir ve ihmal edilebilir. Bu durum sertlik skalaları arasında çok büyük 
fark olmamasından dolayı olmuş olabilir. Yüzey grafiklerine göre seramik kesici uç 
kullanıldığında minimum Fy elde edildi. SG oranlarına göre; minimum Fy değeri i = 
seramik, h = 35 HRC, v = 220 m/dak, f = 0,03 mm/dev ve a = 0,08 mm’de elde edilmiştir. 
Bu parametrelerde optimizasyon grafiğine göre Fy; 15,72 N tahmin edilmiştir. 

İlerleme kuvveti (Fz)’nin ANOVA sonuçlarından; %53,36 katkı ile kesme 
derinliğinin Fz üzerinde en önemli kesme parametresi olduğu görülebilir. Bunu %16,61 ile 
kesici uç, %10,52 ile ilerleme, %1,57 ile sertlik ve %0,01 ile kesme hızı takip etmektedir. 
Fz, artan kesme hızı ve ilerleme seviyeleri ile biraz artar veya değişmez. Bununla birlikte, 
artan kesme derinliği değeri ile Fz’nin kuvvetli bir şekilde arttığı gözlemlenmiştir. Sertlik 
değerleri arttıkça Fz’nin de arttığı tespit edilmiştir. Ayrıca en düşük Fz, karbür kesici uç 
kullanıldığında görüldü. SG oranlarına göre; karbür uç, 30 HRC sertlik, 180 m/dk kesme 
hızı, 0,03 mm/dev ilerleme ve 0,08 mm kesme derinliği ayarlandığında, optimum Fz değeri 
tespit edilir. Bu parametrelerde optimizasyon grafiğine göre Fz; 29,25 N tahmin edilmiştir. 

Bu araştırmada, kesme parametrelerinin yüzey pürüzlülüğü (Ra) üzerindeki yüzde 
etkisini göstermek için ANOVA analizi kullanılmıştır. Ra için süreç parametrelerinin yüzde 
katkısına göre, Ra üzerinde en fazla etkiye sahip parametrenin %51,52 ile kesici uç olduğu 
sonucuna varılmıştır. Bunu %13,59 ile sertlik, %1,86 ile ilerleme, %0,47 ile kesme derinliği 
ve %0,18 ile kesme hızı takip etmektedir. Yüzey grafiği sonuçlarına göre; a, f, v 
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parametrelerinin ikili etkileşiminde en yüksek kesme hızıyla en iyi yüzey pürüzlülüğü elde 
edilir. Kesme derinliğinin Ra üzerindeki etkisinin parametre etkileşimine bağlı olarak 
değişkenlik gösterdiği bulunmuştur. En yüksek ilerleme ve en düşük kesme derinliği 
kombinasyonu ile Ra değerinin artma eğiliminde olduğu gözlemlenmiştir. Ayrıca, en 
yüksek kesme hızı ve en düşük kesme derinliği kombinasyonu ile Ra değerinin düşme 
eğiliminde olduğu gözlemlenmiştir. Bunlarla birlikte, ilerlemenin artmasıyla Ra 
değerlerinde bir artış gözlemlenir. Sertlik seviyesinin en yüksek değerlerinde, en düşük Ra 
değerleri üretilir. En düşük Ra değerleri, CBN kesici uç kullanıldığında elde edilmiştir. Ra 
için SG oranlarına göre; i = CBN, h = 40 HRC, v = 180 m/dak, f = 0,03 mm/dev ve a = 0,08 
mm ayarlandığında, optimum Ra değeri belirlendi. Bu parametrelerde optimizasyon 
grafiğine göre Ra; 0,37 μm tahmin edilmiştir. 

Kesme parametrelerinin Toplam Akım (Itoplam) üzerindeki önemini belirlemek için 
ANOVA tablosu kullanılmıştır. ANOVA tablosuna göre Itoplam’ı etkileyen en önemli 
faktörün %94,23 katkı ile kesme hızı olduğu görülmüştür. Bunu %2,82 ile kesme derinliği, 
%0,83 ile kesici uç, %0,40 ile ilerleme, ve %0,02 ile sertlik takip ediyor. Itoplam için yüzey 
grafiğine bakıldığında, uygulanan kesme hızı arttıkça Itoplam doğrusal olarak arttı. Ayrıca, 
kesme derinliği ve ilerlemenin Itoplam değerleri üzerindeki etkisinin değişken olduğu 
bulunmuştur. Itoplam değerinin kesme derinliği ve ilerlemedeki artışlarla artma eğiliminde 
olduğu, ancak kesme derinliği ve ilerlemedeki artışlarla tepe noktasından sonra azaldığı 
gözlemlendi. Itoplam, daha yüksek sertlik değerlerinde arttı. Itoplam, CBN uç kullanıldığında en 
yüksek değerini almıştır. Itoplam için SG oranlarına göre; i = seramik, h = 30 HRC, v = 180 
m/dak, f = 0,03 mm/dev ve a = 0,08 mm olarak ayarlandığında optimum Itoplam değeri tespit 
edilmiştir. Bu parametrelerde optimizasyon grafiğine göre Itoplam; 4,83 A tahmin edilmiştir. 

Sonuçların istatistiksel olarak analiz edilebilmesi amacıyla Toplam Ses (Stoplam) 
için ANOVA yöntemi uygulandı. ANOVA tablosuna göre Stoplam’i etkileyen en önemli 
faktör; %86,71 katkı ile kesme hızıdır. Bunu %2,14 ile ilerleme, %1,75 ile sertlik, %0,09 
ile kesme derinliği ve %0,06 ile kesici uç takip etmektedir. Yüzey grafiğinde gösterildiği 
gibi, kesme hızı lineer olarak arttıkça Stoplam’in arttığı açıkça çıkarılabilir. Kesme 
derinliğinin Stoplam değerleri üzerindeki etkisinin değişken olduğu görülmüştür. En yüksek 
ilerleme ve en düşük kesme derinliği kombinasyonu ile Stoplam değerinin artma eğiliminde 
olduğu gözlemlenmiştir. Ayrıca, kesme derinliği ve kesme hızının etkileşiminde kesme 
derinliğinin seviyesi yükselirken Stoplam arttı. Sertlik değerleri yükseldiğinde Stoplam’in artığı 
görülmüştür. Tüm bunların yanı sıra; karbür kesici uç kullanıldığında Stoplam, en düşük 
seviyesini almıştır. SG oranlarına göre minimum Stoplam seviyesi kombinasyonu; i = karbür, 
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h = 30 HRC, v = 180 m/dak, f = 0,07 mm/dev ve a = 0,08 mm’de oluşturulur. Bu 
parametrelerde optimizasyon grafiğine göre Stoplam; 77,48 dB tahmin edilmiştir.  

Toplam Güç Tüketiminin (Ptoplam) ANOVA sonuçlarından, %94,23 katkı ile kesme 
hızının en önemli kesme parametresi olduğu görülebilir. Bunu %2,82 ile kesme derinliği, 
%0,83 ile kesici uç, %0,40 ile ilerleme ve %0,02 ile sertlik takip ediyor. Ptoplam’nin yüzey 
grafiğine göre, ilerleme ve kesme derinliğinin Ptoplam üzerindeki etkisinin etkileşim 
parametresine bağlı olarak değişkenlik gösterdiği bulundu. İlerleme ve kesme derinliği 
seviyeleri arttıkça Ptoplam değerinin arttığı, ancak ilerleme ve kesme derinliği seviyeleri daha 
fazla arttıkça Ptoplam’nin tepe noktasından sonra düştüğü belirlendi. Ayrıca kesme hızı 
değerleri arttıkça Ptoplam’nin lineer olarak arttığı tespit edilmiştir. Sertlik seviyesi arttıkça 
Ptoplam genellikle artmıştır. CBN kesici uç yerine karbür veya seramik kesici uç 
kullanıldığında Ptoplam önemli ölçüde azaldı. SG oranlarına göre optimum Ptoplam için en 
uygun süreç parametreleri; i = seramik, h = 30 HRC, v = 180 m/dk, f = 0,03 mm/dev ve a = 
0,08 mm’dir. Bu parametrelerde optimizasyon grafiğine göre Ptoplam; 3178,60 W tahmin 
edilmiştir.  

Sonuç olarak optimum Ptoplam, Fx, Fy, Fz, Ra, Stoplam ve Itoplam’ı elde etmek için 
formülasyon olarak matematiksel modeller geliştirilmiştir. Ptoplam, Fx, Fy, Fz, Ra, Stoplam ve 
Itoplam için deneysel/hesaplanmış ve tahmin edilen değerler arasındaki maksimum hata; 
sırasıyla %1,64; %11,33; %13,32; %4,00; %32,59; %0,81 ve %1,64 bulunmuştur. 
Sonuçlar; geliştirilen modelin takım tezgâhlarının optimum güç tüketimini elde etmede 
etkili olduğunu ve endüstride kullanılabileceğini göstermiştir. 
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1. INTRODUCTION 
 

AISI (American Iron and Steel Institute) 4340 steel is known for its low 

alloy, medium carbon, and heat treatable. It is also a type of nickel-chromium-

molybdenum steel. High toughness, strength, and perfect fatigue resistance are 

obtained when it is subjected to heat treatment. It is used in many applications like 

aircraft, automobiles, engine parts, gears, camshafts, crankshafts, steering arms, 

and sleeves (Fakir et al., 2018; Atlas Specialty Metals, 2005; Lee and Su, 1999; 

Suresh et al, 2012). Thanks to these properties, it has become attractive for use in 

the aeronautical, marine, and automotive industries. Therefore, it was decided to 

use AISI 4340 steel material in this study. 

Surface roughness is widely used in engineering design and industry. That 

is, surface roughness has a significant effect on mechanical properties such as 

fatigue behavior, corrosion resistance, and creep life. Besides, it influences the 

functional properties of machine components such as friction, wear, light 

reflection, lubrication, electrical conductivity, corrosion resistance, and conduction 

of heat. On the other hand, in the turning process, surface quality is can vary 

significantly by many factors such as depth of cut, cutting speed, feed rate, material 

properties, insert geometry, a built-up edge (BUE), cutting fluid, and stability of 

the machine-tool-workpiece system. Turning operations are very precise and have 

a tolerance of 0,05 mm. For this reason, it is extremely important to optimize the 

parameters chosen during the turning of the workpiece and to provide suitable 

process conditions. Various parameters like Ra (roughness average), Rz (average 

maximum height of the profile), and Rq (root mean square roughness) are available 

to interpret the surface quality. Today, average surface roughness (Ra) known as 

the Centre Line Average (CLA) and broadly accepted in the industry were chosen 

to use in this work. Visually, the measurement procedure is indicated in Figure 1.1 

(Groover, 2010; Davim and Jackson, 2011; Rao et al., 2013; Sumardiyanto et al., 

2018; Tanikić and Marinković, 2012). 
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Figure 1.1. Surface roughness profile 
 

Surface roughness can be approximately calculated using the following 

Equation 1.1. 

 

 
1

n
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i
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

  or 
0

Lm
y

Lm
Ra                                                (1.1) 

  

Average roughness, vertical deviation from nominal surface, evaluation length, 

number of deviations included in Lm, and vertical deviations (absolute value) 

identified by subscript i are symbolized with Ra, y, Lm, n, and yi, respectively. The 

units in these equations are micrometers (µm). 

Energy and materials are two key components that need the growth of the 

economy. These are provided by using natural resources such as fossil fuels and 

underground ores (Kant and Sangwan, 2015). 

Energy consumption has increased due to the growth of industrialization 

and the increase in human population in the world as shown in Figure 1.2 (bp, 

2020; Moradnazhad and Unver, 2016). 
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Figure 1.2. Primary world energy consumption 
 

The environmental damages of greenhouse gas generated during electrical 

power production from fossil fuels and total energy cost affect energy 

consumption. An increase in greenhouse gas emissions will cause global warming 

in the atmosphere. Apart from this, the decrease in underground resources 

significantly affects energy consumption. If the electricity consumption is reduced, 

greenhouse gas emissions (CO2, CH4, …) will decrease (Şahinoğlu and Rafighi, 

2019; Kara et al., 2011).  

There is material input in these manufacturing processes and these 

materials are converted into products. These processes need energy and generally, 

this energy is supplied by electrical power as shown in Figure 1.3 (Gutowski et al., 

2006; Herrmann et al., 2011).  
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Figure 1.3. Energy flow for manufacturing processes 
 

Machining has an important energy consumption area in the manufacturing 

industry as shown in Figure 1.4 (eia, 2013; Lv et al., 2018; Moradnazhad and 

Unver, 2016). 

 

 
Figure 1.4. Consumption percentage of electrical energy used by each sector 
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Machine tools need great energy during machining to run motors and 

auxiliary equipment as shown in Figure 1.5a. They have various stages: an idle 

state by non-cutting operations, removal material along the cutting process, and 

post-machining (Abele et al., 2011; Kant and Sangwan, 2015). As shown in Figure 

1.5b, although a lot of energy is consumed when the machine is idle in an 

automobile production line, a significant amount of energy is also consumed during 

machining (Gutowski et al., 2005). 

 

 
Figure 1.5. Total energy consumption; a) Energy used for machining during 

turning of the workpiece, b) Energy used for an automobile production 
line 

 

In another sense, the power requirement of a machine tool is examined in 

three stages as fixed, variable, and cutting power. Fixed power is due to auxiliary 

components like computers and lights. Variable power consists of components 

such as spindle and drives motors. Cutting power is the power required during the 

metal removal process. Whether cutting process or not, the sum of fixed and 

variable power is the minimum amount of power required to operate the machine 

tool. And they're called tare power together as shown in Figure 1.6 (Helu et al., 

2011). 
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Figure 1.6. Characteristic power need of a machine tool 
 

As mentioned above, the manufacturing industry consumes significant 

amounts of power and leads to an increase in global greenhouse gases. 

Furthermore, the increasing cost due to the excessive consumption of energy and 

natural underground resources seriously affects the manufacturing companies in 

the world. Therefore, energy consumption should be minimized (Warsi et al., 2015; 

Guo et al., 2012; Zhao et al., 2016). 

The least energy can be consumed by reducing the electrical energy needed 

during machining. This can be achieved by increasing the energy efficiency of 

machining processes. For example, energy conservation could be provided by 

choosing the best cutting parameters for the machining process. That is, the cutting 

parameters need to be optimized (Şahinoğlu and Rafighi, 2020; Nur et al., 2015; 

Campatelli et al., 2014; Li and Kara, 2014). Optimization criteria that are usually 

examined in machining operations are material removal rate, surface roughness, 

tool life, cutting force, and power consumption (Zhang et al., 2017). 
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In addition to these, sound and current measurements of the machine tool 

can be taken as alternative optimization criteria to minimize energy consumption in 

the manufacturing industry (Karaaslan and Şahinoğlu, 2020). 

Turning is a vital machining process practiced using a single-point cutting 

tool. In the turning process, cylindrical parts are machined with the help of a lathe. 

While the workpiece rotates steadily, the tool moves linearly and the material is 

removed from the workpiece surface. The turning process depends on many 

parameters such as spindle speed, feed rate, and depth of cut. Changes in these 

parameters affect power consumption. In other words, power consumption may 

increase if the appropriate parameters are not selected. Therefore, the parameters 

need to be optimized. In this way, power consumption is reduced (Abhang and 

Hameedullah, 2010; Valera and Bhavsar, 2014; Bagaber and Yusoff, 2017). The 

power profile curve of a typical turning process is shown in Figure 1.7 (Nur et al., 

2017; Li et al., 2011). 

 

 
Figure 1.7. The power profile of the turning process 
 

The electric power of the lathe can be calculated with the following 

Equation 1.2 (Shokoohi et al. 2015; Öztürk and Kara, 2020). 
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 3. . .cosP V I  ( )watt  (1.2) 

 

Here, V is the voltage (volt), I is the current (amper), and cosϕ is the power factor 

(-). 

Besides, the total electric power expended by machine tools is found with helping 

the following Equation 1.3 (Jiang et al., 2018; Mativenga and Rajemi, 2011; 

Rajemi et al., 2010; Serin et al., 2019; Zhong et al., 2015). 

 

 ( . )
total idle cutting

P P P k v    (1.3) 

 

In here, Ptotal is total electric power (W), Pidle is idle power (W) that keeps only 

auxiliary equipment running, Pcutting is cutting power (W), v  is the rate of material 

removal (mm3/s), and k is specific cutting energy (W.s/mm3). Specific cutting 

energy values are given in Table 1.1 (Kalpakjian and Schmid, 2010). 

 

Table 1.1. Specific cutting energy of materials 
Material Specific cutting energy

(W.s/mm3) 
Aluminum alloys 0,4-1 

Cast irons 1,1-5,4 
Copper alloys 1,4-3,2 

High-temperature alloys 3,2-8 
Magnesium alloys 0,3-0,6 

Nickel alloys 4,8-6,7 
Refractory alloys 3-9 
Stainless steels 2-5 

Steels 2-9 
Titanium alloys 2-5 

 

Also, the cutting power requirement can be calculated by the basic physical 

relationship between the cutting force and the cutting speed given in Equation 1.4 

(Korkmaz and Günay, 2018; Nur et al., 2014). 
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 . 60
cutting c

P F v ( , )Nm
watt

s
 (1.4) 

 

In here, Pcutting is cutting power (W), Fc is main cutting force (N), and v is cutting 

speed (m/min). The main cutting force in turning refers tangential and often the 

largest force (except hard turning) (Kistler, 2021). 

Amongst many manufacturing processes, the machining process expends a 

significant amount of Specific Cutting Energy (SCE). SCE is described as the 

power required to remove material per unit volume and is a level of resistance 

against cutting. Furthermore, it gives information about the effectiveness of cutting 

conditions. SCE can be calculated using Equation 1.5. v  is Material Removal Rate 

(MRR) and it is found as shown in Equation 1.6 (Black et al., 2002; Liu et al., 

2016; Cica et al., 2020). 

 

 /
cutting

SCE P v  3( . / )W s mm    (1.5) 

 

 1000. . .v MRR v f a  3( / min)mm    (1.6) 

 

Here f is feed rate (mm/rev), a is the depth of cut (mm), and v is cutting speed 

(m/min). 

In addition, SCE involves the relationship between energy consumption 

and machining parameters that represent the energy efficiency of machine tools. 

Also, it is widely used in the literature because it is easy to determine (Zhou et al., 

2015). 

In the manufacturing industry, many machine operators may be exposed to 

high machine noise when machine tools are running. If the limit rises above the 

levels, it can harm human health. There are some reference values related to this. 

The European Parliament and the Council of The European Union issued a 
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Directive 2003/10/EC on noise levels covering the protection of workers' health 

and safety. For the purposes of this Directive, the physical parameters used as risk 

predictors are defined as follows:  

Daily noise exposure level is a time-weighted average of the noise exposure levels 

for a nominal eight-hour (8h) working day. 

Weekly noise exposure level is a time-weighted average of the daily noise 

exposure levels for a nominal week of five eight-hour (8h) working days. 

 

a. Protection is not recommended if the daily noise exposure level is below 

80 dB. 

b. Protection is required if the daily noise exposure level is above 85 dB and 

the company should initiate a program to reduce the sound level emission. 

c. If the daily noise exposure level is between 80 and 85 dB, the company 

should offer individual protection to operators and test their hearing 

capacity annually. 

d. The weekly noise exposure level as shown by adequate monitoring does 

not exceed the exposure limit value of 87 dB (Albayrak et al., 2020; 

Government gazette, 2013; Directive of the European Parliament and of 

the Council, 2003; Karabulut and Şahinoğlu, 2018; Józwik et al., 2018). 

Generally, the daily noise exposure level (85 dB) in the manufacturing 

industries is exceeded (Rech et al., 2017). 

 

Vibrations that are occurred during machining lead to different effects such 

as deterioration of surface quality, reduction in tool life, a decrease of the rigidity 

of the machine, decrease of machine maintenance times, high-pitched sound noise 

affecting workers (Şahinoğlu et al., 2019; Siddhpura and Paurobally, 2012).  

There is a strong relationship between sound and vibration occurred during 

machining processes (Şahinoğlu and Güllü, 2019). For example, in a turning 

process, cutting force, vibration, surface roughness, and sound level have increased 
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in parallel with the increase in feed rate (Tekiner and Yeşilyurt, 2004). Namely, the 

machining process can be characterized by analyzing sound received during the 

cutting process (Seemuang et al., 2016). 

Predicting production performance is difficult and time-consuming, 

especially for the machining process. Theoretical and empirical methods are widely 

utilized. Theoretical or experimental models have some problems. For example, 

theoretical results sometimes do not reflect the actual production process. 

Experimental models are valid only for the same situations. That's why, analytical 

models can be used to eliminate these problems (Shin et al., 2014). In addition to 

these findings, due to the complexity of computer numerical control (CNC) 

machines, it is difficult to achieve many parameters like cutting energy, power, and 

force with theoretical models. And they consume too much energy (Lv et al., 

2015). By determining optimum cutting parameters, energy consumption, power 

consumption, sound level, and surface roughness can be minimized (Şahinoğlu and 

Ulas, 2020). 

Recently, the statistical Design of Experiments (DOE) has been widely 

used in manufacturing research to develop, improve and optimize products and 

processes. Moreover, DOE methods like Full Factorial Design (FFD), Response 

Surface Methodology (RSM), and Taguchi Method (TM) have benefited in terms 

of cost and time (Selvamuthu and Das, 2018; Aggarwal et al., 2008). 

When the present literature study considers, the main purpose of this thesis 

is to make investigations to minimize the power consumed during the machining 

process and greenhouse gases generated. This thesis aims to fill the gap in this 

subject by applying the studies listed below comprehensively:  

i. Firstly, cylindrical steel materials with a diameter of 40 mm and a length of 

250 mm AISI 4340 alloy were purchased. Later, these materials were 

subjected to heat treatment. 
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ii. After heat treatment, micro and macro hardness tests were carried out. 

Materials of approximately 30, 35, and 40 HRC hardness (Hardness with 

Rockwell C scale) were obtained. 

iii. Tensile tests were performed to determine the mechanical properties of 

materials with different hardness. 

iv. Then, metallographic analyses were performed with the help of Optical 

microscopes (OP) and Scanning Electron Microscope (SEM) devices. 

v. Ceramic, carbide, and CBN (cubic boron nitride) inserts were supplied to 

compare the performance of different insert materials on the cutting 

process. 

vi. A Response Surface Methodology (RSM) experiment design with 46 

simulations was created to establish a connection between input variables 

and output variables. The orthogonal array has 5 factors (insert, hardness, 

cutting speed, feed rate, and depth of cut) and each of these factors has 3 

levels. After the experiment design has been performed, turning operations 

on the CNC lathe were carried out to compare three different insert 

materials (ceramic, carbide, CBN). Also, it was compared materials that 

have three different hardness (30, 35, 40 HRC). 

vii. After the experiment design has been performed, turning operations on the 

CNC lathe were carried out. Insert material, hardness of the material, 

cutting speed, feed rate, and depth of cut were taken as input variables. 

Power consumption, cutting forces, instantaneous current, sound level, and 

surface roughness were taken as output variables. Then mathematical 

models were developed for the prediction of output variables using 

regression analysis. 

viii. After completing all the experiments prepared with RSM, the optimum 

cutting conditions for the output variables were established with the help of 

Signal to Noise (SN) ratios based on the Taguchi method. Also, Analysis 
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of Variance (ANOVA) was applied to the experimental data to evaluate the 

contribution of input variables on the output variables. 

ix. Finally, confirmation experiments were performed and a comparison was 

made between the experimental/calculated values and the predicted 

experiments. There are many ways to calculate the power consumed 

during machining. Another way to find the power consumption for 

machining is to calculate it by cutting force. Furthermore, to reduce time 

and cost spent in experimental studies, it was benefited from 

ABAQUS/Explicit Finite Element Method (FEM) software. So, the 

cutting forces were found with the ABAQUS/Explicit FEM software. 
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2. PREVIOUS STUDIES       
                                                       

The main objective of this study is based on the optimization of cutting 

parameters to minimize power consumption during machining using DOE 

methods. The study investigates effects of insert material, hardness of workpiece, 

cutting speed, depth of cut, and feed rate cutting parameters on power 

consumption, cutting forces, and current, sound, and surface roughness during the 

turning process of AISI 4340 alloy steels with different hardness. Also, to find 

cutting forces, it was benefited from ABAQUS/Explicit Finite Element Method 

(FEM) software. Some of the works related to the thesis subject are summarized 

the following: 

 

2.1. Studies related to power consumption, cutting forces, sound, current, 
surface roughness, DOE, and FEM 

Pervaiz et al. (2016) investigated energy consumed during turning of AISI 

1045 material using uncoated tungsten carbide tool by DEFORM finite element 

software. They stated that energy used in the machining operation influences 

greenhouse gas emissions. Simulated cutting forces by DEFORM software were 

used to predict power and energy consumed in the cutting process. They calculated 

that CO2 emissions decreased with increasing feed rate under the same conditions. 

Li et al. (2016) presented a method for optimization of cutting parameters 

to evaluate energy efficiency using the Taguchi method, Response Surface Method, 

and Multi-Objective Particle Swarm optimization algorithm (MOPSO). They stated 

that as energy resources and environmental problems are becoming more and more 

serious, solutions should be sought to reduce the energy consumption of machine 

tools. However, they noted that significant energy savings will be achieved by 

selecting optimal cutting parameters. Specific energy consumption has been chosen 

to assess the energy efficiency of the milling process. They used AISI 1045 steel as 

a workpiece and high-speed steel as an end milling cutter. As a result, they 
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revealed that using sustainable optimization methods has benefits such as energy 

savings and production efficiency. 

Li et al. (2015) investigated the energy consumption of machining 

manufacturing systems. They state that energy consumption in machining systems 

is getting more and more attention due to global climate change and production 

sustainability. For this purpose, they reported that energy flow of energy 

consumption in machining manufacturing systems has three layers involving 

machine tool layer, task layer, and auxiliary production layer. Energy consumers of 

machine tools can be classified into three categories: constant (fan motors, servos, 

and cool pump, etc.), variable (spindle motors and feed motors, etc.), and cutting 

power. 

Zhang et al. (2013) proposed a methodology for estimating the power 

consumption of numerically controlled machining. They noted that they studied the 

energy consumption (EC) of the production system due to insufficient energy 

supply during production and low energy efficiency. This methodology consists of 

four stages. These are machine tool energy consumption (MTEC) database, 

numerical control (NC) code analyzer, virtual cutting simulator, and MTEC 

calculator. The energy model was tested on a milling center to predict the power 

consumed using a carbide end mill. They reported that the error between the 

estimated EC and the measured energy was 11,3%. 

Meng et al. (2016) studied the estimation of power consumption during the 

turning process using the DOE method. They stated that different manufacturers 

have been forced to reduce their energy consumption due to high energy costs, 

increasing production demands, and environmental problems. To optimize 

processing parameters and thus ensure precise energy consumption, the 

experiments were carried out using the Full Factorial experiment design method. 

45 steel as workpiece and carbide as the insert was used in the turning process. 

Rawat and Potdar (2014) presented a review on the optimization of cutting 

parameters by the Taguchi method in machining. They stated that the Taguchi 
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method is a powerful statistical approach for the optimization of process 

parameters. The influence of process factors and optimum cutting conditions can 

be determined from the Signal-to-Noise ratio plots. In addition, it is possible to 

obtain reliable results by decreasing the number of tests with the Taguchi method. 

And so the experimental cost is reduced. They observed that generally, the 

researchers used the cutting speed, feed rate, and depth of cut as input parameters. 

Few researchers evaluated nose radius, tool material, and hardness as input 

parameters. The output parameters were taken cutting force, surface roughness, 

material removal rate, tool wear, environmental impact, power consumption, and 

machinability. 

Dahmus and Gutowski (2004) investigated the environmental analysis of 

machining. They stated that the power required during the operation of the machine 

tools is supplied from the electricity grid. For this reason, the material removal 

process should be performed considering the electrical energy consumption. 

Because electrical energy is provided by coal, nuclear, and natural gas. As a result, 

it causes emissions of mercury, chromium, and lead materials. 

Özdemir et al. (2020) studied the analysis of surface roughness and cutting 

forces performed during hard turning of 42CrMo4 material with 52 HRC. They 

took advantage of the Taguchi method and RSM. They used parameters that were 

cutting speeds (200, 250, 300 m/min), feed rates (0,05; 0,1; 0,15 mm/rev), depths 

of cut (0,1; 0,25; 0,4 mm), and tool nose radiuses (0,8; 1,2 mm). The most 

important parameters were determined to be depth of cut and feed rate according to 

ANOVA. 

Özdemir (2019) studied the effect of cutting parameters on surface 

roughness with helping RSM. He used cutting speed, feed rate, depth of cut, tool 

nose radius as independent variables, and surface roughness as a dependent 

variable during the turning of C45 material. He found that the most important 

parameters on surface roughness were feed rate and tool nose radius. It was 
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determined that the surface roughness value increased as the feed rate increased, 

but decreased as the tool nose radius increased. 

Frigieri et al. (2017) investigated the correlation between sound intensity 

and machining parameters during the turning of AISI 52100 steel material that had 

hardness between 49 and 52 HRC. The linear relationship between sound and 

machining parameters has been commented on with Pearson correlation analysis. 

They stated that there were strong correlations. 

Gok et al. (2012) studied the correlation between surface roughness and 

Acoustic Sound Pressure (ASP) occurring during milling of EN X40CrMoV5-1 

material. Experiment results showed that there is a rise of surface roughness with 

rising of acoustic sound pressure. They stated that surface roughness could be 

formed out with acoustic sound pressure levels. 

Garg et al. (2017) conducted an experimental study on optimization of 

cutting parameters to minimize power consumption during turning of AISI 6061 

Aluminum material. They found a sufficient relationship between power 

consumption and cutting parameters (cutting speed, feed rate, depth of cut) using 

ANOVA. With the help of the RSM optimization technique, a model has been 

developed that can be used in the industry to ensure the minimum power 

consumption of machine tools. 

Warsi et al. (2017) studied the effect on energy consumption of different 

cutting parameters (feed rate and cutting speed) during machining of Al 6061-T6 

alloy. It was found important relation between specific cutting energy consumption 

and cutting conditions. They stated that SCE decreased with the choosing of 

suitable cutting parameters. For example, the feed rate was found to be the 

strongest parameter, and SCE consumption decreased as the feed rate increased. 

Velchev et al. (2014) studied the optimization of cutting parameters for 

minimizing energy consumption during turning of steel 40Х material. They 

reported that effects of insert grade, feed rate, and depth of cut parameters on the 

minimum energy consumption have been found. It has been determined that lesser 
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energy is consumed when the maximum possible feed rate and cutting depth values 

were chosen under the machining conditions. 

Anderberg and Kara (2009) compared energy and cost efficiency in CNC 

machining. They stated that if production efficiency was be improved through 

optimization of process parameters, cost, and energy savings could be achieved. 

Zhao et al. (2017) classified energy consumption in machining as a 

process, machine, and system-level as shown in Figure 2.1. They noted that 

consumed energy during machining comprises an important portion of the cost of 

production and has a large impact on the environment. Energy-saving could be 

provided with optimization of machining parameters, shorten of the transition 

phase of the machine tool’s spindle, optimization of the energy components of the 

machine tool such as spindle motor transmission system, and improvement of 

peripheral equipment such as coolant pumps. 

 

 
Figure 2.1. Energy consumption levels 

 

Pawanr et al. (2021) investigated the modeling of variable energy 

consumption for CNC machine tools. They stated that machining is a common 

process in manufacturing industries. It also consumes a significant amount of 

energy and causes negative environmental effects. An experimental model was 

generated between cutting parameters and energy consumed during the turning 

process using Response Surface Methodology. It is seen that there was a strong 
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relationship between cutting parameters and energy consumed. They reported that 

the developed model would predict energy consumption with 94,70% accuracy. 

Wirtz et al. (2019) studied the electric power consumption of machine 

tools. Energy efficiency became more and more important owing to increasing 

energy costs and consumption in manufacturing industries. Thus, an empirical 

approach to determine the power consumption of machine tools developed and 

they take advantage of the Kienzle method to calculate cutting forces that occurred 

in the milling process. They stated that experimental measurements and predicted 

results of cutting power occurring in the finishing milling process presented a good 

concordance. 

Cui et al. (2019) evaluated specific cutting energy considering the impacts 

of tool geometry during the micro-milling process of AerMet100 material. Power 

consumptions were measured using a power analysis system including voltage 

sensor and current sensor. They stated that cutting tool geometry during the cutting 

process has a notable effect on the consumption of SCE. That is, the more chips the 

cutting tool removes during the cutting process, the lower the SCE consumption. 

And, they stated that the need for energy in the manufacturing industry could be 

achieved by optimizing cutting conditions. 

Khanna et al. (2020) investigated tool wear, energy consumption, and 

surface roughness during the turning of Inconel 718. They stated that energy 

consumption, chip reduction coefficient, and surface roughness are machinability 

indicators related to the industry. Furthermore, energy consumption changes 

markedly depending on input process parameters (cutting speed, feed rate, depth of 

cut, etc.) and cutting conditions (dry turning, wet turning, cryogenic turning, etc.). 

Akkuş and Yaka (2021) investigated as experimental and statistical the 

effect of cutting parameters on surface roughness, vibration, and energy 

consumption in turning of 6Al-4V ELI titanium alloy. They were benefited from 

Taguchi method, ANOVA analysis, and Pareto analysis to detect suitable cutting 
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conditions. It was determined that the most powerful parameter in surface 

roughness, vibration, and energy consumption was feed rate. 

Li et al. (2017) investigated the energy performance development of CNC 

machining. They stated that CNC machining consumes a significant amount of 

energy in industrial production. It is among the most important production 

methods. Strategies shown in Figure 2.2 can be suggested to develop the energy 

efficiency of CNC machining. 

 

 
Figure 2.2. Strategies for energy efficiency 

 

Shoba et al. (2018) investigated surface roughness, power consumption, 

material removal rate, and tool wear while hybrid composite materials are turned. 

Power consumption was calculated by taking the cutting force. They reported that 

power consumption increased with cutting speed, feed rate, and depth of cut. 

Arrazola (2011) studied finite element modeling and simulation. The finite 

element method can present support for experimental, mechanical, or analytical 
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approaches to construct the machining process. He noted that the material removal 

process can be simulated in a computer environment with the help of FEM without 

an experimental process. In this way, problems that may arise during actual 

machining operations can be reduced or eliminated. 

Nur et al. (2015) studied effects on cutting force, surface roughness, power 

consumption, and tool life of machining parameters while AISI 316L stainless steel 

is dry turned using coated carbide tools. The design of the experiments was created 

with RSM and then the results were evaluated by ANOVA. It has been found that 

the parameters of feed rate and cutting speed are effective on power consumption. 

Therefore, they noted that power consumption is a notable factor in sustainable 

production. 

LMalghan et al. (2018) studied the effects of machining parameters on the 

responses like cutting force, surface roughness, and power consumption using 

RSM and particle swarm optimization during milling of AA6061material. They 

showed that cutting force and power consumption increased as spindle speed, feed 

speed, and cutting depth increased. Out of these, surface roughness value decreased 

while spindle speed increased. 

Phate and Tatwawadi (2015) studied mathematical modeling of MRR and 

power consumption while dry turning of ferrous material was conducted using 

dimensional analysis. They reported that MRR and power consumption 

dimensional analysis models reveal that the feed rate is the most significant 

variable in determining surface roughness value. A researcher can choose the best 

combination of design variables with the model equations created for providing 

optimum MRR and power consumption. Most notably, this will improve 

productivity. 

Kaladhar (2020) studied modeling and optimization of surface roughness 

and tool flank wear in turning of AISI 4340 steel utilizing TiSiN-TiAlN 

nanolaminate coated insert. Parameters were evaluated by Taguchi method, RSM, 
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Pareto diagram, ANOVA, and Tukey’s test. He reported that the most significant 

factor is feed rate for good surface finish and cutting speed for tool wear. 

Ahilan et al. (2013) worked on intelligent hybrid decision-making tools to 

model and estimate machining characteristics in the CNC lathe process. They used 

AISI 304 stainless steel with 70 HRC hardness, different machining parameters 

(cutting speed, feed rate, depth of cut, nose radius), and carbide inserts. They stated 

that the most critical factor for power consumption is the cutting speed, the depth 

of cut, feed rate, and nose radius (in the order of importance), respectively. Feed 

rate was important for surface roughness.   

Lv et al. (2020) investigated modeling of energy consumption of machine 

tool mechanism. They stated that machine tool energy consumption has been a 

research topic in the international manufacturing industry. Energy-saving must be 

provided. To achieve this, an energy consumption model of the machining process 

must first be created. The definition of machine state according to the international 

organization for standardization and the actual basic structure of machine tools, the 

machining process can be divided into states including starting, standby, no-load, 

load, and closed as shown in Figure 2.3. They reported that the method used with 

integrated mechanisms and data is suitable for grinding and other types of machine 

tools. A more sensitive mathematical model could be created for future energy 

consumption. 
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Figure 2.3. Power flow of machine tool machining process (Pstart: start state power, 

Pstandby: standby state power, Pno−load: no-load state power, Pload: load 
state power) 

 

Kambagowni et al. (2018) investigated the effect on surface roughness of 

different material hardness during hard turning using AISI 4340 alloy steel. They 

planned experiments based on RSM and conducted a turning process on materials 

at 45, 50, and 55 HRC with ceramic cutting inserts. They stated that feed rate has 

the most significant parameter for surface roughness and typically, surface 

roughness decrease as hardness increase. 

Kumar et al. (2020) investigated influences of cutting conditions, tool 

geometry, material hardness (45, 50, 55 HRC) on surface roughness, and cutting 

forces of AISI H13 material using CBN inserts. They noticed that surface 

roughness and cutting forces were affected by work material hardness. The result 

that the higher work material hardness produced the higher cutting forces and 

better surface roughness shows. 

He et al. (2012) studied the energy consumption of numerical control 

machining. They stated that carbon dioxide emissions are directly related to the 
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manufacturing industry and machining is one of the fundamental manufacturing 

technologies. Also, the energy-consuming components of NC (numerical control) 

machine tools generally consist of spindle speed, axis feed, servos system, tool 

change system, and other auxiliary equipment such as coolant pump and fans. 

Thus, the energy consumption of machine tools and their machining processes 

must be considered for reducing energy consumption in the industry. 

Bagci (2011) investigated the effects of cutting conditions using acoustic 

sound pressure levels in milling. He stated that machining sound pressure levels 

increased with the increase of feed rate, cutting force, and cutting tool deflection. 

Also, he presented that a powerful, positive, and linear relationship was observed 

among feed rate, sound pressure level, and tool deflection. 

Kumar et al. (2021) investigated energy efficiency in finish turning of EN 

353 alloy steel material. They stated that first of all, Taguchi method was used to 

optimize energy efficiency. Then ANOVA was used to find important variables 

influencing energy efficiency. Finally, an experimental model was obtained using 

RSM. They reported that there is a 78,92% improvement in energy efficiency when 

finish turning settings utilized in industries compared. 

Luan et al. (2016) founded optimal cutting parameters with the help of 

RSM and ANOVA methods to reduce power consumption in face milling of cast 

iron alloy. Results indicated that higher power consumption becomes while depth 

of cut and cutting speed was at a higher value. They indicate that power 

consumption could be saved under the optimized cutting condition and at the same 

time, surface quality could be better. 

Gürbüz and Gönülaçar (2020) investigated effects of dry and Minimum 

Quantity Lubricating (MQL) properties on machinability of AISI 4140 using 

Taguchi and ANOVA methods. According to SN ratios, MQL than dry machining 

had a more significant influence on cutting force and surface roughness. ANOVA 

results demonstrated that feed rate was the most influential on cutting force and 
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surface roughness. Finally, they reported that the Taguchi was a highly achieved 

method in the optimization of variables. 

Negrete et al. (2015) analyzed by Taguchi method effect of cutting 

parameters to reduce energy consumption in turning of AISI 1018 steel. It was 

stated that feed rate and depth of cut were the most influential parameters on 

energy consumption. They reported that as the depth of cut increased, the force 

value needed to remove the material increased, and therefore the system had to 

expend more energy. 

In the work presented by Sangwan and Kant (2017), optimization of 

machining parameters for developing energy efficiency was studied using RSM 

and genetic algorithm approach. They were revealed that power consumption 

increased with the rise in cutting parameters during the turning of AISI 1045 steel 

with a tungsten carbide tool. It was found that depth of cut had more impact on 

power consumption against cutting speed and feed rate. Also, generated optimal 

data would be helpful for the industry during the selection of machine tools to 

provide needed power consumption. 

Frifita et al. (2020) studied the effects of machining parameters to generate 

surface roughness, cutting force and power, specific energy, and maximum 

productivity in turning of Inconel 718 material. They stated that according to 

ANOVA method, the most important factor affecting surface quality and cutting 

forces was nose radius. Moreover, developed mathematical models by RSM 

showed close prediction values. 

The aim of the work published by Khanna et al. (2019) was to optimize 

power consumption and surface roughness in ultrasonic-assisted turning of 

Nimonic-90 with the aid of Taguchi and ANOVA methods. It has been seen that 

feed rate was the major factor affecting surface roughness values whereas cutting 

speed was the most significant for power consumption. 

The aim of the work published by Anand et al. (2016) is to investigate the 

optimization of machining parameters for green manufacturing. They mentioned 
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that developed and developing countries continue to expand over time. This leads 

to higher energy use and consequently, it causes higher CO2 emissions. They stated 

that corrective measures must be taken to reduce the energy consumption of the 

manufacturing industry. Here, studies were laid particularly on the turning 

operation to optimize cutting parameters. They reported that all the values show an 

appreciable reduction in energy consumption. 

Kuntoğlu et al. (2021) investigated the optimization of cutting forces and 

MRR via Taguchi and RSM methods in the turning of AISI 5140. They noted that 

optimization was one of the significant approaches to solve many problems and 

had many advantages. For example, it provided a reduction in costs and 

contribution to productivity. 

Khan et al. (2019) investigated energy consumption, tool wear, and surface 

roughness in turning Titanium alloy under dry, wet, and cryogenic conditions. 

Cutting speed had contributed at a high rate towards specific cutting energy and 

surface roughness was significantly influenced by feed rate. Finally, they presented 

that reduction in energy consumption could be achieved by the use of generated 

optimum machining parameters. 

Panda et al. (2019) analyzed surface roughness with the aid of RSM in hard 

turning of AISI 4340 steel with a ceramic tool. From analysis results, it was shown 

that feed rate was the most significant contribution to surface roughness. With the 

rise in feed rate, surface roughness increased; but it decreased with the rise of 

cutting speed. They stated that generated results by the developed model have been 

perfectly in conformity with responses. 

Kechagias et al. (2019) used Taguchi Experimental Design (TED) and Full 

Factorial Design for the machinability of material in turning titanium alloy. They 

stated that cutting force and surface roughness was selected as the output 

machinability parameters and spindle speed, feed rate, depth of cut as input cutting 

variables. According to FFD and TED, the most important parameter for Ra is the 

feed rate, and the least important parameter is the cutting depth. Speed does not 
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have any important effect and the most important cutting parameters that affect 

cutting force (Fc) are depth of cut and feed rate. They reported that TED and FFD 

methodologies could apply to machinability studies. 

The work presented by Sarıkaya and Güllü (2014) investigated the analysis 

of machining parameters via Taguchi method and RSM in turning of AISI 1050 

steel by using minimum Quantity Lubrication System (MQL). Their findings 

indicated that the most influential parameters were feed rate and MQL on the 

surface roughness. Finally, they showed that the developed mathematical models 

through RSM could be used because there was a high correlation between the 

experimental value and predicted value. 

Ng and Aspinwall (2002) investigated the effect of different workpiece 

hardness (28, 35, 42, 49 HRC) and cutting speed on machinability of AISI H13 

steel when polycrystalline cubic boron nitride (PCBN) tool was used. Cutting 

forces were generated lower when machining was executed at a higher cutting 

speed. They stated that this could be explained by forming sufficient high heat in 

the shear zone to plasticize workpiece material. In other words, a decrease in the 

strength of the workpiece was happened by producing high heat during machining. 

Shear angle increased as workpiece hardness value risen, but values of cutting 

force failed between 35 and 49 HRC. They reported that higher shear angle was 

associated with lower cutting forces. 

Abbas et al. (2021) studied the effect of different cooling strategies on 

surface quality and power consumption in the milling of 316 stainless steel. They 

reported that power consumption was determined to increase with increasing 

cutting speed and feed rate, and the effect of cutting speed was higher than that 

occurred by feed rate at whole coolant types. At the end of experiments, the 

influence of feed rate on power consumption was detected neglectable at dry 

conditions. 

Nur et al. (2021) investigated energy consumption via RSM and ANOVA 

method during the turning of AISI 420 hardened stainless steel. They stated that 
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reduction of energy consumption during machining of metal materials was all-

important in sustainable production. They showed that lower machining energy 

could be obtained by taking a higher feed rate (f) and higher cutting speed (v). 
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3. MATERIAL AND METHODS 
 
3.1. Material  

AISI 4340 high strength alloy steel is supplied in the form of a cylindrical 

extruded bar of 40 mm diameter and length of 250 mm as shown in Figure 3.1. Its 

chemical composition and physical properties are given in Table 3.1, Table 3.2, 

respectively. Chemical analysis was executed using Thermo Scientific ARL 

PERFORM’X XRF Sequential X-Ray Fluorescence Spectrometer in Yozgat Bozok 

University Science and Technology Application and Research Centre, 

Yozgat/TURKEY as indicated in Figure 3.2.  

 

 
Figure 3.1. Photos of AISI 4340 steel test material; a) Front view, b) Side view 
 
Table 3.1. Chemical composition of AISI 4340 alloy steel used in this study 

Elements Content 
(% of weight)

Fe 95,1700 
Cr 1,58000 
Ni 1,48000 
Mn 0,58700 
C 0,34780 

Mo 0,18800 
Si 0,17900 
Cu 0,17700 
Al 0,07460 
Ca 0,04990 
Co 0,04940 
Mg 0,04450 
P 0,02230 

Others 0,05050 
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Table 3.2.  Physical properties of AISI 4340 alloy steel used in this study 
(Alimardani et al., 2010; Khatir et al., 2021; Elsheikh et al., 2021) 

Density, kg/m3 7850 
Melting temperature, K 1695 

Specific heat capacity, J/kgK 475 
Modulus of elasticity, GPa 205 

Bulk modulus, GPa 140 
Poisson’s ratio 0,29 

Shear modulus, GPa 80 
Thermal conductivity, W/mK 44,5 

Coefficient of thermal expansion, μm/mK 12,3 
Latent heat, J/kg 272000 

Electrical conductivity, S/m 4,032×106
Relative permittivity, - 1 
Relative permeability, - 1 

 

 
Figure 3.2. Thermo Scientific ARL PERFORM’X XRF Sequential X-Ray 

Fluorescence Spectrometer used for material analysis in this study 
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Firstly, cylindrical bars with a diameter of 40 mm and a length of 250 mm 

were normalized to improve ductility and toughness properties and also to 

eliminate dendritic segregation that could remain from the casting process. The 

specimens were normalized, quenched, and tempered in Metalurji Akdağ Heat 

Treatment Limited Company (Ankara/Turkey), respectively. To this end, materials 

were annealed at 840 oC for 1,5 h (hours) utilizing atmosphere controlled furnace 

and then cooled in still air at ambient temperature (about 20 oC and 5 hours) as 

shown in Figure 3.3. Thus, the hardness of the specimens reached 38±1 HRC. 

 

 
Figure 3.3. Heat cycle of normalizing of AISI 4340 steel 
 

Then the samples were austenitized at 860 oC for 90 min (minutes) 

utilizing atmosphere controlled furnace to obtain different quenched and tempered 

martensite structures. After this, it was left to cool in oil (about 20 oC and 5 hours). 

Hence the hardness of the specimens reached 55±1 HRC. Finally, the specimens 

were kept constant at 510 oC, 560 oC, and 610 oC for 1,5 h utilizing a tempering 

furnace to perform a quenched martensite structure, respectively. Also, the furnace 

temperature was increased at a heating rate of 70-75 °C/h. All other specimens 

cooled in still air at ambient temperature (about 20 oC and 5 hours). As a result of 

this, specimens with 40±1 HRC, 35±1 HRC, and 30±1 HRC hardness were obtained, 
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respectively. Schematic illustration of heat cycle for quenching and tempering of 

AISI 4340 steel is given in Figure 3.4. 

 

 
Figure 3.4. The heat cycle of quenching and tempering of AISI 4340 steel used in 

this study 
 
3.2. Micro Hardness Test 

Vickers Microhardness test was used to describe fine-scale changes in 

hardness. Vickers Microhardness tests were completed using Metkon MH3 

microhardness tester as shown in Figure 3.5. The microhardness tests were 

conducted according to ASTM E92 with 100 g load with a duration time of 15 

seconds (ASTM standard: E92-82, 2004).  
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Figure 3.5. Metkon MH3 microhardness tester used in this study 
 

 
Figure 3.6. FEI Quanta FEG 450 including Field Emission Gun-Scanning   

Electron Microscope with Environmental Scanning Electron 
Microscope (ESEM) used for the imageVickerskers hardness 
specimens in this study 
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The images of micro-Vickers indents were observed by using FEI Quanta 

FEG 450 operating with Field Emission Gun (FEG)-Scanning Electron Microscope 

(SEM) in Yozgat Bozok University Science and Technology Application and 

Research Center, Yozgat/TURKEY as shown in Figure 3.6. SEM images 

belonging to the different magnification of the micro-Vickers hardness indents are 

shown in Figure 3.7. 

 

 
Figure 3.7. SEM images belonging to the different magnification of 

Vickers Microhardness indents the of the cylindrical specimen with the 
size of Ø40x10mm; a) Photo of front view, b) Photo of side view, c) 
100X magnification, d) 1000X magnification 
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Vickers microhardness mean values for AISI 4340 steel specimens 

tempered at different temperatures are shown in Figures 3.8-3.10.  

 

 
Figure 3.8. Vickers microhardness mean values for AISI 4340 steel specimens 

tempered at 610oC (for material with 30 HRC) 
 

 
Figure 3.9. Vickers microhardness mean values for AISI 4340 steel specimens 

tempered at 560oC (for material with 35 HRC) 
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Figure 3.10. Vickers microhardness mean values for AISI 4340 steel specimens 

tempered at 510oC (for material with 40 HRC) 
 

3.3. Macro Hardness Test 
Macro hardness tests were performed on a Rockwell C (HRC) scale. 

Rockwell hardness tests were carried out using BMS 200-RB Analog Rockwell & 

Brinell Hardness Tester according to ASTM E18 with a load of 150 kg and a load 

time of 15 seconds (ASTM standard: E18-15, 2015). BMS 200-RB Analog 

Rockwell & Brinell Hardness Tester is shown in Figure 3.11. Photo of Rockwell 

hardness indents of specimens with 30±1 HRC is shown in Figure 3.12. The mean 

hardness value was measured around 30±1, 35±1, 40±1 HRC, and a uniform 

microstructure is seen as shown Figure 3.13. Also, the surface hardness of the 

product not heat-treated was found about 15 HRC. 
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Figure 3.11. BMS 200-RB Analog Rockwell & Brinell Hardness Tester used in 

this study 
 

 
Figure 3.12. HRC image of the cylindrical specimen with 30±1 HRC 
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Figure 3.13.  Mean hardness values measured in Rockwell C scale HRC (Note: The 

term as-rolled condition stems from the fact that the product is not 
heat-treated) 

 

As shown in Figure 3.7 and Figure 3.12, it was found that there was no 

significant difference between the sizes of micro and macro indents when the sizes 

of the indents of the specimens were compared separately. In other words, it has 

been observed that the samples have a uniform microstructure after heat treatment. 

 
3.4. X-Ray Diffraction (XRD) Analysis 

Firstly, the surface of the specimen was ground by using 120, 320, 500, 

1000 SiC grinding papers gradually. Then the ground specimens were polished 

with 3, 1, and 0,25 μm diamond suspension gradually as shown in Figure 3.14. 
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Figure 3.14. Photos of specimens used in this study for crystalline phase analysis; 

a) Front view of specimen, b) Side view of the specimen 
 

PANalytical Empyrean X-ray diffractometer shown in Figure 3.15 was 

used to measure the pattern of the specimens in Yozgat Bozok University Science 

and Technology Application and Research Center (Yozgat/TURKEY). To identify 

the existing phases in the microstructure, specimens were characterized through X-

ray diffraction analysis with Cu Kα radiation (wave-length of λ=1,54060 Å) in a 2θ 

range from 40º to 105º generated at 45 kV, 40 mA and data was collected at every 

0,01o interval.  
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Figure 3.15. PANalytical Empyrean X-ray diffractometer used in the study 
 

The XRD plots of the AISI 4340 steel are shown in Figures 3.16-3.18. 

Ferrite (α-Fe), martensite, and cementite (Fe3C) phases were identified from the 

XRD patterns. No retained austenite was observed in the XRD patterns. 

 

 
Figure 3.16. X-ray diffraction patterns from the surface of the specimen tempered 

at 610 oC (for material with 30 HRC) 
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Figure 3.17.  X-ray diffraction patterns from the surface of the specimen tempered 

at 560 oC (for material with 35 HRC) 
 

 
Figure 3.18. X-ray diffraction patterns from the surface of the specimen tempered 

at 510 oC (for material with 40 HRC) 
 

3.5. Metallographic Analysis 
The polished specimens were etched using Nital solution that is a 

combination of nitric acid and ethanol. Nital etching (2cc HNO3 + 98cc Ethyl 

alcohol) was prepared according to ASTM standard (ASTM standard: E407-99, 

1999). Nital etching was conducted by immersing the specimen face in the glass 

container for 10-15 seconds. After Nital exposure, the specimen was immediately 

washed with water to cease the etching reaction. 
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Micrograph images of each specimen were taken by FEI Quanta FEG 450 

operating with Field Emission Gun (FEG)-Scanning Electron Microscope (SEM) 

in Yozgat Bozok University Science and Technology Application and Research 

Center (Yozgat/TURKEY). Micrographs were revealed at magnifications of 10,00 

KX for every specimen. As mentioned above, AISI 4340 steel is widely used for 

rod and shaft parts that require high strength and toughness. To this end, to create 

very good mechanical properties, specimens must be subjected to a heat treatment 

for quenching and tempering. As shown in Figures 3.19-3.21, it was observed that 

the microstructure of the tempered specimens was martensite, ferrite, and 

cementite. The results are similar to the literature (Lianget et al., 2020; Saeidi and 

Ekrami, 2009). 

 

 
Figure 3.19. SEM image of a specimen of tempered at 610 oC 
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Figure 3.20. SEM image of a specimen tempered at 560 oC 
 

 
Figure 3.21. SEM image of a specimen of tempered at 510 oC 
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3.6. Tensile Test Analysis 
The tensile test is one of the most common types of mechanical tests used 

to characterize the mechanical behavior of engineering material. Tensile test of 

AISI 4340 alloy steel was conducted by using a digitally-controlled servo-

hydraulic DARTEC tensile test machine with a 600 kN tensile and compressive 

force in Gazi University Department of Mechanical Engineering Mechanical-

Strength Laboratory (Ankara/TURKEY). In this test, a specimen was prepared 

suitable for gripping into the jaws of the testing machine type. The experimental 

setup is shown in Figure 3.22.  

 

 
Figure 3.22. Experimental setup of the tensile test machine 
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Tensile tests were performed by the information ASTM standard (ASTM standard: 

E8/E8M-09, 2009). The test specimens were produced in the form of cylindrical 

with 75 mm reduced section length, 62,5 mm thickness length, and 12,5 mm inner 

diameter. The tests were carried out quasi-static at room temperature. The test 

speed was set at 0,05 mmꞏs-1. The results revealed that a ductile fracture happens. 

Also, the photos and schematic of the technical drawing tensile specimen are 

shown in Figure 3.23. 

 

 
Figure 3.23. Photos and schematic of technical drawing tensile specimen; a) 

Machined, b) Technical drawing G—Gage length (62,5 ± 0,1 mm), 
D—Diameter (12,5 ± 0,2 mm), R—Radius of fillet (10 mm), A—
Length of reduced section (75 mm), c) Front view of broken tensile 
specimen, d) Broken surfaces of tensile specimen 
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Elastic modulus obtained from the tensile test is 202 MPa. As shown in 

Figure 3.24, ultimate tensile strength (UTS), yield strength (YS), and rupture 

strength (RS) increased, and elongation of rupture reduced while hardness value is 

increased. 

 

 
Figure 3.24. The results obtained from tensile tests 
 

3.7. Surface Roughness Measurement 
In this study, Mitutoyo SJ211 Surftest Surface Roughness Tester shown in 

Figure 3.25 below was used. Each specimen was measured three times, then the 

average of the three measurements was taken as the roughness value (Ra). Cut-

off length, sampling length, and driving speed of stylus were fixed as 0,8 mm, 

 4 mm, and 0,5 mm/rev, respectively. Before the roughness device was used, it was 

calibrated with a reference specimen shown in Figure 3.26. 
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Figure 3.25. Mitutoyo SJ211 Surftest Surface Roughness Tester; a) Setup, b) 

Close-up shot. 
 

 
Figure 3.26. Calibration of Surftest Surface Roughness Tester; a) Setup, b) 

Reference specimen 
 
3.8. Cutting Force Measurement 

Experiments were conducted in the Manufacturing Laboratory of 

the Mechanical Engineering Department at the University of Yozgat Bozok in 

Yozgat/Turkey. The cutting forces that occurred in the experiments conducted 

under each cutting condition have been measured by a KISTLER 9129AA 

piezoelectric dynamometer. Machining force measurement is provided by Kistler 3 

component piezoelectric dynamometer that measures averaged tangential, feed, and 

radial forces during turning processes. Graphical displays of force outputs are 

recorded using Data Acquisition Card (DAC) and Dynoware software at the end of 

each experiment. The experimental setup of force measurement used to perform the 

tests are illustrated in Figure 3.27. 
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Figure 3.27. Experimental setup for force measurement used in this work; a) 

Goodway 260Y CNC Lathe, b) Kistler 9129AA model piezoelectric 
dynamometer, c) Kistler 5070A model amplifier, d) Kistler 5697 
model data acquisition box, e) Computer, f) Dynoware software, g) 
Screenshot of cutting forces 

 
3.9. Current Measurement 

In this study, UNI-T UT 201 Digital Clamp Multimeter was used to 

measure the current. Total current measurement is provided by the instantaneous 

electrical current taken from the electrical panel of the machine during the 

operation of the lathe. Instantaneous electric current was recorded for the machine 

running in cutting and non-cutting modes. Current flowing through one phase of 

the servo motors in the CNC lathe was measured by the clamp amperemeter and 

multiplied by three as shown in Figure 3.28 below. In addition, labels of the CNC 

lathe used in this work are shown in Figure 3.29. 
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Figure 3.28. Setup for current measurement used in this work; a) Electric panel of 

CNC lathe, b) Digital Clamp Multimeter, c) Cable color of electrical 
phases. 

 

 
Figure 3.29. Labels of the CNC lathe used in this work; a) Feature nameplate, b) 

Electrical nameplate 
 
3.10. Power Consumption Calculation 

All current measurements were converted into power consumption using 

the electrical power formula given in Equation 1.2. 

 

 3. . .cosPower consumption V I  ( )watt    (1.2) 
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3.11. Sound Measurement 
Sound in this study is total noise emitted by machine tools and the cutting 

process during the turning process. Lutron SL-401 sound level meter was used to 

measure sound. The sound level meter was placed in the closest position to the 

cutting tool as shown in Figure 3.30. 

 

 
Figure 3.30. Setup for sound level measurement used in this work; a) Sound level 

measurement in CNC lathe, b) Close-up shot, c) Sound Level Meter 
 

3.12. Methods 
The scientific discipline applied by obtaining valid inferences from 

experimental or observational data is called statistics. In engineering and scientific 

experiments, statistic has three phases: project planning, experimental design, and 

data analysis phase as given in Table 3.3 (Mason et al., 2003). 
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Table 3.3. Role of statistics in engineering and experimentation 
Project planning 

phase 
Experimental 
design phase 

Data analysis 
phase 

•What is to be 
measured? 

•How large is the 
likely variation? 
•What are the 

influential factors? 

•Control known 
sources of variation 
•Allow estimation of 

the size of the 
uncontrolled 

variation 
•Permit an  

investigation of 
suitable models 

•Make inferences on 
design factors 

•Guide subsequent 
designs 

•Suggest more 
appropriate models 

 

 

If meaningful results are to be drawn from the data, a statistical approach is 

needed for experimental design. Research in engineering, science, and industry is 

often experimental and has intensive experimental work. The efficiency of 

experiments can largely improve with the help of statistical methods,  and the 

results obtained with this method can become more meaningful (Montgomery, 

2001). Because of this, Design of Experiment methods such as Full Factor Design, 

Response Surface Methodology, and Taguchi Method (TM) are widely used 

(Raman et al., 2021). 

In this study, turning was carried out on a CNC lathe. Firstly, cutting 

parameters were determined as cutting speed (v, m/min), feed rate (f, mm/rev), 

cutting depth (a, mm), hardness of workpiece (30, 35, 40 HRC), and insert material 

(ceramic, carbide, CBN). Then, experiments were designed with TM, and 

mathematical formulas were obtained with RSM. Finally, an Analysis of Variance 

was performed to examine the effect of each parameter. The process procedure is 

shown in the following Figure 3.31. 
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Figure 3.31. Process procedure 
 
3.12.1. Taguchi Method (TM) 

Taguchi is an experimental design method that is significantly decreasing 

the number of experiments by use of orthogonal arrays (OA), and also attempts to 

minimize impacts of out-of-control factors. The biggest advantages of the Taguchi 

Method are listed in the following. It shortens the experimental time, reduces the 

cost, and reveals important factors in less time (Asiltürk and Akkuş, 2011; 

Gaitonde et al., 2009; Antony, 2003). The purpose of the Taguchi Method is to 

determine control factor settings that present acceptable responses even though 

there are the natural environment and process variability. In the Taguchi Method, 

two designs called inner and outer arrays are used. Orthogonal arrays have two-

level, three-level, four-level, five-level, and mixed-level designs. Control factors 

and Noise factors build up the inner array and the outer array, respectively. This 

approach benefits from signal and noise factors, inner and outer arrays, and signal-

to-noise ratios (Davis and John, 2018; Negrete, 2015; Mori, 2011). If experimental 

runs are properly selected using the Taguchi experiment design, there will be no 

need to conduct full factorial experiments. Taguchi Signal-to-Noise (SN) Ratios 
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are a function of the monitored responses on an outer array as given in Equations 

3.1, 3.2, and 3.3. For each factor value, the optimal level of a process parameter is 

the level that offers the highest value of the SN ratio conversion (Minitab, 2021; 

Deepanraj et al., 2020; Negrete, 2013; Bilga et al., 2016). 

 
Larger is better (the response is maximized; for instance, flavor),  

 

 2
1

1

110 log( )
i

n

Y
i

SN
n 

   ( )dB  (3.1) 

 

Nominal is best (the response is targeted; for instance, part dimension),  

 

 
2

210log( )SN



 ( )dB  (3.2) 

 

Smaller is better (the response is minimized; for instance, cost),  

 

 2

1

110log( )
n

i

i

SN Y
n 

   ( )dB  (3.3) 

 

Here; Yi symbolizes observations of response variable at the ith test, and μ2 

symbolizes the square of the mean. Furthermore, σ2 symbolizes the variance of the 

observations of the replicated response values, and n is the total number of the 

tests. 

 
3.12.2. Respond Surface Method (RSM) 

Response Surface Method (RSM) is an approach based on statistical and 

mathematical techniques used to develop, improve and optimize processes. In 
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addition to the improvement of existing products, it has important applications such 

as the design, development, and formulation of new products. The relation of a 

product, process, or system with a y response dependent on controllable input 

variables 1 2 3( , , ,..., )
k

    can be formulated as given in Equation 3.4 below. 

 

 1 2 3( , , ,..., )
k

y f        (3.4) 

 

These input variables can be called factors, independent variables, or process 

variables. 𝜀 represents variables that are not calculated in the function f. That is, 𝜀 
contains impacts like measurement error on the response, change of existing 

natural resources in the process or system, and influence of unknown variables. It 

is usually considered a statistical error and zero. If 𝜀 is zero, the new equation can 

be written as given in Equation 3.5. 

 

 1 2 3( , , ,..., )
k

y f         (3.5) 

 

Variables in Equation 3.5 are often called natural variables such as degrees, 

pounds, or grams. Since the form of the actual response function f is unknown, 

accomplished application of the RSM depends on the experimenter's skill to 

improve a proper approach for f. Generally, a second-order mathematical model 

given in Equation 3.6 created by regression analysis is used in the RSM.  

 

 2
0

1 1 1

k k k

i i ii i ij i j

i i i j

y x x x x   
   

       (3.6) 

 

Here, y represents the predicted response. β0 is a constant term called intercept of 

the regression equation. βi, βii, and βij are the regression coefficients for the linear, 

quadratic, and interactive impacts of the model, respectively. xi and xj are the 
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factors and k is the number of factors. i and j are the index of summation (Myers et 

al., 2016; Bouzid et al., 2015; Sahoo and Sahoo, 2013; Ozturk, 2019). 

 

3.12.3. Analysis of Variance (ANOVA) 
Analysis of variance is widely used in many fields such as psychology, 

biology, medicine, education, sociology, anthropology, economics, political 

science, industry, and commerce (Rutherford, 2011; Kaufmann and Schering, 

2014). ANOVA is a statistical approach used to show interactions between factors 

and responses affecting the performance of the machining process. ANOVA has a 

table that includes degrees of freedom (DF), sum of squares (SS), mean of squares 

(MS), Fisher (F) values, probability (P) values, and percentage of contributions 

(C%) (Das et al., 2017; Dutta and Narala, 2021). In ANOVA analysis, some values 

are checked to see the effects of the parameters. One of these values, P (probability 

or significance) values indicate the performance of factors. If the P-value of 

parameters is less than or equal to the confidence level, they are significant. If the 

P-value of parameters is greater than the confidence level, they are not significant. 

In this study, the confidence level was accepted as 95 percent (95%) and the 

significance level as 5 percent (5%) considering the literature (Qasim et al., 2015; 

Bhushan, 2013; Cardoso et al., 2021; Aouici et al., 2012; Deepak and Rajendra, 

2016; Basmacı, 2018; Nguyen, 2019). Another important value in terms of 

statistics is the F value. Generally, if the F-value of any parameter in the process is 

greater than 4, it means that this parameter has a significant impact on process 

performance (Yang and Tarng, 1998; Kant and Sangwan, 2014). That is, if P<0,05 

or F>4, the parameter is meaningful, otherwise, it is meaningless. 

 

3.12.4. Finite Element Method (FEM) 
Abaqus is a forceful simulation tool based on the Finite Element Method 

that could conduct linear and nonlinear problems. Some features of Abaqus are 

given below (Abaqus, 2021): 
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 Virtually any geometry can be modelled, 

 The behavior of engineering materials such as metals, rubber, polymers, 

composites, reinforced concrete, crushable, resilient foams, geotechnical 

materials, soils, and rock could be simulated, 

 It could be utilized for stress/displacement problems, 

 Problems like heat transfer, mass diffusion, thermal analysis, acoustics, 

soil mechanics, piezoelectric analysis, electromagnetic analysis, and fluid 

dynamics could be simulated. 

 

Abaqus analysis usually takes place in 3 stages. These are preprocessing, 

simulation and postprocessing as shown in Figure 3.32 below. First of all, the 

model of the physical problem is identified and formed an Abaqus input file. Later, 

the simulation is run as a background process in Abaqus/Standard or 

Abaqus/Explicit to be solved the numerical problem defined in the model. After the 

simulation has been completed, the results are evaluated with visualization module, 

animations, and X–Y plots (Abaqus, 2021): 
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Figure 3.32. Stages of Abaqus analysis (Abaqus, 2021) 
 

3.12.5. Turning Experiments 
Cutting experiments were carried out using a lathe with Computer 

Numerical Control (CNC) that has Goodway brand (GS-260Y model, made in 

Taiwan) and 5 axes technical properties. Also, the CNC machine tool has 15 kW 

spindle power, high rigidly, and a maximum spindle speed of 4000 rpm as shown 

in Figure 3.33. The experimental setup is represented in Figure 3.34. 
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Figure 3.33. CNC lathe 
 

 
Figure 3.34. Experimental setup on CNC lathe 
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In the experiments, AISI 4340 alloy steel specimens with three different 

hardness that are 30 HRC, 35 HRC, and 40 HRC (hardness scale C) were used. The 

experiments were executed under dry-cutting conditions. The initial diameter of the 

test specimen is 40 mm and the length is 250 mm. The workpiece was cleaned by 

removing the 0,5 mm thickness material of the surface from the workpiece to 

eliminate any surface defects and wobbling. Before performing experiments, the 

workpiece was divided into sections 15 mm in length. Then workpiece was 

positioned between tailstock and chuck. A schematic representation of the 

machined test specimen is shown in Figure 3.35. 

 

 
Figure 3.35. Schematic representation of the machined test specimen; a) General 

drawing, b) Close-up (dimensions are mm) 
 

Properties of inserts (cutting tool) and tool holder are used as given in 

Tables 3.4-3.7.  

 



3. MATERIAL METHODS                                                                   Oğur İYNEN 
 

62 

Table 3.4. Kennametal/CNMG120408/RP/KU30T (Kennametal master catalog, 
2018; Akko catalog, 2021) 

Trademark/ISO Catalog 
Number/Grade Kennametal/CNMG120408/RP/KU30T  

Insert material Carbide  

Insert geometry 

Grade 

KU30T   
Composition: A tough cobalt-enriched substrate with a multilayered 
CVD coating. 
Application: KU30T is a new grade designed specifically for the job 
shop industry where a wide range of workpiece materials is 
employed. With its tough cobalt-enriched substrate, KU30T performs 
very effectively in roughing through finishing operations. The post-
coat grinding of the insert permits stable insert seating while the post-
coat treatment resists workpiece build-up and microchipping. For 
machining steels, cast irons, and stainless steels, first choices are the 
-RN, -MN, and the -RP geometries. For medium machining and 
finishing, the -MP and -FP geometries with a positive rake are 
suggested. 

Geometric data and 
specifications 

Inscribed circle (IC) diameter (D): 12,7 mm 
Insert cutting edge length (L10): 12,896 mm 
Insert thickness (S): 4,7620 mm 
Corner radius (Rε): 0,7940 mm 
Chip breaker: RP 
Shape: Rhombic 

Toll holder 

AKKO brand TCLNL 25x25 M12 

 
L: 150 mm, h: b: 25 mm, f: 32 mm 

Features and benefits Roughing geometry with positive rake face for chip control in difficult 
materials 

Working process External turning 
Workpiece materials Steel, Stainless Steel, Cast Iron, High-Temp Alloys 
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Table 3.5. Sumitomo electric/CNGA120408/NB100C (Akko catalog, 2021; 
Sumitomo catalog, 2021) 

Trademark/ISO Catalog 
Number/Grade Sumitomo electric/CNGA120408/NB100C 

Insert material Ceramic 

Insert geometry 

Grade 
NB100C  
Al2O3-based high strength ceramic with ZX Coat. Low-
speed/continuous light cutting of hardened steel. Main Coating 
Components are TiAlN Type. 

Geometric data and 
specifications 

Inscribed circle (IC): 12,7 mm 
Cutting edge length (l): 12,9 mm 
Thickness (S): 4,76 mm 
Corner radius (r): 0,8 mm 
Shape: Rhombic 
Relief Angle: 0° 
d1: 5,16 mm 

Toll holder 

       AKKO brand TCLNL 25x25 M12 

 
L: 150 mm 
h: b: 25 mm 
f: 32 mm  

Field of applications Finishing to Light Cutting. Superb wear resistance enables ultra-
high-speed machining. 

Working process External turning 
Workpiece materials Hardened steel 
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Table 3.6.  Sumitomo electric/2NCCNGA120408HS/BNC2010 (Akko catalog, 
2021, 2018; Sumitomo catalog, 2021) 

Trademark/ISO Catalog 
Number/Grade Sumitomo electric/2NCCNGA120408HS/BNC2010 

Insert material CBN (cubic boron nitride) 

Insert geometry 

 

Grade 

BNC2010  
A newly developed tough CBN substrate coated with a highly 
wear-resistant TiAlN layer. Achieves more stable machining and 
longer tool life by employing a highly adhesive layer to reduce 
delamination. 

Geometric data and 
specifications 

Inscribed circle (IC): 12,7 mm 
Cutting edge length (l): 12,9 mm 
Thickness (S): 4,76 mm 
Corner radius (r): 0,8 mm 
Shape: Rhombic 
Relief Angle: 0° 
d1: 5,5 mm 

Toll holder 

AKKO brand TCLNL 25x25 M12 

 
L: 150 mm 
h: b: 25 mm 
f: 32 mm 

Field of applications 

A grade for high-precision machining applicable to finishing 
requiring good surface roughness and dimensional accuracy. 
Provides further improved wear resistance thanks to a newly 
developed CBN substrate coated with a TiCN layer. Reduces 
boundary wear and stably achieves excellent surface finish 
thanks to newly developed special multi-layered coating. 

Working process External turning 

Workpiece materials A general-purpose grade applicable to general hardened steel 
machining. 
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Table 3.7.  Kennametal/TPGN160304/KC5010 (Kennametal master catalog, 2018) 
Trademark/ISO Catalog 

Number/Grade Kennametal/TPGN160304/KC5010 

Insert material Carbide 

Insert geometry 

  

Grade 
KC5010 
An advanced PVD AlTiN coating over a very deformation-
resistant unalloyed carbide substrate. The new and improved 
coating enables speeds to be increased by 50–100%. 

Geometric data and 
specifications 

Inscribed circle (D): 9,5300 mm 
Cutting edge length (L10): 16,5000 mm 
Thickness (S): 3,1800 mm 
Corner radius (RԐ): 0,4000 mm 
Shape: Triangular 
Relief angle: 11° 
Rake angle: 5o 
Nose angle: 60o  

Toll holders 

Kennametal brand CTGPL2525M16 

 
H: 25 mm 
H1: 25 mm 
B: 25 mm 
F: 32 mm  
L1: 150 mm  
LH: 26 mm 

Field of applications 

Excellent for machining most steels, stainless steels, cast irons, 
non-ferrous materials, and superalloys under stable conditions. 
It also performs well machining hardened and short chipping 
materials. 

Working process External turning. 

Workpiece materials Ideal for finishing to general machining of most workpiece 
materials at higher speeds. 
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4. RESULTS AND DISCUSSION 
 

In this study, three different inserts, three different material hardness, three 

different cutting speeds, three different feed rates, and three different depths of cut 

were used. Factors and levels are given in Table 4.1. The symbols and numerical 

values expressed in the created design were performed by considering the literature 

(Öztürk and Kara, 2020; Kıvak, 2014; Akgün and Kara, 2021). Also, parameter 

levels were taken from insert catalogs (Kennametal catalog, 2018; Sumitomo 

catalog, 2021). Taguchi Method, RSM, and ANOVA were executed to find the 

optimum parameters. Analyzes were performed utilizing Minitab 16 software. The 

relationship between cutting parameters and Total Power Consumption (Ptotal), 

Cutting forces (Fx, Fy, Fz), Total Sound (Stotal=Smachine+Scutting),  Total Current 

(Itotal= Iunloaded+Icutting), Surface roughness (Ra) values are examined. Later, the 

relationships between these values are explained. Finally, a mathematical model is 

developed using regression analysis for each response prediction based on the 

experimental results. 

 

Table 4.1. Process factors and selected levels were used for machining parameters 
in this experimental study 

Factors Symbols 
(Units) 

Levels (uncoded) Levels (coded) 
1 2 3 1 2 3 

Insert (i, cutting tool) A (-) 1: Ceramic 2: Carbide 3: CBN -1 0 1 
Material hardness (h) B (HRC) 30 35 40 -1 0 1 

Cutting speed (v) C (m/min) 180 220 260 -1 0 1 
Feed rate (f) D (mm/rev) 0,03 0,07 0,11 -1 0 1 

Depth of cut (a) E (mm) 0,08 0,14 0,20 -1 0 1 
 

The Fishbone diagram is one of the outputs in experimental design. A 

fishbone diagram can be created to see exactly how the identified factors relate to 

each other. This diagram indicates all factors that represent product or process 

quality. And it affects the experimental values. With the help of the fishbone 

diagram, variable and fixed factors were decided. Factors affecting Ptotal, Fx, Fy, 
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Fz, Ra, Stotal, and Itotal are collected under six main categories as shown in Figure 

4.1. 

 

 
Figure 4.1. Fishbone diagram of factors affecting Ptotal, Fx, Fy, Fz, Ra, Stotal, and 

Itotal 
 

Also, mathematical models are subjected to constraints in the following 

involving ceramic, carbide, and CBN inserts: 

 

30 HRC ≤  h  ≤ 40 HRC, 

180 m/min ≤  v  ≤ 260 m/min, 

0,03 mm/rev ≤  f  ≤ 0,11 mm/rev, 

0,08 mm ≤  a  ≤ 0,20 mm. 

 

4.1. Analysis with RSM and Taguchi Method of Experimental Results 
The power consumed of 5 axis CNC machine tool used in this study can be 

divided into parts as shown in Figure 4.2. Constant power consumption in machine 

tools comprises machine axes, spindle, pumps, hydraulic system, CNC controller, 

automated tool changer, control panel, and so on. Variable power consumption 
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comprises machining of the workpiece, the influence of feed rate, cutting speed, 

material removal rate, and so on. 

 

 
Figure 4.2. Power consumption of 5 axis CNC turning machine tool used in this 

study 
 

The power consumption for the line current of the CNC lathe can be 

calculated with the following Equation 1.2. The power factor and voltage of CNC 

lathe used in this study are read as PF=1 and V=380 volt from the machine tool 

catalog, respectively. 

 

 3. . .cosPower consumption V I  ( )watt  (1.2) 

 

Here V is the voltage (volt), I is the current (amper), and cost ϕ is the power factor 

(PF) (-). Power consumption for every phase is calculated in the following. 

3. . .cosPower consumption V I   = 1,73x380x1,09x1 = 717,4 watt for startup 

phase.  

3. . .cosPower consumption V I   = 1,73x380x3,58x1 = 2356,3 watt for run 

time phase.  
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3. . .cosPower consumption V I   = 1,73x380x6,12x1 = 4023,3 watt for 

process phase.  

Here, the current value for process phase is taken as the arithmetic mean of 46 

experiment results. % ratios of power consumption are given in Table 4.2. Percent 

ratios of power consumption are found with Equation 4.1. 

 

 0% 10consumptionPhase powe
a

o
R tio

co u

r
x

Total ns mptir onp we
 (%)    (4.1) 

 

Table 4.2. Percent ratios of Power consumption of CNC machine tool used in the 
study 

Phases Power consumption (W) % Ratio
startup phase 717,4 10,1 
run time phase 2356,3 33,2 
process phase 4023,3 56,7 

total 7097,0 100,0 
 

To evaluate experimental and predicted results, the following Equations of 4.2 and 

4.3 are used. 

 

 % ) 100(Contribution S q Totale SS x (%)     (4.2) 

 

 0% 10Experimental value Predicted value
x

Experi
r

v
E ror

mental alue


 (%)     (4.3) 

 

When the % Error formula given in Equation 4.3 is used, the simulated value can 

be taken instead of the predicted value, and the calculated value can be taken 

instead of the experimental value. 
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Three cutting forces happened on the cutting tool as shown in Figure 4.3. 

These are radial force (Fx), tangential force (Fy), and feed force (Fz). The resultant 

cutting force (F) is shown in Equation 4.4 (Altintas, 2012; Kistler, 2021). 

 

 2 2 2
x y zF F F F      (4.4) 

 

Fz is viewed in the direction of the thickness of the uncut chip and is influenced 

mainly by the feed rate. However, the feed force increases as the feed rate 

increases. Fy acts on the cutting speed direction. Fx is a radial force that moves the 

tool away from the workpiece and acts along the radial direction of the workpiece. 

 

 
Figure 4.3. Cutting forces on the symbolic cutting tool (insert) 

 

 

 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

72 

Table 4.3. Box-Behnken Design test plan 

Runs 
Coded values Real (Uncoded) values 

A B C D E i 
(-) 

h 
(HRC) 

v 
(m/min) 

f 
(mm/rev) 

a 
(mm) 

1 -1 -1 0 0 0 Ceramic 30 220 0,07 0,14 
2 1 -1 0 0 0 CBN 30 220 0,07 0,14 
3 -1 1 0 0 0 Ceramic 40 220 0,07 0,14 
4 1 1 0 0 0 CBN 40 220 0,07 0,14 
5 0 0 -1 -1 0 Carbide 35 180 0,03 0,14 
6 0 0 1 -1 0 Carbide 35 260 0,03 0,14 
7 0 0 -1 1 0 Carbide 35 180 0,11 0,14 
8 0 0 1 1 0 Carbide 35 260 0,11 0,14 
9 0 -1 0 0 -1 Carbide 30 220 0,07 0,08 

10 0 1 0 0 -1 Carbide 40 220 0,07 0,08 
11 0 -1 0 0 1 Carbide 30 220 0,07 0,2 
12 0 1 0 0 1 Carbide 40 220 0,07 0,2 
13 -1 0 -1 0 0 Ceramic 35 180 0,07 0,14 
14 1 0 -1 0 0 CBN 35 180 0,07 0,14 
15 -1 0 1 0 0 Ceramic 35 260 0,07 0,14 
16 1 0 1 0 0 CBN 35 260 0,07 0,14 
17 0 0 0 -1 -1 Carbide 35 220 0,03 0,08 
18 0 0 0 1 -1 Carbide 35 220 0,11 0,08 
19 0 0 0 -1 1 Carbide 35 220 0,03 0,2 
20 0 0 0 1 1 Carbide 35 220 0,11 0,2 
21 0 -1 -1 0 0 Carbide 30 180 0,07 0,14 
22 0 1 -1 0 0 Carbide 40 180 0,07 0,14 
23 0 -1 1 0 0 Carbide 30 260 0,07 0,14 
24 0 1 1 0 0 Carbide 40 260 0,07 0,14 
25 -1 0 0 -1 0 Ceramic 35 220 0,03 0,14 
26 1 0 0 -1 0 CBN 35 220 0,03 0,14 
27 -1 0 0 1 0 Ceramic 35 220 0,11 0,14 
28 1 0 0 1 0 CBN 35 220 0,11 0,14 
29 0 0 -1 0 -1 Carbide 35 180 0,07 0,08 
30 0 0 1 0 -1 Carbide 35 260 0,07 0,08 
31 0 0 -1 0 1 Carbide 35 180 0,07 0,2 
32 0 0 1 0 1 Carbide 35 260 0,07 0,2 
33 -1 0 0 0 -1 Ceramic 35 220 0,07 0,08 
34 1 0 0 0 -1 CBN 35 220 0,07 0,08 
35 -1 0 0 0 1 Ceramic 35 220 0,07 0,2 
36 1 0 0 0 1 CBN 35 220 0,07 0,2 
37 0 -1 0 -1 0 Carbide 30 220 0,03 0,14 
38 0 1 0 -1 0 Carbide 40 220 0,03 0,14 
39 0 -1 0 1 0 Carbide 30 220 0,11 0,14 
40 0 1 0 1 0 Carbide 40 220 0,11 0,14 
41 0 0 0 0 0 Carbide 35 220 0,07 0,14 
42 0 0 0 0 0 Carbide 35 220 0,07 0,14 
43 0 0 0 0 0 Carbide 35 220 0,07 0,14 
44 0 0 0 0 0 Carbide 35 220 0,07 0,14 
45 0 0 0 0 0 Carbide 35 220 0,07 0,14 
46 0 0 0 0 0 Carbide 35 220 0,07 0,14 

 

The experiment design of Respond Surface Method (L46) and 

experimental results are given in Table 4.3. Since the Box-Behnken Design (BBD) 
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is considered more competent and the most powerful than other designs, such as 

the three-level Full Factorial Design (FFD), the Central Composite Design (CCD), 

the Design of Experiment (DOE) is done using a Box-Behnken design.  

Box-Behnken designs do not have axial points and Central Composite 

Designs usually have axial points outside the "cube". Due to fact that all design 

points fall within the safe operating zone in Box-Behnken design, BBD was 

selected. A total number of 46 runs of experimental conditions including six 

replicates at center points (runs between 41-46) were performed for different 

combinations according to BBD. Terms that represent factors were selected as full 

quadratic in analyze response surface design. 

In the traditional cutting theory, the main cutting force (tangential force) is 

the largest in the three-component forces (Fx, Fy, Fz). However, this relationship is 

different in the present study. Fx, Fy, and Fz are reported in Table 4.4. It was 

observed that the radial force component was dominant rather than the tangential 

force during turning. This increase in radial force can be explained by the rising of 

ploughing effect between insert and workpiece that prevails under small feed rate, 

and small depth of cut conditions when it is compared to nose radius (Azizi et al., 

2012; Bartarya and Choudhury, 2012; Lalwani et al., 2008; Yao et al., 2017). 

Besides; experiment design of RSM (L46), experimental results, and the calculated 

results are given in Table 4.4. Here, power consumption that is found using 

instantaneous electric current are the calculated results.  
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Table 4.4. Experiment design of RSM (L46), experimental results, and calculated 
results 

R
un

s Inputs (Factors) 
Outputs (Responses) 

Experimental values Calculated 
values 

A B C D E Fx  
(N) 

Fy  
(N) 

Fz  
(N) 

Ra  
(µm) 

Itotal 
(A) 

Stotal  
(dB) 

Ptotal  
(W) 

1 -1 -1 0 0 0 38,20 36,37 41,25 0,90 6,00 83,30 3949,08 
2 1 -1 0 0 0 68,96 49,30 54,74 0,34 6,17 82,25 4060,97 
3 -1 1 0 0 0 52,26 38,87 44,88 0,63 6,12 83,40 4028,06 
4 1 1 0 0 0 79,37 52,68 54,21 0,25 6,27 83,10 4126,78 
5 0 0 -1 -1 0 33,74 23,81 38,86 0,38 5,20 80,20 3422,53 
6 0 0 1 -1 0 42,55 21,50 40,36 0,27 6,89 88,30 4534,86 
7 0 0 -1 1 0 65,86 55,33 48,60 0,38 5,42 77,90 3567,33 
8 0 0 1 1 0 68,26 52,59 47,68 0,56 6,95 87,40 4574,35 
9 0 -1 0 0 -1 26,25 24,37 32,49 0,56 5,98 81,30 3935,91 

10 0 1 0 0 -1 47,59 27,67 34,67 0,15 6,00 83,10 3949,08 
11 0 -1 0 0 1 53,73 53,07 51,04 0,45 6,28 82,30 4133,37 
12 0 1 0 0 1 72,87 53,25 54,38 0,31 6,25 83,40 4113,62 
13 -1 0 -1 0 0 46,11 37,60 44,28 0,65 5,26 78,60 3462,02 
14 1 0 -1 0 0 75,25 51,81 56,45 0,20 5,48 78,50 3606,82 
15 -1 0 1 0 0 45,60 37,17 43,60 0,75 6,94 87,30 4567,76 
16 1 0 1 0 0 72,12 47,42 53,79 0,20 6,90 87,30 4541,44 
17 0 0 0 -1 -1 26,07 15,69 33,00 0,14 5,93 83,00 3903,00 
18 0 0 0 1 -1 44,54 32,72 34,87 0,47 5,95 83,80 3916,17 
19 0 0 0 -1 1 41,71 31,20 44,49 0,49 6,20 85,51 4080,71 
20 0 0 0 1 1 79,20 75,42 59,45 0,33 6,21 81,80 4087,29 
21 0 -1 -1 0 0 43,67 44,05 40,23 0,45 5,32 77,80 3501,51 
22 0 1 -1 0 0 59,70 41,54 44,96 0,30 5,35 78,80 3521,26 
23 0 -1 1 0 0 44,19 37,84 41,08 0,52 6,83 86,80 4495,36 
24 0 1 1 0 0 64,25 40,14 45,57 0,22 6,79 88,20 4469,04 
25 -1 0 0 -1 0 29,74 19,77 39,15 0,70 5,95 83,80 3916,17 
26 1 0 0 -1 0 51,19 29,87 47,37 0,32 6,20 85,20 4080,71 
27 -1 0 0 1 0 55,19 49,90 46,21 0,83 6,06 83,70 3988,57 
28 1 0 0 1 0 93,13 67,11 58,63 0,34 6,20 82,90 4080,71 
29 0 0 -1 0 -1 30,17 23,88 32,84 0,36 5,18 78,60 3409,37 
30 0 0 1 0 -1 38,91 25,50 34,54 0,22 6,70 87,50 4409,80 
31 0 0 -1 0 1 62,00 52,98 50,98 0,22 5,40 77,80 3554,17 
32 0 0 1 0 1 64,55 52,34 53,13 0,42 7,10 87,00 4673,07 
33 -1 0 0 0 -1 30,06 21,66 37,81 0,61 5,98 83,10 3935,91 
34 1 0 0 0 -1 49,04 28,79 40,15 0,28 6,05 82,50 3981,98 
35 -1 0 0 0 1 53,48 55,45 51,59 0,73 6,14 83,90 4041,22 
36 1 0 0 0 1 92,22 69,98 69,41 0,19 6,35 83,50 4179,44 
37 0 -1 0 -1 0 28,71 24,01 36,45 0,58 6,01 81,30 3955,66 
38 0 1 0 -1 0 40,39 22,80 39,97 0,28 6,02 87,20 3962,24 
39 0 -1 0 1 0 54,03 52,87 43,79 0,59 6,22 83,87 4093,88 
40 0 1 0 1 0 76,03 54,85 48,83 0,36 6,20 81,90 4080,71 
41 0 0 0 0 0 56,06 38,50 45,31 0,28 6,29 82,60 4139,95 
42 0 0 0 0 0 56,52 38,31 43,33 0,21 6,10 82,30 4014,89 
43 0 0 0 0 0 56,56 37,76 44,19 0,23 6,22 82,80 4093,88 
44 0 0 0 0 0 53,84 38,88 44,60 0,27 6,19 82,80 4074,13 
45 0 0 0 0 0 53,92 39,12 44,64 0,29 6,18 82,80 4067,55 
46 0 0 0 0 0 54,18 39,39 44,60 0,32 6,22 82,70 4093,88 
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The expressions of i, h, v, f, a, Fx, Fy, Fz, Ra, Itotal, Stotal, and Ptotal denote 

insert, hardness, cutting speed, feed rate, depth of cut, radial force, tangential force, 

feed force, surface roughness, total electric current, total sound level, and total 

electric power consumption, respectively. Cutting forces, surface roughness values, 

current values, and sound values are average values. 

Experimental results are analyzed with ANOVA to determine factors that 

markedly affect machining process performance. In this study, significance level 

and confidence level are taken as α = 0,05 and 95%, respectively when ANOVA is 

investigated. The prediction power of developed regression model is stated with R2 

value. R2 takes values between 0-100% and its precision of prediction increases as 

its value rises. Then contribution, residuals, and possibilities of the process 

parameters are examined. Residual is the difference between the experimental 

value and predicted value. Four-in-one residual plots are Histogram, Normal 

Probability Plot, Versus Fits, and Versus Order. These residual plots play an 

important role in assessing the fit of the developed model (Mia et al., 2017; Seçkin, 

2020). Additionally, surface plots are practical for determining desirable response 

values and operating requirements. Therefore, surface plots are examined. The 

signal-to-noise (SN) ratio is a robustness measure that can be used to determine 

control factor settings that minimize the impact of noise on response. The SN ratios 

are assessed according to the smaller the better characteristic. Because the target of 

experiments is to minimize parameters in the machining process. Besides, SN 

ratios are utilized to detect the optimum levels of factors. In Main Effects Plot for 

SN ratios, x-axis indicates a level value of machining process parameters and y-

axis indicates response values. The horizontal line indicates the mean value of the 

response. Afterward, SN ratio analysis using Taguchi Method for “smaller is 

better” characteristic is investigated. And finally, the optimization plot and 

comparison of results are analyzed. The Optimization Plot displays the effect of 

each factor (columns) on the responses or composite desirability (rows). The 

Optimization Plot is used to detect the optimal settings and optimized response 
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values. Boundary values are shown with High and Low. The vertical red lines on 

the plot symbolize the present factor settings. The horizontal lines and numbers 

symbolize the responses for the present factor level. And, optimum (present) values 

are represented in red color. y indicates predicted optimum value as d states the 

desirability for each parameter. The target in the present study is to minimize 

responses.  

 
4.1.1. Radial Force (Fx) Analysis 
 
Table 4.5. Analysis of variance for Fx 

Source DF Seq SS Adj SS Adj MS F P % Cont. 
Regression 20 12407,2 12407,2 620,36 98,47 0,000 98,75 

Linear 5 11383,5 11383,5 2276,71 361,38 0,000 90,60 
i 1 3324,7 3324,7 3324,68 527,72 0,000 26,46 
h 1 1134,3 1134,3 1134,34 180,05 0,000 9,03 
v 1 35,8 35,8 35,79 5,68 0,025 0,28 
f 1 3664,5 3664,5 3664,49 581,65 0,000 29,17 
a 1 3224,3 3224,3 3224,25 511,78 0,000 25,66 

Square 5 710,8 710,8 142,17 22,57 0,000 5,66 
i*i 1 498,2 260,9 260,95 41,42 0,000 3,97 

h*h 1 0,1 15,7 15,71 2,49 0,127 0,00 
v*v 1 6,7 5,3 5,32 0,85 0,367 0,05 
f*f 1 29,6 78,4 78,38 12,44 0,002 0,24 
a*a 1 176,2 176,2 176,16 27,96 0,000 1,40 

Interaction 10 312,8 312,8 31,28 4,97 0,001 2,49 
i*h 1 3,3 3,3 3,33 0,53 0,474 0,03 
i*v 1 1,7 1,7 1,72 0,27 0,606 0,01 
i*f 1 68,0 68,0 67,98 10,79 0,003 0,54 
i*a 1 97,6 97,6 97,61 15,49 0,001 0,78 
h*v 1 4,1 4,1 4,06 0,64 0,430 0,03 
h*f 1 26,6 26,6 26,63 4,23 0,050 0,21 
h*a 1 1,2 1,2 1,21 0,19 0,665 0,01 
v*f 1 10,3 10,3 10,27 1,63 0,213 0,08 
v*a 1 9,6 9,6 9,58 1,52 0,229 0,08 
f*a 1 90,4 90,4 90,44 14,36 0,001 0,72 

Residual Error 25 157,5 157,5 6,30   1,25 
Lack-of-Fit 20 148,6 148,6 7,43 4,20 0,059 1,18 
Pure Error 5 8,9 8,9 1,77   0,07 

Total 45 12564,7     100,00 
Model summary 

S = 2,51001; R-Sq = 98,75%;  R-Sq(pred) = 95,17%;  R-Sq(adj) = 97,74% 
 

The percentage contributions of machining parameters on Fx are shown in 

Table 4.5. Percentage contributions of insert (i), hardness (h), cutting speed (v), 
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feed rate (f), depth of cut (a), and on Fx were found to be 26,46%, 9,03%, 0,28%, 

29,17%, and 25,66%, respectively. It appears that feed rate is the most significant 

parameter. In addition to these, other contributions on Fx are square, interaction, 

and residual error. These are 5,66, 2,49, and 1,25 percent, respectively. 

 

 
Figure 4.4. Residual plots for Fx 
 

As shown of Residual plots for Fx in Figure 4.4, the residuals are normally 

distributed if the points on the Normal Probability Plot form an approximately 

linear line. The residuals have constant variance because residuals are scattered 

randomly around zero on the Versus Fits graph. In this case, the model is valid. 

The Histogram chart is used to evaluate the shape and spread of data. The 

Histogram chart below shows that the data is normally distributed such as bell 

shape. Ideally, the residuals on Versus Order plot should occur randomly around 

the zero line. The residuals in this plot are appeared to fluctuate in a down and up 

around the zero line. From the investigation of the Residual Plots for Fx, it is 

concluded that the model can accurately predict Fx. 
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Figures 4.5-4.7 surface plots show that the highest Fx is obtained when f 

and a level is the highest. This result can be explained by the simultaneous increase 

of amount of material removed from the workpiece per unit time with the rise of f 

and a (Özdemir et al., 2020). There appears to be a peak at about f = 0,10 and a = 

0,20. It is determined that the cutting speed is not as effective as feed rate (f) and 

depth of cut (a) on Fx. 

 

 
Figure 4.5. Surface plot of Fx vs a;f 
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Figure 4.6. Surface plot of Fx vs a;v 
 

 
Figure 4.7. Surface plot of Fx vs f;v 
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Effects of process parameters of h, a, v, and f on Fx are depicted using 

surface plots in Figures 4.8-4.10. The lowest Fx values are found at the points that 

h and a both have the lowest values as shown in Figure 4.8. As h and a or h and f 

move toward their high values, values for Fx increase steadily. The following 

surface plots from Figure 4.8 to Figure 4.10 show that feed rate is the most 

influential machining parameter affecting the Fx. Workpiece hardness has a 

significant effect on the cutting forces in the machining process. The more 

workpiece hardness increases, the higher the cutting forces. It can be said that 

materials with lower hardness have higher toughness, lower strength, and therefore 

less cutting force is needed during the process (Zhang et al., 2016). The surface 

plots for Fx below confirm this. 

 

 
Figure 4.8. Surface plot of Fx vs a;h 
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Figure 4.9. Surface plot of Fx vs f;h 
 

 
Figure 4.10. Surface plot of Fx vs v;h 
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The variation of the Fx depending on i, h, f, a, and v machining parameters 

is shown in Figures 4.11-4.14 with surface plots. The following surface plots 

depicted in Figures 4.11, 4.12, 4.14 show that Fx increases as levels of machining 

parameters rise. However, Fx increases a little whereas i and v levels rise 

significantly as shown in Figure 4.13. It has been determined that the cutting speed 

has almost no effect or little effect on the Fx. In this study, three different inserts 

(1: ceramic, 2: carbide, and 3: CBN) were used. The surface plots from Figure 4.11 

to Figure 4.14 show that the highest Fx occurred using the CBN insert.  

 

 
Figure 4.11. Surface plot of Fx vs a;i 

 

The lowest Fx was obtained when the ceramic insert was used. Looking at 

the results, forces are affected by cutting tool materials. CBN insert caused greater 

forces during machining when CBN compared to the ceramic and carbide insert. 

When the cutting tool materials are ordered from hardest to softest, the hardest 

material is CBN. Carbide has the highest toughness (Smith, 2008). This case can be 
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explained by the high hardness of CBN insert according to ceramic and carbide 

inserts (Rafighi et al., 2021).  

 

 
Figure 4.12. Surface plot of Fx vs f;i 

 

In addition, the wear properties of CBN, ceramic, and carbide inserts are 

opposite to the hardness property. The carbide insert wears the most and the CBN 

insert wears the least. It can be said that the increase in cutting forces is due to the 

wear on the carbide insert during turning. Likewise, factors such as negative rake 

angle, vibration, plastic deformation of the tool, chip jamming, BUE, temperature, 

friction in the tool-chip interface can result in higher cutting forces. So, when 

carbide is used, it may have generated more force due to the above reasons. 
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Figure 4.13. Surface plot of Fx vs v;i 

 

 
Figure 4.14. Surface plot of Fx vs h;i 
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Taguchi experiments, it always is maximized the SN ratio. Taguchi design 

method shows that the optimum levels of factors for Fx values can be determined. 

The optimum level for factors is achieved according to the highest SN ratio in all 

levels of those factors. The levels of the factors giving the optimum Fx value are 

seen as i1 (Level 1), h1 (Level 1), v1 (Level 1), f1 (Level 1), and a1 (Level 1). That 

is to say, the optimum Fx value is found with ceramic insert (i1), 30 HRC hardness 

(h1), 180 m/min cutting speed (v1), 0,03 mm/rev feed rate (f1), and 0,08 mm depth 

of cut (a1) as shown in Figure 4.15. 

 

 
Figure 4.15. Main effects plot for SN ratios of Fx 
 

After optimum parameters are read from the Main effects plot for SN ratios 

of Fx, optimization Plot is run for optimum level (A1B1C1D1E1) of Fx as shown 

in Figure 4.16. The optimum value of Fx is predicted as 9,51 N. 
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Figure 4.16. Optimization plot for Fx 
 

Experimental modeling equations in coded and uncoded formats are given 

in Equation 4.5 and Equation 4.6, respectively. They have been developed 

considering the relationship between Fx and machining parameters (i, h, v, f, a). 

  

 

Fx = 55,1800 + 14,4150 A + 8,4200 B + 1,4956 C + 

15,1338 D + 14,1956 E + 5,4681 A*A - 1,3419 B*B 

- 0,7810 C*C - 2,9969 D*D - 4,4927 E*E - 0,9125 

A*B - 0,6550 A*C + 4,1225 A*D + 4,9400 A*E + 

1,0075 B*C + 2,5800 B*D - 0,5500 B*E - 1,6025 

C*D - 1,5475 C*E + 4,7550 D*E 

(4.5) 

 

 

Fx = -138,5 - 16,2 i + 4,05 h + 0,269 v - 74 f + 489 a 

+ 5,468 i*i - 0,0537 h*h - 0,000488 v*v - 1873 f*f -

 1248 a*a - 0,182 i*h - 0,0164 i*v + 103,1 i*f 

+ 82,3 i*a + 0,00504 h*v + 12,90 h*f - 1,83 h*a -

 1,002 v*f - 0,645 v*a + 1981 f*a 

(4.6) 

 

A comparison of experimental and predicted Fx values is shown in Table 

4.6. Fx is predicted using developed experimental modeling equations. An error is 

found in a range of 0,27-11,33 percent. When Table 4.6 is analyzed, it is seen that 

% Error are obtained within acceptable limits (Kuntoğlu et al., 2020; Laghari et al., 

2020). 
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Table 4.6. Comparison of experimental and predicted results for Fx 
Runs Experimental value Predicted value Error (%) 

1 38,20 35,56 6,91 
2 68,96 66,21 3,98 
3 52,26 54,22 3,76 
4 79,37 81,23 2,34 
5 33,74 33,17 1,69 
6 42,55 39,37 7,48 
7 65,86 66,64 1,19 
8 68,26 66,43 2,68 
9 26,25 26,18 0,27 

10 47,59 44,12 7,29 
11 53,73 55,67 3,61 
12 72,87 71,41 2,00 
13 46,11 43,30 6,09 
14 75,25 73,44 2,40 
15 45,60 47,60 4,39 
16 72,12 75,12 4,16 
17 26,07 23,12 11,33 
18 44,54 43,87 1,50 
19 41,71 42,00 0,69 
20 79,20 81,77 3,25 
21 43,67 44,15 1,10 
22 59,70 58,97 1,22 
23 44,19 45,13 2,12 
24 64,25 63,98 0,42 
25 29,74 32,23 8,36 
26 51,19 52,81 3,16 
27 55,19 54,25 1,71 
28 93,13 91,32 1,94 
29 30,17 32,67 8,28 
30 38,91 38,75 0,40 
31 62,00 64,15 3,47 
32 64,55 64,05 0,77 
33 30,06 32,48 8,07 
34 49,04 51,43 4,88 
35 53,48 51,00 4,64 
36 92,22 89,71 2,73 
37 28,71 29,87 4,03 
38 40,39 41,55 2,87 
39 54,03 54,98 1,75 
40 76,03 76,98 1,24 
41 56,06 55,18 1,57 
42 56,52 55,18 2,37 
43 56,56 55,18 2,44 
44 53,84 55,18 2,49 
45 53,92 55,18 2,34 
46 54,18 55,18 1,85 

 

4.1.2. Tangential Force (Fy) Analysis 
Percentage contributions of machining parameters on Fy are shown in 

Table 4.7. Percentage contributions of insert (i), hardness (h), cutting speed (v), 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

88 

feed rate (f), and depth of cut (a) on Fy were found to be 7,06%, 0,07%, 0,19%, 

44,74%, and 41,69%, respectively. It appears that feed rate is the most significant 

parameter. In addition to these, other contributions on Fy are square, interaction, 

and residual error. These are 2,48, 2,56, and 1,20 percent, respectively. 

 

Table 4.7. Analysis of variance for Fy 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 8774,76 8774,76 438,74 102,50 0,000 98,80 
Linear 5 8326,73 8326,73 1665,35 389,08 0,000 93,75 

i 1 627,13 627,13 627,13 146,52 0,000 7,06 
h 1 6,15 6,15 6,15 1,44 0,242 0,07 
v 1 17,02   17,02 17,02 3,98 0,057 0,19 
f 1 3973,41 3973,41 3973,41 928,33 0,000 44,74 
a 1 3703,03 3703,03 3703,03 865,16 0,000 41,69 

Square 5 220,68 220,68 44,14 10,31 0,000 2,48 
i*i 1 194,14 173,45 173,45 40,52 0,000 2,19 

h*h 1 13,40 10,93 10,93 2,55 0,123 0,15 
v*v 1 3,14 1,67 1,67 0,39 0,538 0,04 
f*f 1 9,16 7,09 7,09 1,66 0,210 0,10 
a*a 1 0,84 0,84 0,84 0,20 0,662 0,01 

Interaction 10 227,35 227,35 22,74 5,31 0,000 2,56 
i*h 1 0,19 0,19 0,19 0,05 0,833 0,00 
i*v 1 3,92 3,92 3,92 0,92 0,348 0,04 
i*f 1 12,64 12,64 12,64 2,95 0,098 0,14 
i*a 1 13,69 13,69 13,69 3,20 0,086 0,15 
h*v 1 5,78 5,78 5,78 1,35 0,256 0,07 
h*f 1 2,54 2,54 2,54 0,59 0,448 0,03 
h*a 1 2,43 2,43 2,43 0,57 0,458 0,03 
v*f 1 0,05 0,05 0,05 0,01 0,918 0,00 
v*a 1 1,28 1,28 1,28 0,30 0,590 0,01 
f*a 1 184,82 184,82 184,82 43,18 0,000 2,08 

Residual Error 25 107,00 107,00 4,28   1,20 
Lack-of-Fit 20 105,25 105,25 5,26 15,03 0,003 1,19 
Pure Error 5 1,75 1,75 0,35   0,02 

Total 45 8881,76     100,00 
Model summary 

S = 2,06886, R-Sq = 98,80%,  R-Sq(pred) = 95,23%,  R-Sq(adj) = 97,83% 
 

Four-in-one Residual Plots for Fy: Histogram, Normal Probability Plot, 

Versus Fits, and Versus Order are shown in Figure 4.17. The residuals are normally 

distributed if the points on the Normal Probability Plot form an approximately 

linear line as shown in Figure 4.17. The residuals have constant variance because 

residuals are scattered randomly around zero on the Versus Fits graph. In this case, 

the model is valid. The Histogram chart is used to evaluate the shape and spread of 
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data. The histogram chart below shows that the data is normally distributed such as 

bell shape. Ideally, the residuals on Versus Order plot should occur randomly 

around zero line. The residuals in this plot are appeared to fluctuate in a down and 

up around the zero line. From the investigation of the Residual Plots, it is 

concluded that the model can accurately predict Fy. 

 

 
Figure 4.17. Residual plots for Fy 
 

Figures 4.18-4.20 Surface Plots show that the highest Fy is obtained when f 

and a levels are the highest. There appears to be a peak at about f = 0,10 and a = 

0,20. It is determined that the cutting speed is not as effective as feed rate (f) and 

depth of cut (a) on Fy. 
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Figure 4.18. Surface plot of Fy vs a;f 
 

 
Figure 4.19. Surface plot of Fy vs a;v 
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Figure 4.20. Surface plot of Fy vs f;v 
 

Effects of process parameters of h, a, v, and f on Fy are depicted using 

Surface Plots in Figure 4.21-4.23. The lowest Fy values are found at the points that 

h;f or h;a both have the lowest values as shown in Figures 4.21, 4.22. As feed rate 

and depth of cut values move toward their high values, values for Fy increase 

steadily. The following Surface Plots from Figure 4.21 to Figure 4.23 show that 

feed rate and depth of cut are the most influential machining parameters affecting 

the Fy.  
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Figure 4.21. Surface plot of Fy vs a;h 
 

 
Figure 4.22. Surface plot of Fy vs f;h 
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Figure 4.23. Surface plot of Fy vs v;h 
 

The variations of the Fy depending on i, h, f, a, and v machining 

parameters are shown in Figures 4.24-4.27 with Surface Plots. The following 

Surface Plots depicted in Figures 4.24, 4.25, 4.26 show that Fy increases as levels 

of machining parameters rise. However, Fy increases a little whereas i and v levels 

rise significantly as shown in Figure 4.26. It has been determined that the cutting 

speed has almost no effect or little effect on the Fy. The Surface Plots from Figure 

4.24 to Figure 4.27 show that the highest Fy has occurred using the CBN insert.  
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Figure 4.24. Surface plot of Fy vs a;i 
 

 
Figure 4.25. Surface plot of Fy vs f;i 
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Figure 4.26. Surface plot of Fy vs v;i 
 

 
Figure 4.27. Surface plot of Fy vs h;i 
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The optimum level for factors is achieved according to the highest SN ratio 

in all levels of those factors. The levels of the factors giving the optimum Fy value 

are seen as i1 (Level 1), h2 (Level 2), v2,3 (Level 2,3), f1 (Level 1), and a1 (Level 

1). That is to say, the optimum Fy value is found with ceramic insert (i1), 35 HRC 

hardness (h2), 220, 260 m/min cutting speed (V2,3), 0,03 mm/rev feed rate (f1), 

and 0,08 mm depth of cut (a1) as shown in Figure 4.28. 

 

 
Figure 4.28. Main effects plot for SN ratios of Fy 
 

 
Figure 4.29. Optimization plot for Fy 
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After optimum parameters are read from the Main effects plot for SN ratios 

of Fy, optimization Plot is run for optimum level (A1B2C2D1E1) of Fy as shown 

in Figure 4.29. The optimum value of Fy is predicted as 15,72 N. 

An experimental modeling equation has been developed via the 

relationship between Fy and machining parameters (i, h, v, f, a). Experimental 

modeling equations of Fy in coded and uncoded formats are given in Equation 4.7 

and Equation 4.8, respectively.  

 

 

Fy = 38,6600 + 6,2606 A + 0,6200 B - 1,0312 C + 

15,7588 D + 15,2131 E + 4,4581 A*A + 1,1190 B*B 

+ 0,4373 C*C - 0,9010 D*D + 0,3098 E*E + 0,2200 

A*B - 0,9900 A*C + 1,7775 A*D + 1,8500 A*E + 

1,2025 B*C + 0,7975 B*D - 0,7800 B*E - 0,1075 

C*D - 0,5650 C*E + 6,7975 D*E                                   

(4.7) 

 

 

Fy = 119,1 - 15,1 i - 4,33 h - 0,269 v - 137 f + 112 a 

+ 4,458 i*i + 0,0448 h*h + 0,000273 v*v - 563 f*f 

+ 86 a*a + 0,044 i*h - 0,0248 i*v + 44,4 i*f 

+ 30,8 i*a + 0,00601 h*v + 3,99 h*f - 2,60 h*a -

 0,067 v*f - 0,235 v*a + 2832 f*a 

(4.8) 

 

A comparison of experimental and predicted Fy values is shown in Table 

4.8. Fy is predicted using a developed experimental modeling equation. An error is 

found in a range of 0,05-13,32 percent. When Table 4.8 is analyzed, it is seen that 

% Error are obtained within acceptable limits (Kuntoğlu et al., 2020; Laghari et al., 

2020). 
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Table 4.8. Comparison of experimental and predicted results for Fy 
Runs Experimental value Predicted value Error (%) 

1 36,37 37,58 3,32 
2 49,3 49,66 0,73 
3 38,87 38,38 1,27 
4 52,68 51,34 2,55 
5 23,81 23,36 1,88 
6 21,5 21,51 0,06 
7 55,33 55,09 0,43 
8 52,59 52,82 0,43 
9 24,37 23,48 3,67 

10 27,67 26,28 5,04 
11 53,07 55,46 4,51 
12 53,25 55,14 3,55 
13 37,6 37,34 0,70 
14 51,81 51,84 0,05 
15 37,17 37,25 0,22 
16 47,42 47,79 0,79 
17 15,69 13,89 11,44 
18 32,72 31,82 2,76 
19 31,2 30,73 1,52 
20 75,42 75,84 0,55 
21 44,05 41,83 5,04 
22 41,54 40,67 2,11 
23 37,84 37,36 1,26 
24 40,14 41,01 2,16 
25 19,77 21,98 11,15 
26 29,87 30,94 3,59 
27 49,9 49,94 0,08 
28 67,11 66,01 1,63 
29 23,88 24,66 3,27 
30 25,5 23,73 6,95 
31 52,98 56,22 6,11 
32 52,34 53,02 1,31 
33 21,66 23,80 9,90 
34 28,79 32,63 13,32 
35 55,45 50,53 8,87 
36 69,98 66,75 4,61 
37 24,01 23,30 2,97 
38 22,8 22,94 0,62 
39 52,87 53,22 0,66 
40 54,85 56,05 2,20 
41 38,5 38,66 0,42 
42 38,31 38,66 0,91 
43 37,76 38,66 2,38 
44 38,88 38,66 0,57 
45 39,12 38,66 1,18 
46 39,39 38,66 1,85 
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4.1.3. Feed Force (Fz) Analysis 
The percentage contributions of machining parameters on Fz are shown in 

Table 4.9. Percentage contributions of insert (i), hardness (h), cutting speed (v), 

feed rate (f), and depth of cut (a) on Fz were found to be 16,61%, 1,57%, 0,01%, 

10,52%, and 53,36%, respectively. It appears that depth of cut is the most 

significant parameter. In addition to these, other contributions on Fz are square, 

interaction, and residual error. These are 12,61, 4,13, and 1,19 percent, 

respectively. 

 

Table 4.9. Analysis of variance for Fz 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 2748,44  2748,44   137,42 103,43 0,000 98,81 
Linear 5 2282,67  2282,67   456,53   343,62  0,000 82,06 

i 1 462,04   462,04   462,04   347,76  0,000 16,61 
h 1 43,56    43,56    43,56    32,79   0,000 1,57 
v 1 0,41     0,41     0,41     0,31   0,585 0,01 
f 1 292,50   292,50   292,50   220,15  0,000 10,52 
a 1 1484,18  1484,18  1484,18  1117,10  0,000 53,36 

Square 5 350,86   350,86    70,17    52,82   0,000 12,61 
i*i 1 335,74   239,82   239,82   180,51  0,000 12,07 

h*h 1 4,68     8,84     8,84     6,65   0,016 0,17 
v*v 1 0,01     0,81     0,81     0,61   0,441 0,00 
f*f 1 8,41    10,09    10,09     7,60   0,011 0,30 
a*a 1 2,02     2,02     2,02     1,52   0,229 0,07 

Interaction 10 114,90   114,90    11,49     8,65   0,000 4,13 
i*h 1 4,33     4,33     4,33     3,26   0,083 0,16 
i*v 1 0,98     0,98     0,98     0,74   0,399 0,04 
i*f 1 4,41     4,41     4,41     3,32   0,080 0,16 
i*a 1 59,91    59,91    59,91    45,09   0,000 2,15 
h*v 1 0,01     0,01     0,01     0,01   0,918 0,00 
h*f 1 0,58     0,58     0,58     0,43   0,516 0,02 
h*a 1 0,34     0,34     0,34     0,25   0,619 0,01 
v*f 1 1,46     1,46     1,46     1,10   0,304 0,05 
v*a 1 0,05     0,05     0,05     0,04   0,847 0,00 
f*a 1 42,84    42,84    42,84    32,24   0,000 1,54 

Residual Error 25 33,21    33,21    1,33   1,19 
Lack-of-Fit 20 31,07    31,07    1,55     3,63   0,079 1,12 
Pure Error 5 2,14     2,14     0,43   0,08 

Total 45 2781,65     100,00 
Model summary 

S = 1,15265, R-Sq = 98,81%, R-Sq(pred) = 95,42%, R-Sq(adj) = 97,85% 
 

As shown of Residual plots for Fz in Figure 4.30, the residuals are 

normally distributed if the points on the Normal Probability Plot form an 
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approximately linear line. The residuals have constant variance because of the fact 

that residuals are scattered randomly around zero on the Versus Fits graph. In this 

case, the model has been found to be valid. The Histogram chart below shows that 

the data is normally distributed such as bell shape. Ideally, the residuals on Versus 

Order plot should occur randomly around zero line. The residuals in this plot are 

appeared to fluctuate in a down and up around the zero line. From the investigation 

of the Residual Plots of Fz, it is concluded that the model has the ability to 

accurately predict Fz. 

 

 
Figure 4.30. Residual plot for Fz 

 

Surface Plots in Figures 4.31-4.33 show that the highest Fz is obtained 

when f and a levels are the highest. There appears to be a peak at about f = 0,10 

and a = 0,20. It is determined that the cutting speed and feed rate (f) is not as 

effective as depth of cut (a) on Fz. 
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Figure 4.31. Surface plot of Fz vs a;f 
 

 
Figure 4.32. Surface plot of Fz vs a;v 
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Figure 4.33. Surface plot of Fz vs f;v 
 

Effects of process parameters of h, a, v, and f on Fz are depicted using 

Surface Plots in Figures 4.34-4.36. The lowest Fz values are found at the points 

that h;v or h;f both have the lowest values as shown in Figures 4.35, 4.36. As h and 

a or h and f move toward their high values, values for Fz increase steadily. The 

following Surface Plots from Figure 4.34 to Figure 4.36 show that depth of cut is 

the most influential machining parameter affecting the Fz.  
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Figure 4.34. Surface plot of Fz vs a;h 
 

 
Figure 4.35. Surface plot of Fz vs f;h 
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Figure 4.36. Surface plot of Fz vs v;h 
 

The variations of the Fz depending on i, h, f, a and v machining parameters 

are shown in Figures 4.37-4.40 with Surface Plots. The following Surface Plots 

depicted in Figures 4.37, 4.38, 4.40 show that Fz increases as levels of machining 

parameters rise. However, Fz increases a little while i with v and i with h levels rise 

significantly as shown in Figures 4.39, 4.40. It has been determined that the cutting 

speed and hardness have little effect on the Fz. The Surface Plots from Figure 4.37 

to Figure 4.40 show that the highest Fz has occurred using the CBN insert.  
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Figure 4.37. Surface plot of Fz vs a;i 
 

 
Figure 4.38. Surface plot of Fz vs f;i 
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Figure 4.39. Surface plot of Fz vs v;i 
 

 
Figure 4.40. Surface plot of Fz vs h;i 
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Main Effects Plot for SN ratios of Fz is shown in Figure 4.41. The levels of 

the factors giving the optimum Fz value are seen as a1 (Level 1), i2 (Level 2), f1 

(Level 1), h1 (Level 1), and v1 (Level 1). That is to say, the optimum Fz value is 

found with carbide insert (i2), 30 HRC hardness (h1), 180 m/min cutting speed 

(v1), 0,03 mm/rev feed rate (f1), and 0,08 mm depth of cut (a1) as shown in Figure 

4.41. 

 

 
Figure 4.41. Main effects plot for SN ratios of Fz 
 

 
Figure 4.42. Optimization plot for Fz 
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After optimum parameters are read from the Main effects plot for SN ratios 

of Fz, optimization Plot is run for optimum level (A2B1C1D1E1) of Fz as shown 

in Figure 4.42. The optimum value of Fz is predicted as 29,25 N. 

Experimental modeling equations of Fz in coded and uncoded formats are 

given in Equation 4.9 and Equation 4.10, respectively. Fz is predicted using a 

developed experimental modeling equations. Maximum error (%) between the 

experimental and predicted Fz are obtained as 4,00 as shown in Table 4.10. 

 

 

Fz = 44,4450 + 5,3737 A + 1,6500 B + 0,15938 C  + 

4,27563 D + 9,63125 E + 5,24208 A*A - 1,00625 

B*B - 0,30542 C*C - 1,07542 D*D - 0,48125 E*E - 

1,04000 A*B - 0,49500 A*C + 1,05000 A*D + 

3,87000 A*E - 0,06000 B*C + 0,38000 B*D + 

0,29000 B*E - 0,60500 C*D + 0,11250 C*E + 

3,27250 D*E 

(4.9) 

 

 

Fz = - 34,4 - 16,46 i + 3,36 h + 0,143 v - 26 f - 70,6 a 

+ 5,242 i*i - 0,0403 h*h - 0,000191 v*v - 672 f*f -

 134 a*a - 0,208 i*h - 0,0124 i*v + 26,3 i*f 

+ 64,50 i*a - 0,00030 h*v + 1,90 h*f + 0,97 h*a -

 0,378 v*f + 0,047 v*a + 1364 f*a 

(4.10) 
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Table 4.10. Comparison of experimental and predicted results for Fz 
Runs Experimental value Predicted value Error (%) 

1 41,25 40,62 1,53 
2 54,74 53,44 2,37 
3 44,88 46,00 2,49 
4 54,21 54,66 0,84 
5 38,86 38,02 2,15 
6 40,36 39,55 2,00 
7 48,6 47,79 1,68 
8 47,68 46,89 1,65 
9 32,49 31,97 1,61 

10 34,67 34,69 0,05 
11 51,04 50,65 0,77 
12 54,38 54,53 0,27 
13 44,28 43,35 2,09 
14 56,45 55,09 2,41 
15 43,6 44,66 2,44 
16 53,79 54,42 1,17 
17 33 32,25 2,26 
18 34,87 34,26 1,75 
19 44,49 44,97 1,08 
20 59,45 60,07 1,04 
21 40,23 41,26 2,57 
22 44,96 44,68 0,61 
23 41,08 41,70 1,52 
24 45,57 44,88 1,51 
25 39,15 40,01 2,20 
26 47,37 48,66 2,72 
27 46,21 46,46 0,55 
28 58,63 59,31 1,16 
29 32,84 33,98 3,47 
30 34,54 34,07 1,35 
31 50,98 53,02 4,00 
32 53,13 53,56 0,81 
33 37,81 38,07 0,69 
34 40,15 41,08 2,31 
35 51,59 49,59 3,87 
36 69,41 68,08 1,91 
37 36,45 36,82 1,01 
38 39,97 39,36 1,53 
39 43,79 44,61 1,87 
40 48,83 48,67 0,33 
41 45,31 44,45 1,91 
42 43,33 44,45 2,57 
43 44,19 44,45 0,58 
44 44,6 44,45 0,35 
45 44,64 44,45 0,44 
46 44,6 44,45 0,35 
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4.1.4. Surface Roughness (Ra) Analysis 
The percentage contributions of machining parameters on Ra is shown in 

Table 4.11. Percentage contributions of insert (i), hardness (h), cutting speed (v), 

feed rate (f), and depth of cut (a) on Ra were found to be 51,52%, 13,59%, 0,18%, 

1,86%, and 0,47%, respectively. It appears that insert is the most significant 

parameter on Ra. In addition to these, other contributions on Ra are square, 

interaction, and residual error. These are 20,74; 9,72; and 1,92 percent, 

respectively. 

 

Table 4.11. Analysis of variance for Ra 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 1,61138  1,61138  0,080569   63,84  0,000 98,08 
Linear 5 1,11096  1,11096  0,222192  176,06  0,000 67,62 

i 1 0,84640  0,84640  0,846400  670,68  0,000 51,52 
h 1 0,22326  0,22326  0,223256  176,91  0,000 13,59 
v 1 0,00303  0,00303  0,003025   2,40   0,134 0,18 
f 1 0,03062  0,03062  0,030625   24,27  0,000 1,86 
a 1 0,00766  0,00766  0,007656   6,07   0,021 0,47 

Square 5 0,34075  0,34075  0,068149   54,00  0,000 20,74 
i*i 1 0,20844  0,20844  0,264100  209,27  0,000 12,69 

h*h 1 0,04349  0,04349  0,067776   53,71  0,000 2,65 
v*v 1 0,00000  0,00000  0,004337   3,44   0,076 0,00 
f*f 1 0,08824  0,08824  0,085464   67,72  0,000 5,37 
a*a 1 0,00058  0,00058  0,000576   0,46   0,505 0,04 

Interaction 10 0,15967  0,15967  0,015967   12,65  0,000 9,72 
i*h 1 0,00810  0,00810  0,008100   6,42   0,018 0,49 
i*v 1 0,00250  0,00250  0,002500   1,98   0,172 0,15 
i*f 1 0,00302  0,00302  0,003025   2,40   0,134 0,18 
i*a 1 0,01103  0,01103  0,011025   8,74   0,007 0,67 
h*v 1 0,00563  0,00563  0,005625   4,46   0,045 0,34 
h*f 1 0,00122  0,00122  0,001225   0,97   0,334 0,07 
h*a 1 0,01823  0,01823  0,018225   14,44  0,001 1,11 
v*f 1 0,02102  0,02102  0,021025   16,66  0,000 1,28 
v*a 1 0,02890  0,02890  0,028900   22,90  0,000 1,76 
f*a 1 0,06002  0,06002  0,060025   47,56  0,000 3,65 

Residual Error 25 0,03155  0,03155  0,001262   1,92 
Lack-of-Fit 20 0,02342  0,02342  0,001171   0,72   0,730 1,43 
Pure Error 5 0,00813  0,00813  0,001627   0,49 

Total 45 1,64293     100,00 
Model summary 

S = 0,0355246, R-Sq = 98,08%, R-Sq(pred) = 93,59%, R-Sq(adj) = 96,54% 
 

As shown of Residual plots for Ra in Figure 4.43, The residuals are 

normally distributed if the points on the normal probability plot form an 
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approximately linear line. The residuals have constant variance because of the fact 

that residuals scattered randomly around zero on the Versus Fits graph. In this case, 

the model has been found to be valid. The Histogram chart is used to evaluate the 

shape and spread of data. The Histogram chart below shows that the data is 

normally distributed such as bell shape. Ideally, the residuals on Versus Order plot 

should occur randomly around zero line. The residuals in this plot are appeared to 

fluctuate in a down and up around the zero line. From investigation the Residual 

Plots, it is concluded that the model has the ability to accurately predict Ra. 

 

 
Figure 4.43. Residual plot for Ra 

 

Figures 4.44-4.46 Surface Plots show the effects of the machining 

parameters on Ra. It is observed that the highest Ra is obtained when f levels are 

high (f = 0,10 mm/rev) as shown in Figure 4.46. Later on, the lowest Ra is 

generated in the lowest f level (f = 0,04 m/rev) and the highest v level (v = 270 

m/min) as shown in Figures 4.44,4.45. In other words, surface roughness falls 

while cutting speed increases or feed rate decreases. This result can be explained 
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by the effects of the formation of high temperatures in the cutting zone when the 

cutting speed increases.  In this context heat generated by the high temperature 

stays on the workpiece due to the characteristic of low thermal conductivity of the 

workpiece material. This result can cause thermal softening of the workpiece and, 

consequently, elastic deformation on the workpiece surface is taken place. Thusly, 

the surface of the workpiece deteriorates. It appeared that when the depth of cut is 

processed in the range of from 0,1 mm to 0,2 mm, the Ra increased in a and v pairs 

interaction as shown in Figures 4.45. And, the Ra decreased while cutting speed 

increases as shown in Figures. Another factor to consider is feed rate. When 

Figures are examined, it is understood that feed rate has the biggest effect on Ra. 

The least Ra occurred at the smallest feed rate level (f = 0,04 mm/rev). This issue 

can be explained by the decrease in cutting forces as a result of the decrease in feed 

rate. Smaller cutting forces lead less vibration and ensure better surface finish 

(Özdemir, 2019; Özdemir, 2020; Sahu and Andhare, 2017; Davoodi and 

Tazehkandi, 2014; Çelik et al., 2016; Cakir et al., 2009). 

 

 
Figure 4.44. Surface plot of Ra vs a;f 
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Figure 4.45. Surface plot of Ra vs a;v 

 

 
Figure 4.46. Surface plot of Ra vs f;v 
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Three-dimensional (3D) Surface Plots given in Figures 4.47-4.49 are 

shown to assess the effect of cutting parameters on Ra. Ra is diminished as 

hardness level rises. The lowest Ra occurs at 40 HRC. Machining of workpiece 

makes difficult as a result of the increase in the hardness of the workpiece. This 

situation can be explained by the fact that the workpiece faces more cutting 

resistance during machining. Afterward, a high-temperature rise generates at the 

tool and workpiece interface. The high temperatures at tool and workpiece 

interface can lead to thermal softening of the workpiece. And hence lower Ra 

values can occur while hardness levels rise during the machining of hard materials 

in the range of from 30 HRC to 40 HRC. These findings are compatible with the 

literature (Subbaiah et al., 2020; Azizi et al., 2012). These results can be explained 

in another respect: as the hardness level of the workpiece increases, the plasticity of 

the material decreases. As a result, the plastic flow decreases, and then the Ra 

value decreases (Kumar et al., 2019). 

 

 
Figure 4.47. Surface plot of Ra vs a;h 
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Figure 4.48. Surface plot of Ra vs f;h 
 

 
Figure 4.49. Surface plot of Ra vs v;h 
 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

116 

Other Surface Plots of Ra are shown in Figures 4.50-4.53. Figures indicate 

that the lowest Ra value is obtained when CBN insert (3) is used. That is, the 

analysis revealed that ceramic insert (1) and carbide insert (2) gave surfaces with 

higher roughness than CBN insert (3). This situation might be explained by the 

high hardness of insert, the strength of insert, and the shape chip produced. CBN 

inserts provide a better wear resistance than carbide and ceramic inserts because of 

fact that they have a higher hardness (Akhtar et al., 2014; Motorcu, 2011). This 

case can be explained from another point of view. Ceramic insert has less thermally 

conductive than CBN insert. Higher thermal conductivity decreases cutting 

temperatures close to the tool edge. Lower thermal conductivity leads to tool 

thermal softening and rise of abrasive wear rate. Tool materials with higher thermal 

conductivity enable to eliminate the heat generated in the cutting zone during 

machining. Ra surface roughness immediately remains constant or decreases when 

CBN insert is used, but the Ra increases when ceramic insert is used. It is noted 

that these effects can be related to worn tool nose shape. In literature, it stated that 

ceramic inserts exhibited a wavy shape on the cutting edge, while CBN inserts 

conserved their shape very close to the original one (Godoy and Diniz, 2011; 

Yallese et al., 2005). Therefore, based on the above explanation, it can be said that 

a better surface can be obtained when a CBN insert is used. 
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Figure 4.50. Surface plot of Ra vs a;i 
 

 
Figure 4.51. Surface plot of Ra vs f;i 
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Figure 4.52. Surface plot of Ra vs v;i 

 

 
Figure 4.53. Surface plot of Ra vs h;i 
 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

119 

The Main Effects Plot for SN ratio of Ra indicates that insert has the 

largest effect on the Signal-to-Noise ratio. The levels of the factors giving the 

optimum Ra value are seen as i3 (Level 3), h3 (Level 3), a1 (Level 1), f1 (Level 1), 

and v1 (Level 1). That is to say, the optimum Ra value is found with CBN insert 

(i3), 40 HRC hardness (h3), 180 m/min cutting speed (v1), 0,03 mm/rev feed rate 

(f1), and 0,08 mm depth of cut (a1) as shown in Figure 4.54. 

 

 
Figure 4.54. Main effects plot for SN ratios of Ra 
 

 
Figure 4.55. Optimization plot for Ra 
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After optimum parameters are read from the response table for SN ratios of 

Ra, optimization Plot is run for optimum level (A3B3C1D1E1) of Ra as shown in 

Figure 4.55. The optimum value of Ra is predicted as 0,37 μm. 

An experimental modeling equation has been developed via the 

relationship between Ra and machining parameters (i, h, v, f, a). Experimental 

modeling equations of Ra in coded and uncoded formats are given in Equation 4.11 

and Equation 4.12, respectively. Ra is calculated using a developed experimental 

modeling equation.  

 

 

Ra = 0,266667 - 0,230000 A - 0,118125 B + 

0,013750 C + 0,043750 D + 0,021875 E + 0,173958 

A*A + 0,088125 B*B + 0,022292 C*C + 0,098958 

D*D + 0,008125 E*E + 0,045000 A*B - 0,025000 

A*C - 0,027500 A*D - 0,052500 A*E - 0,037500 

B*C + 0,017500 B*D + 0,067500 B*E + 0,072500 

C*D + 0,085000 C*E - 0,122500 D*E 

(4.11) 

 

 

Ra = 8,56 - 0,933 i - 0,2848 h - 0,00610 v - 12,08 f -

 10,61 a + 0,1740 i*i + 0,003525 h*h + 0,000014 v*v 

+ 61,85 f*f + 2,26 a*a + 0,00900 i*h - 0,000625 i*v -

 0,687 i*f - 0,875 i*a - 0,000187 h*v + 0,0875 h*f 

+ 0,2250 h*a + 0,0453 v*f + 0,03542 v*a - 51,04 f*a 

 (4.12) 

 

A comparison of experimental and predicted Ra values are shown in Table 

4.12. An error is found in a range of 0,09-32,59 percent. When Table 4.12 is 

analyzed, it is seen that % Error are found within acceptable limits. 
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Table 4.12. Comparison of experimental and predicted results for Ra 
Runs Experimental Value Predicted Value Error (%) 

1 0,9 0,92 2,43 
2 0,34 0,37 9,37 
3 0,63 0,60 5,46 
4 0,25 0,23 9,75 
5 0,38 0,40 6,03 
6 0,27 0,29 5,71 
7 0,38 0,35 9,10 
8 0,56 0,52 7,51 
9 0,56 0,53 5,95 

10 0,15 0,16 3,61 
11 0,45 0,44 3,24 
12 0,31 0,33 7,80 
13 0,65 0,65 0,64 
14 0,2 0,24 22,08 
15 0,75 0,73 2,44 
16 0,2 0,22 10,83 
17 0,14 0,19 32,59 
18 0,47 0,52 10,24 
19 0,49 0,47 3,19 
20 0,33 0,32 3,98 
21 0,45 0,44 1,34 
22 0,3 0,28 5,76 
23 0,52 0,55 5,09 
24 0,22 0,24 6,91 
25 0,7 0,70 0,24 
26 0,32 0,29 8,33 
27 0,83 0,84 1,31 
28 0,34 0,33 4,17 
29 0,36 0,35 3,76 
30 0,22 0,20 7,29 
31 0,22 0,22 0,09 
32 0,42 0,42 0,55 
33 0,61 0,60 0,92 
34 0,28 0,25 10,94 
35 0,73 0,75 3,17 
36 0,19 0,19 0,99 
37 0,58 0,55 5,93 
38 0,28 0,27 2,01 
39 0,59 0,60 1,38 
40 0,36 0,40 10,24 
41 0,28 0,27 4,76 
42 0,21 0,27 26,98 
43 0,23 0,27 15,94 
44 0,27 0,27 1,23 
45 0,29 0,27 8,05 
46 0,32 0,27 16,67 
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4.1.5. Total Electric Current (Itotal=Iunloaded+ Icutting) Analysis 
Percentage contributions of machining parameters on Itotal are shown in 

Table 4.13. Percentage contributions of insert (i), hardness (h), cutting speed (v), 

feed rate (f), and depth of cut (a) on Itotal were found to be 0,83%, 0,02%, 94,23%, 

0,40, and 2,82%, respectively. It appears that cutting speed is the most significant 

parameter. In addition to these, other contributions on Itotal are square, interaction, 

and residual error. These are 0,50, 0,40, and 0,81 percent, respectively. 

 

Table 4.13. Analysis of variance for Itotal 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 10,2635 10,2635 0,51317 153,00 0,000 99,19 
Linear 5 10,1704 10,1704 2,03409 606,44 0,000 98,29 

i 1 0,0856 0,0856 0,08556 25,51 0,000 0,83 
h 1 0,0023 0,0023 0,00226 0,67 0,420 0,02 
v 1 9,7500 9,7500 9,75001 2906,83 0,000 94,23 
f 1 0,0410 0,0410 0,04101 12,23 0,002 0,40 
a 1 0,2916 0,2916 0,29160 86,94 0,000 2,82 

Square 5 0,0515 0,0515 0,01031 3,07 0,027 0,50 
i*i 1 0,0011 0,0036 0,00356 1,06 0,313 0,01 

h*h 1 0,0019 0,0153 0,01530 4,56 0,043 0,02 
v*v 1 0,0071 0,0220 0,02200 6,56 0,017 0,07 
f*f 1 0,0188 0,0299 0,02991 8,92 0,006 0,18 
a*a 1 0,0227 0,0227 0,02274 6,78 0,015 0,22 

Interaction 10 0,0415 0,0415 0,00415 1,24 0,316 0,40 
i*h 1 0,0001 0,0001 0,00010 0,03 0,864 0,00 
i*v 1 0,0169 0,0169 0,01690 5,04 0,034 0,16 
i*f 1 0,0030 0,0030 0,00302 0,90 0,351 0,03 
i*a 1 0,0049 0,0049 0,00490 1,46 0,238 0,05 
h*v 1 0,0012 0,0012 0,00122 0,37 0,551 0,01 
h*f 1 0,0002 0,0002 0,00022 0,07 0,798 0,00 
h*a 1 0,0006 0,0006 0,00062 0,19 0,670 0,01 
v*f 1 0,0064 0,0064 0,00640 1,91 0,179 0,06 
v*a 1 0,0081 0,0081 0,00810 2,41 0,133 0,08 
f*a 1 0,0000 0,0000 0,00003 0,01 0,932 0,00 

Residual Error 25 0,0839 0,0839 0,00335   0,81 
Lack-of-Fit 20 0,0645 0,0645 0,00322 0,83 0,657 0,62 
Pure Error 5 0,0194 0,0194 0,00388   0,19 

Total 45 10,3473 10,3473    100,00 
Model summary 

S = 0,0579152, R-Sq = 99,19%,  R-Sq(pred) = 97,24%,  R-Sq(adj) = 98,54 
 

Four-in-one residual plots for Itotal: Histogram, Normal Probability Plot, 

Residuals Versus Fits and Residuals Versus Order are shown in Figure 4.56. The 

residuals are normally distributed if the points on the Normal Probability Plot form 
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an approximately linear line. The residuals have constant variance because of the 

fact that residuals scattered randomly around zero on the Versus Fits graph. In this 

case, the model has been found to be valid. The Histogram chart is used to evaluate 

the shape and spread of data. The Histogram chart below shows that the data is 

normally distributed such as bell shape. Ideally, the residuals on Versus Order plot 

should occur randomly around zero line. The residuals in this plot are appeared to 

fluctuate in a down and up around the zero line. From investigation the Residual 

Plots of Itotal, it is concluded that the model has the ability to accurately predict Itotal. 

 

 
Figure 4.56. Residual plot for Itotal 
 

Surface Plots of Itotal against a;f, a;v, and v;f  are presented in Figures 4.57-

4.59. The observation results of these plots show that the highest values of Itotal 

were achieved at high cutting speed values. When depth of cut and feed rate was 

changed from minimum to maximum, Itotal values mostly are risen. As seen in the 

Figures, minimum Itotal is reached once cutting speed, feed rate, and depth of cut are 

taken at the smallest level. The Surface Plots show that Itotal continuously increases 
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with rising in cutting speed. Results show that Itotal increases as the chip depth and 

feed rate levels increase, and decreases after the optimum level is reached. This 

situation can be explained by a built-up edge (BUE) that occurs at the chip and 

insert interface. When formula of P = 1,73*V*I*cosφ is considered, it can be seen 

that electric current (I) is directly proportional with electric power (P).  

 

 
Figure 4.57. Surface plot of Itotal vs a;f 

 

Figure 4.57 clearly shows that the maximum power consumption (Itotal) 
decreases gradually after depth of cut of 0,14 mm and feed rate of 0,07 mm/rev. As 
seen in the Figures, while the feed rate and depth of cut were higher, the presence 
of BUE may have been observed more. That is, during machining at low cutting 
speeds, the workpiece material tends to stick to the insert due to BUE formation. 
Therefore, the machine tool is loaded more, and power consumption (Itotal) 
increases. On the contrary, the power consumed by the machine tool decreases as 
BUE formation is reduced at high cutting speeds (Bhattacharya et al., 2009). These 
results agree with the knowledge of literature (Warsi et al., 2020; Tamang et al., 
2018; Abbas et al., 2019; Al-Sulaiman et al., 2005). 
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Figure 4.58. Surface plot of Itotal vs a;v 
 

 
Figure 4.59. Surface plot of Itotal vs f;v 
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Surface Plots of Itotal against a;h, f;h, and v;h are presented in Figures 4.60-

4.62. It is observed from the Figures that as feed rate, depth of cut, cutting speed, 

and hardness levels rise, Itotal value generally increases. It can be said that the 

highest Itotal value occurs when the hardness (40 HRC) and cutting speed (260 

m/min) is highest as shown in Figure 4.62. 

 

 
Figure 4.60. Surface plot of Itotal vs a;h 
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Figure 4.61. Surface plot of Itotal vs f;h 
 

s 
Figure 4.62. Surface plot of Itotal vs v;h 
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Surface Plots of Itotal against a;i, f;i, v;i, an h;i are presented in Figures 

4.63-4.66. When the formula of P = F*v is considered, the cutting force is directly 

proportional to the power. In other words, it is directly proportional to the electric 

current. From cutting forces (Fx, Fy, Fz) surface plots, it can be seen that the 

lowest cutting forces (Fx, Fy, Fz) happened using ceramic insert. Therefore, from 

the surface graphs presented below, lower Itotal values may have been observed 

when ceramic inserts were used instead of carbide and CBN inserts. 

 

 
Figure 4.63. Surface plot of Itotal vs a;i 
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s 
Figure 4.64. Surface plot of Itotal vs f;i 
 

 
Figure 4.65. Surface plot of Itotal vs v;i 
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Figure 4.66. Surface plot of Itotal vs h;i 
 

SN ratios belonging to Itotal are shown in the following Figure 4.67. The 

Main Effects Plot for SN ratio of Itotal indicates that cutting speed has the largest 

effect on the Signal-to-Noise ratio. The levels of the factors giving the optimum 

Itotal value are seen as v1 (Level 1), a1 (Level 1), h1 (Level 1), f1 (Level 1), and i1 

(Level 1). That is to say, the optimum Itotal value is found with 180 m/min cutting 

speed (v1), 0,08 mm depth of cut (a1), 30 HRC hardness (h1), 0,03 mm/rev feed 

rate (f1), and ceramic insert (i1). 
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Figure 4.67. Main effects plot for SN ratios of Itotal 
 

After optimum parameters are read from Main effects plot for SN ratios of 

Itotal, optimization Plot is run for optimum level (A1B1C1D1E1) of Itotal as shown in 

Figure 4.68. The optimum value of Itotal is predicted as 4,83 A. 

 

 
Figure 4.68. Optimization plot for Itotal 
 

An experimental modeling equation has been developed via the 

relationship between Itotal and machining parameters (i, h, v, f, a). Experimental 

modeling equations of Itotal in coded and uncoded formats are given in Equation 

4.13 and Equation 4.14, respectively.  
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Itotal = + 6,2 + 0,073 A + 0,01187 B + 0,78063 C + 

0,05063 D + 0,135 E - 0,02021 A*A - 0,04187 B*B -

0,05021 C*C - 0,05854 D*D - 0,05104 E*E -

0,005 A*B - 0,065 A*C - 0,0275 A*D + 0,035 A*E -

0,0175 B*C - 0,0075 B*D - 0,0125 B*E - 0,04 C*D 

+ 0,045 C*E - 0,0025 D*E 

(4.13) 

 

 

Itotal = - 4,34 + 0,513 i + 0,1493 h + 0,03876 v + 14,72 

f + 2,46 a - 0,0202 i*i - 0,001675 h*h - 0,000031 v*v 

- 36,6 f*f - 14,18 a*a - 0,00100 i*h - 0,001625 i*v - 

0,688 i*f + 0,583 i*a - 0,000087 h*v - 0,037 h*f - 

0,0417 h*a - 0,0250 v*f + 0,0187 v*a - 1,0 f*a 

(4.14) 

 

A comparison of experimental and predicted Itotal values is shown in Table 

4.14. Itotal is found using developed experimental modeling equation. Maximum 

error (%) between the experimental and predicted Itotal values are obtained as 1,64. 
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Table 4.14. Comparison of experimental and predicted results for Itotal 
Runs Experimental value Predicted value Error (%) 

1 6 6,05 0,83 
2 6,17 6,20 0,49 
3 6,12 6,08 0,65 
4 6,27 6,22 0,80 
5 5,2 5,22 0,38 
6 6,89 6,86 0,44 
7 5,42 5,40 0,37 
8 6,95 6,88 1,01 
9 5,98 5,95 0,50 

10 6 6,00 0,00 
11 6,28 6,24 0,64 
12 6,25 6,24 0,16 
13 5,26 5,21 0,95 
14 5,48 5,49 0,18 
15 6,94 6,90 0,58 
16 6,9 6,92 0,29 
17 5,93 5,90 0,51 
18 5,95 6,01 1,01 
19 6,2 6,18 0,32 
20 6,21 6,27 0,97 
21 5,32 5,30 0,38 
22 5,35 5,36 0,19 
23 6,83 6,89 0,88 
24 6,79 6,88 1,33 
25 5,95 5,97 0,34 
26 6,2 6,17 0,48 
27 6,06 6,13 1,16 
28 6,2 6,22 0,32 
29 5,18 5,23 0,97 
30 6,7 6,70 0,00 
31 5,4 5,41 0,19 
32 7,1 7,06 0,56 
33 5,98 5,96 0,33 
34 6,05 6,03 0,33 
35 6,14 6,16 0,33 
36 6,35 6,37 0,31 
37 6,01 6,03 0,33 
38 6,02 6,07 0,83 
39 6,22 6,15 1,13 
40 6,2 6,15 0,81 
41 6,29 6,20 1,43 
42 6,1 6,20 1,64 
43 6,22 6,20 0,32 
44 6,19 6,20 0,16 
45 6,18 6,20 0,32 
46 6,22 6,20 0,32 

 

4.1.6. Total Sound (Stotal= Smachine+ Scutting) Analysis 
Percentage contributions of parameters on Stotal are shown in Table 4.15. 

Percentage contributions of insert (i), hardness (h), cutting speed (v), feed rate (f), 
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and depth of cut (a) on Stotal were found to be 0,06%, 1,75%, 86,71%, 2,14%, and 

0,09%, respectively. It appears that cutting speed is the most significant parameter. 

In addition to these, other contributions on Stotal are square, interaction, and residual 

error. These are 2,04, 6,12, and 1,10 percent, respectively. 

 

Table 4.15. Analysis of variance for Stotal 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 365,463 365,463 18,273 112,12 0,000 98,90 
Linear 5 335,331 335,331 67,066 411,50 0,000 90,74 

i 1 0,214 0,214 0,214 1,31 0,263 0,06 
h 1 6,477 6,477 6,477 39,74 0,000 1,75 
v 1 320,410 320,410 320,410 1965,94 0,000 86,71 
f 1 7,896 7,896 7,896 48,45 0,000 2,14 
a 1 0,334 0,334 0,334 2,05 0,165 0,09 

Square 5 7,525 7,525 1,505 9,23 0,000 2,04 
i*i 1 0,631 0,631 1,264 7,76 0,010 0,17 

h*h 1 0,187 0,187 0,003 0,02 0,886 0,05 
v*v 1 0,273 0,273 0,003 0,02 0,896 0,07 
f*f 1 6,428 6,428 6,058 37,17 0,000 1,74 
a*a 1 0,007 0,007 0,007 0,04 0,843 0,00 

Interaction 10 22,607 22,607 2,261 13,87 0,000 6,12 
i*h 1 0,141 0,141 0,141 0,86 0,362 0,04 
i*v 1 0,002 0,002 0,002 0,02 0,902 0,00 
i*f 1 1,210 1,210 1,210 7,42 0,012 0,33 
i*a 1 0,010 0,010 0,010 0,06 0,806 0,00 
h*v 1 0,040 0,040 0,040 0,25 0,625 0,01 
h*f 1 15,484 15,484 15,484 95,01 0,000 4,19 
h*a 1 0,122 0,122 0,122 0,75 0,394 0,03 
v*f 1 0,490 0,490 0,490 3,01 0,095 0,13 
v*a 1 0,022 0,022 0,022 0,14 0,713 0,01 
f*a 1 5,085 5,085 5,085 31,20 0,000 1,38 

Residual Error 25 4,075 4,075 0,163   1,10 
Lack-of-Fit 20 3,881 3,881 0,194 5,02 0,041 1,05 
Pure Error 5 0,193 0,193 0,039   0,05 

Total 45 369,537     100,00 
Model summary 

S = 0,403708, R-Sq = 98,90%, R-Sq(pred) = 95,72%, R-Sq(adj) = 98,02% 
 

As shown of Residual plots for Stotal in Figure 4.69, the residuals are 

normally distributed if the points on the normal probability plot form an 

approximately linear line. The residuals have constant variance because of the fact 

that residuals scattered randomly around zero on the Versus Fits graph. In this case, 

the model has been found to be valid. The Histogram chart is used to evaluate the 

shape and spread of data. The Histogram chart below shows that the data is 
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normally distributed such as bell shape. Ideally, the residuals on Versus Order plot 

should occur randomly around zero line. The residuals in this plot are appeared to 

fluctuate in a down and up around the zero line. From investigation the Residual 

Plots of Stotal, it is concluded that the model has the ability to accurately predict 

Stotal. 

 

 
Figure 4.69. Residual plot for Stotal 
 

Chatter vibrations are the most common vibrations growing up to breakage 

of the workpiece due to dynamic displacements between the tool and the 

workpiece. Chatter can be determined with continuous monitoring of the amplitude 

of sound spectrum measured through the microphone (Altintas, 2012). Also, 

machining vibrations generated during turning operations are called chatter (Prasad 

and Babu, 2017). To measure the vibration level of CNC machine structure during 

machining, it has been seen that displacement values measured by the vibration 

meter and sound signal values measured by microphone have the same character 

(Bejaxhin and Paulraj, 2019). Stotal intensity is a value that gives information about 
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cutting parameters, vibration, surface roughness, current, and cutting forces. Out of 

this, Stotal intensity can be easily measured with a sound level meter (Şahinoğlu et 

al., 2017). Surface Plots of interactions of Stotal are shown in Figures 4.70-4.79. 

From the Figures related to cutting speed and feed rate against Stotal, it could be 

seen that when the level of cutting speed and feed rate rise, Stotal value increases. 

Likewise, Stotal value changes depending on the interaction of depth of cut. In the 

first case, Stotal value increases as depth of cut and cutting speed level rises during 

interaction of depth of cut and cutting speed. In the second case, Stotal value 

decreases as depth of cut and feed rate level rise during interaction of depth of cut 

and feed rate. There may have been different reasons for this. This situation can be 

explained by the effect of BUE formation during machining. As the cutting speed 

and feed rate increase, the cutting force increases. In this way, the load on the 

cutting tool holder increases. Then, it results in greater vibrational amplitude and 

more Stotal (Deshpande et al., 2017). This result can also be explained from another 

aspect. When levels of cutting speed and feed rate rise, friction between insert and 

workpiece happens. Later on, vibration increases with the existence of BUE 

formation. As a result of the increase in vibration, Stotal rise occurs (Swain et al., 

2020; Fang et al., 2010). Present results are identical to the findings of previous 

studies (Al-Shayea et al., 2020; Aslan, 2020; Şahinoğlu et al., 2017). 

 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

137 

 
Figure 4.70. Surface plot of Stotal vs a;f 
 

s 
Figure 4.71. Surface plot of Stotal vs a;v 
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Figure 4.72. Surface plot of Stotal vs f;v 

 

3D Surface Plots given in Figures 4.73-4.75 show the relationship between 

hardness (h) and three variables (a, f, and v). It is seen from the Figures that the 

lowest Stotal level on the plot occurs at h1 (30 HRC). 
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Figure 4.73. Surface plot of Stotal vs a;h 
 

 
Figure 4.74. Surface plot of Stotal vs f;h 
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Figure 4.75. Surface plot of Stotal vs v;h 
 

The following 3D Surface Plots given in Figures 4.76- 4.79 show the effect 
of depth of cut, feed rate, cutting speed, and hardness on Stotal.  

 

 
Figure 4.76. Surface plot of Stotal vs a;i 
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It is seen from Figures that the lowest Stotal level on the plot occurs at 

approximately insert = 2 (carbide). Moreover, as shown in Figure 4.76, the highest 

Stotal level is performed when ceramic insert is used. This situation can be explained 

by toughness of insert material. Toughness represents pressure and impact 

resistance that correlate with a tool's ability to withstand high feed rates, big depths 

of cut. Cutting tools (inserts) are subjected to different types of loading, unloading, 

vibration, and other interfering factors. CBN tool is in the form of a cubic boron 

nitride coating on a carbide plate. When there are impact loads during cutting, high 

toughness of a material is necessary to decrease vibrations. That is, the higher the 

toughness, the higher the vibration absorbing ability. The carbide insert has the 

highest toughness and the ceramic insert has the least toughness. Therefore, the 

carbide insert may have caused decreasing of the Stotal by absorbing vibration due 

to its highest toughness feature. 

 

 
Figure 4.77. Surface plot of Stotal vs f;i 
 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

142 

 
Figure 4.78. Surface plot of Stotal vs v;i 
 

 
Figure 4.79. Surface plot of Stotal vs h;i 
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As shown in Figure 4.67, the Main Effects Plot for SN ratio of Stotal 

indicates that cutting speed has the largest effect on Stotal. The levels of the factors 

giving the optimum Stotal value are seen as v1 (Level 1), f2 (Level 2), h1 (Level 1), 

a1 (Level 1), and i2 (Level 2). That is, the optimum Stotal value is found taking 180 

m/min cutting speed (v1), 0,07 mm/rev feed rate (f2), 30 HRC hardness (h1), 0,08 

mm depth of cut (a1), and carbide insert (i2) parameters.  

 

 
Figure 4.80. Main effects plot for SN ratios of Stotal 
 

 
Figure 4.81. Optimization plot for Stotal 
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After optimum parameters are read from the Main effects plot for SN ratios 

of Stotal, optimization Plot is run for optimum level (A2B1C1D2E1) of Stotal as 

shown in Figure 4.81. The optimum value of Stotal is predicted as 77,48 dB. 

Experimental modelling equation has been developed via the relationship 

between Stotal and machining parameters (i, h, v, f, a). Experimental modeling 

equations of Stotal in coded and uncoded formats are given in Equation 4.15 and 

Equation 4.16, respectively.  

 

 

Stotal = 82,6667 - 0,1156 A + 0,6363 B + 4,4750 C - 

0,7025 D + 0,1444 E + 0,3806 A*A + 0,0198 B*B + 

0,0181 C*C + 0,8331 D*D + 0,0273 E*E + 0,1875 

A*B + 0,0250 A*C - 0,5500 A*D + 0,0500 A*E + 

0,1000 B*C - 1,9675 B*D - 0,1750 B*E + 0,3500 

C*D + 0,0750 C*E - 1,1275 D*E 

(4.15) 

 

 

Stotal = 38,3 - 2,24 i + 0,657 h + 0,0685 v + 299,0 f 

+ 45,0 a + 0,381 i*i + 0,00079 h*h + 0,000011 v*v 

+ 520,7 f*f + 7,6 a*a + 0,0375 i*h + 0,00062 i*v -

 13,75 i*f + 0,83 i*a + 0,00050 h*v - 9,84 h*f -

 0,583 h*a + 0,219 v*f  + 0,0312 v*a - 469,8 f*a 

(4.16) 

 

The developed model is valuable for works done under present cases 

because of the high costs and difficulties executing of machining experiments 

(Kuntoğlu, 2020). A comparison of experimental and predicted Stotal values is 

shown in Table 4.16. Stotal is found using developed experimental modelling 

equation. Maximum error (%) between the experimental and predicted Stotal values 

are obtained as 0,81. Results indicated that predicted values are in close relation 

with experimental values. 
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Table 4.16. Comparison of experimental and predicted results for Stotal 
Runs Experimental Value Predicted Value Error (%) 

1 83,3 82,73 0,68 
2 82,25 82,13 0,15 
3 83,4 83,63 0,28 
4 83,1 83,78 0,81 
5 80,2 80,10 0,13 
6 88,3 88,35 0,05 
7 77,9 77,99 0,12 
8 87,4 87,64 0,28 
9 81,3 81,76 0,56 

10 83,1 83,38 0,34 
11 82,3 82,40 0,12 
12 83,4 83,32 0,10 
13 78,6 78,73 0,17 
14 78,5 78,45 0,06 
15 87,3 87,63 0,38 
16 87,3 87,45 0,17 
17 83 82,96 0,05 
18 83,8 83,81 0,01 
19 85,51 85,50 0,01 
20 81,8 81,84 0,05 
21 77,8 77,69 0,14 
22 78,8 78,77 0,04 
23 86,8 86,44 0,41 
24 88,2 87,92 0,32 
25 83,8 84,15 0,42 
26 85,2 85,02 0,21 
27 83,7 83,84 0,17 
28 82,9 82,51 0,47 
29 78,6 78,17 0,55 
30 87,5 86,97 0,61 
31 77,8 78,31 0,65 
32 87 87,41 0,47 
33 83,1 83,10 0,01 
34 82,5 82,76 0,32 
35 83,9 83,28 0,73 
36 83,5 83,15 0,42 
37 81,3 81,62 0,39 
38 87,2 86,83 0,43 
39 83,87 84,15 0,33 
40 81,9 81,49 0,51 
41 82,6 82,67 0,08 
42 82,3 82,67 0,45 
43 82,8 82,67 0,16 
44 82,8 82,67 0,16 
45 82,8 82,67 0,16 
46 82,7 82,67 0,04 

 

4.1.7. Total Power Consumption (Ptotal=Punloaded+Pcutting) Analysis 
The analysis of variance and percentage contribution of process parameters 

for Ptotal are presented in Table 4.17. Table 4.17 shows that percentage 
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contributions of insert (i), hardness (h), cutting speed (v), feed rate (f), and depth of 

cut (a) on Ptotal were found to be 0,83%, 0,02%, 94,23%, 0,40%, and 2,82%, 

respectively. Following this, cutting speed is seen as the most influencing 

parameter on Ptotal. In addition to these, other contributions on Ptotal are square, 

interaction, and residual error. These are 0,50; 0,40; and 0,81 percent, respectively. 

 

Table 4.17. Analysis of variance for Ptotal 
Source DF Seq SS Adj SS Adj MS F P % Cont. 

Regression 20 4446139 4446139 222307 153,00 0,000 99,19 
Linear 5 4405828 4405828 881166 606,44 0,000 98,29 

i 1 37063 37063 37063 25,51 0,000 0,83 
h 1 977 977 977 0,67 0,420 0,02 
v 1 4223703 4223703 4223703 2906,83 0,000 94,23 
f 1 17764 17764 17764 12,23 0,002 0,40 
a 1 126321 126321 126321 86,94 0,000 2,82 

Square 5 22322 22322 4464 3,07 0,027 0,50 
i*i 1 1544 1544 1544 1,06 0,313 0,03 

h*h 1 6629 6629 6629 4,56 0,043 0,15 
v*v 1 9531 9531 9531 6,56 0,017 0,21 
f*f 1 12957 12957 12957 8,92 0,006 0,29 
a*a 1 9850 9850 9850 6,78 0,015 0,22 

Interaction 10 17989 17989 1799 1,24 0,316 0,40 
i*h 1 43 43 43 0,03 0,864 0,00 
i*v 1 7321 7321 7321 5,04 0,034 0,16 
i*f 1 1310 1310 1310 0,90 0,351 0,03 
i*a 1 2123 2123 2123 1,46 0,238 0,05 
h*v 1 531 531 531 0,37 0,551 0,01 
h*f 1 97 97 97 0,07 0,798 0,00 
h*a 1 271 271 271 0,19 0,670 0,01 
v*f 1 2772 2772 2772 1,91 0,179 0,06 
v*a 1 3509 3509 3509 2,41 0,133 0,08 
f*a 1 11 11 11 0,01 0,932 0,00 

Residual Error 25 36326 36326 1453   0,81 
Lack-of-Fit 20 27922 27922 1396 0,83 0,657 0,62 
Pure Error 5 8404 8404 1681   0,19 

Total 45 4482464     100,00 
Model summary 

S = 38,1186, R-Sq = 99,19%, R-Sq(pred) = 97,24%, R-Sq(adj) = 98,54% 
 

From the residual plot (Normal Probability Plot) for Ptotal given in Figure 

4.82 (top left), it can be said that the residual error is much less because the data 

points are on an approximately linear line. The Versus Fits chart (top right) 

indicates the error terms against the fitted values. The data points appear to be 

distributed equally at the top and bottom sides of line zero. The Histogram chart 
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(bottom left) exhibits a bell-shaped curve. The Versus Order chart (bottom right) 

depicts that residuals bounce randomly around the 0 line. Thus, this behavior 

typically indicates that the model is appropriate to predict Ptotal. 

 

 
Figure 4.82. Residual plot for Ptotal 
 

From Figure 4.83-4.85 it is shown that minimum Ptotal is achieved at the 

interaction of lowest feed rate and lowest cutting speed. 
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Figure 4.83. Surface plot of Ptotal vs a;f 
 

 
Figure 4.84. Surface plot of Ptotal vs a;v 
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Figure 4.85. Surface plot of Ptotal vs f;v 
 

 
Figure 4.86. Surface plot of Ptotal vs a;h 
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It is apparent from Figures 4.86-4.88 that there is the increase in Ptotal with 

an increase in hardness, depth of cut, feed rate, and cutting speed. Also, Figures 

4.89-4.92 show Ptotal variation with i, h, v, f, and a.  

 

 
Figure 4.87. Surface plot of Ptotal vs f;h 
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Figure 4.88. Surface plot of Ptotal vs v;h 
 

 
Figure 4.89. Surface plot of Ptotal vs a;i 
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Figure 4.90. Surface plot of Ptotal vs f;i 
 

 
Figure 4.91. Surface plot of Ptotal vs v;i 
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Figures show that maximum Ptotal is performed as shown in Figure 4.91 

when CBN insert (3) and the highest cutting speed (270 m/min) are used. 

 

 
Figure 4.92. Surface plot of Ptotal vs h;i 
 

The Main Effects Plot for SN ratios of Ptotal indicates that cutting speed has 

the largest effect on the Signal-to-Noise ratio as shown in Figure 4.93. The levels 

of the factors giving the optimum Ptotal value are seen as v1 (Level 1), a1 (Level 1), 

h1 (Level 1), f1 (Level 1), and i1 (Level 1). That is to say, the optimum Ptotal value 

is found with ceramic insert (i1), 30 HRC hardness (h1), 180 m/min cutting speed 

(v1), 0,03 mm/rev feed rate (f1), and 0,08 mm depth of cut (a1). 
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Figure 4.93. Main effects plot for SN ratios of Ptotal 
 

The aim is to minimize Ptotal value. To this end, optimum parameters are 

read from the Main effects plot for SN ratios of Ptotal. Optimization Plot is run for 

optimum level (A1B1C1D1E1) of Ptotal as shown in Figure 4.94. The optimum 

value of Ptotal is predicted as 3178,60 W. 

 

 
Figure 4.94. Optimization plot for Ptotal 
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Experimental modelling equation has been developed via the relationship 

between Ptotal and machining parameters (i, h, v, f, a). Experimental modeling 

equations of Ptotal in coded and uncoded formats are given in Equation 4.17 and 

Equation 4.18, respectively. 

 

 

Ptotal = 4080,71 + 48,13 A + 7,82 B + 513,79 C + 

33,32 D + 88,85 E - 13,30 A*A - 27,56 B*B - 33,05 

C*C - 38,53 D*D - 33,59 E*E - 3,29 A*B - 42,78 

A*C - 18,10 A*D + 23,04 A*E - 11,52 B*C - 4,94 

B*D - 8,23 B*E - 26,33 C*D + 29,62 C*E - 1,65 

D*E 

(4.17) 

  

 

Ptotal = - 2857 + 338 i + 98,3 h + 25,51 v + 9689 f + 

1619 a - 13,3 i*i - 1,102 h*h - 0,02065 v*v - 24082 

f*f - 9332 a*a - 0,66 i*h - 1,070 i*v - 452 i*f + 384 

i*a - 0,0576 h*v - 24,7 h*f - 27,4 h*a - 16,5 v*f + 

12,34 v*a - 686 f*a 

(4.18) 

 

A comparison of calculated and predicted Ptotal values is shown in Table 

4.18. Ptotal is predicted using developed experimental modelling equation. 

Maximum error (%) between the calculated and predicted Ptotal values are found as 

1,64. 
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Table 4.18. Comparison of calculated and predicted results for Ptotal 
Runs Calculated value Predicted value Error (%) 

1 3949,08 3980,61 0,80 
2 4060,97 4083,45 0,55 
3 4028,06 4002,83 0,63 
4 4126,78 4092,50 0,83 
5 3422,53 3435,70 0,38 
6 4534,86 4515,93 0,42 
7 3567,33 3554,99 0,35 
8 4574,35 4529,92 0,97 
9 3935,91 3914,66 0,54 

10 3949,08 3946,74 0,06 
11 4133,37 4108,82 0,59 
12 4113,62 4108,00 0,14 
13 3462,02 3429,66 0,93 
14 3606,82 3611,48 0,13 
15 4567,76 4542,81 0,55 
16 4541,44 4553,50 0,27 
17 3903,00 3884,77 0,47 
18 3916,17 3954,70 0,98 
19 4080,71 4065,77 0,37 
20 4087,29 4129,12 1,02 
21 3501,51 3486,98 0,42 
22 3521,26 3525,65 0,12 
23 4495,36 4537,60 0,94 
24 4469,04 4530,19 1,37 
25 3916,17 3929,33 0,34 
26 4080,71 4061,79 0,46 
27 3988,57 4032,17 1,09 
28 4080,71 4092,23 0,28 
29 3409,37 3441,04 0,93 
30 4409,80 4409,39 0,01 
31 3554,17 3559,52 0,15 
32 4673,07 4646,33 0,57 
33 3935,91 3919,87 0,41 
34 3981,98 3970,06 0,30 
35 4041,22 4051,50 0,25 
36 4179,44 4193,84 0,34 
37 3955,66 3968,55 0,33 
38 3962,24 3994,05 0,80 
39 4093,88 4045,06 1,19 
40 4080,71 4050,82 0,73 
41 4139,95 4080,71 1,43 
42 4014,89 4080,71 1,64 
43 4093,88 4080,71 0,32 
44 4074,13 4080,71 0,16 
45 4067,55 4080,71 0,32 
46 4093,88 4080,71 0,32 
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4.2. Comparison of Dynamometer Cutting Power and Electric Cutting Power 
during the Turning Process 

The power consumpted during the turning process can be found 

approximately with the help of some devices. These are Ammeter, Dynamometer, 

Wattmeter, Powermeter, and Power Quality Analyzer. According to Ptotal 

experimental results, cutting speed in the turning process in this study is the most 

important factor with a contribution rate of 94,23 percent. Thus, the power loss of 

the motor spindle of CNC lathe can be approximately equal to the unloaded spindle 

power at operating cutting speeds. Cutting power found by means of dynamometer 

can be calculated with PcuttingD = F*v formula given in Equation 4.22 using the 

fundamental physical relationship between power and force. In addition, the power 

found through the electric current can be calculated with the formula of PcuttingE = 

1,73*V*Icutting*cosϕ given in Equation 4.23. The electric cutting current during 

turning can be found by the formula of Icutting = Itotal - Iunloaded given in Equation 

4.21. Iunloaded currents were measured without cutting workpiece for certain cutting 

speeds (180, 220, and 260 m/min) subject to the diameter of stock size as shown in 

Figure 4.95. The equations used related to power are given below.  

 

 total unloaded cutting
P P P   (4.19) 

 

 3* * *costotal totalP V I     (4.20) 

 

   cutting total unloaded
I I I     (4.21) 

 

   *
cuttingD

P F v  (dynamometer cutting power)               (4.22) 
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3 * * *cos
cuttingE cutting

P V I   (electric cutting 

power)                                

 

(4.23) 

 
Figure 4.95. Symbolic schematic design of the turning process 
 

Power consumed during the cutting process is calculated by cutting force 

dynamometer and amperemeter. Table 4.19 shows the calculated results. 

Deviations between PcuttingD and PcuttingE are seen when Table 4.19 is investigated. 

Error (%) is seen in the range 1,94-33,00. Voltage values change between 370 volts 

and 400 volts in Yozgat (city in Turkey) electric line. At the same time, deviation 

of voltage or current waveform from standard value is known as power quality 

problem. This situation can be explained by the deviation of voltage or current 

waveform from the standard value. Hence, it can conclude that if the direct 

measurement of power during the turning process provides with a powermeter or 

power quality analyzer,  more accurate results can happen. 
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Table 4.19. Comparison of calculated dynamometer cutting power (PcuttingD) and 
calculated electric cutting power (PcuttingE) 

R
un

s Itotal= Iunloaded+Icutting 
(A) 

Iunloaded 
(A) 

Icutting 
(A) 

F 
(Resultant force) 

(N) 

PcuttingD 
(w) 

PcuttingE 
(w) 

Error 
(%) 

1 6,00 5,70 0,30 66,96 245,52 197,45 19,58 
2 6,17 5,70 0,47 100,91 370,00 309,34 16,39 
3 6,12 5,70 0,42 79,10 290,03 276,44 4,69 
4 6,27 5,70 0,57 109,61 401,90 375,16 6,65 
5 5,20 5,00 0,20 56,70 170,10 131,64 22,61 
6 6,89 6,40 0,49 62,46 270,66 322,51 19,16 
7 5,42 5,00 0,42 98,80 296,40 276,44 6,74 
8 6,95 6,40 0,55 98,48 426,75 362,00 15,17 
9 5,98 5,70 0,28 48,36 177,32 184,29 3,93 

10 6,00 5,70 0,30 65,06 238,55 197,45 17,23 
11 6,28 5,70 0,58 91,15 334,22 381,74 14,22 
12 6,25 5,70 0,55 105,37 386,36 362,00 6,30 
13 5,26 5,00 0,26 74,17 222,51 171,13 23,09 
14 5,48 5,00 0,48 107,39 322,17 315,93 1,94 
15 6,94 6,40 0,54 73,23 317,33 355,42 12,00 
16 6,90 6,40 0,50 101,70 440,70 329,09 25,33 
17 5,93 5,70 0,23 44,89 164,60 151,38 8,03 
18 5,95 5,70 0,25 65,35 239,62 164,54 31,33 
19 6,20 5,70 0,50 68,50 251,17 329,09 31,02 
20 6,21 5,70 0,51 124,48 456,43 335,67 26,46 
21 5,32 5,00 0,32 73,93 221,79 210,62 5,04 
22 5,35 5,00 0,35 85,50 256,50 230,36 10,19 
23 6,83 6,40 0,43 71,22 308,62 283,02 8,30 
24 6,79 6,40 0,39 88,41 383,11 256,69 33,00 
25 5,95 5,70 0,25 52,99 194,30 164,54 15,31 
26 6,20 5,70 0,50 75,87 278,19 329,09 18,30 
27 6,06 5,70 0,36 87,59 321,16 236,94 26,22 
28 6,20 5,70 0,50 128,90 472,63 329,09 30,37 
29 5,18 5,00 0,18 50,59 151,77 118,47 21,94 
30 6,70 6,40 0,30 57,94 251,07 197,45 21,36 
31 5,40 5,00 0,40 96,18 288,54 263,27 8,76 
32 7,10 6,40 0,70 98,64 427,44 460,73 7,79 
33 5,98 5,70 0,28 52,94 194,11 184,29 5,06 
34 6,05 5,70 0,35 69,61 255,24 230,36 9,75 
35 6,14 5,70 0,44 92,72 339,97 289,60 14,82 
36 6,35 5,70 0,65 134,98 494,93 427,82 13,56 
37 6,01 5,70 0,31 52,24 191,55 204,04 6,52 
38 6,02 5,70 0,32 61,23 224,51 210,62 6,19 
39 6,22 5,70 0,52 87,36 320,32 342,25 6,85 
40 6,20 5,70 0,50 105,70 387,57 329,09 15,09 
41 6,29 5,70 0,59 81,72 299,64 388,33 29,60 
42 6,10 5,70 0,40 80,87 296,52 263,27 11,21 
43 6,22 5,70 0,52 81,10 297,37 342,25 15,09 
44 6,19 5,70 0,49 80,00 293,33 322,51 9,95 
45 6,18 5,70 0,48 80,19 294,03 315,93 7,45 
46 6,22 5,70 0,52 80,47 295,06 342,25 16,00 

 

  



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

160 

4.3. Comparison of Experimental and FEM Cutting Forces 
Experimental studies were executed in Yozgat Bozok University CNC 

laboratory of Mechanical Engineering Department. Cutting experiments of 

cylindrical bar and cylindrical tube specimens were conducted using Goodway 

260Y high rigidly CNC lathe with 15 kW spindle power (P) and spindle speed (n) 

of 4000 rpm.  
 

 

 
Figure 4.96. Turning process of cylindrical bar specimens; a) Experimental setup, 

b) Close-up, c) Depicted schema 
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From Kennametal catalogue, PVD AlTiN coating carbide insert (coded 

TPGN160304 KC5010) and tool holder (coded CTGPL2525M16) was selected. 

AISI 4340 alloy steel with Ø40x250 mm of dimension was used in machining 

experiments. Turning tests of cylindrical bar and cylindrical tube specimens were 

conducted under dry cutting conditions. Additional to this,  cylindrical bar tests 

were performed at a fixed depth of cut of 0,5 mm for 0,1; 0,2; and 0,3 mm/rev feed 

rates. Tube wall thickness (t) was taken 2,17 mm; 2,20 mm; and 2,30 mm for 0,1; 

0,2; and 0,3 mm/rev feed rates, respectively. Experimental setup and force 

measurement system used to realize tests are illustrated in Figures 4.96-4.98. 
 

 

 
Figure 4.97. Turning process of cylindrical tube specimens; a) Experimental setup, 

b) Close-up, c) Depicted schema 
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Figure 4.98. Force measurement system used in this study; a) Goodway 260Y CNC 

Lathe, b) Kistler 9129AA model piezoelectric dynamometer, c) 
Kistler 5070 model amplifier, d) Kistler 5697 model data acquisition 
box, e) Computer, f) Dynoware software, g) Screenshot of cutting 
forces 

 

Experimental data for cylindrical bar and tubular materials are presented in 

Figure 4.99 and Figure 4.100, respectively. Here, stable force signals between two 

dashed lines are considered. 
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Figure 4.99. Measured feed, radial, and tangential force components for a 

cylindrical bar specimen 
 

 
Figure 4.100.  Measured feed, radial, and tangential force components for a 

cylindrical tube specimen 
 

Altair HyperWorks (Altair HyperMesh) and Dassault systemes (Simula 

ABAQUS) software were utilized (Abaqus, 2021; HyperMesh, 2021). Finite 

element models are created in ABAQUS/Explicit in order to simulate 3D 

machining processes using cylindrical bar and cylindrical tube materials. 

ABAQUS/Explicit provides a dynamic fracture model for Johnson-Cook plasticity 

model. Johnson-Cook (JC) model is the most forceful amongst well-known plastic 
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strain models. Therefore, it was decided to use this model in this study. JC model 

can be expressed as given in Equation 4.24. Here, , ε,  , 
o
 , T , 

m
T and 

r
T   are 

material flow stress, plastic strain, strain rate, reference strain rate, temperature of a 

material, melting point of the material, and room temperature, respectively. A, B, 

C, n, and m empirical constants are yield stress, pre-exponential factor, strain rate 

factor, work-hardening exponent, and thermal softening exponent, respectively. 

Johnson–Cook specifications of AISI 4340 material with 30 HRC are given in the 

following Tables 4.20-4.23 (Guo and Yen, 2004; Arrazola and Özel, 2010; Johnson 

and Cook, 1985). Thermal effects are not considered in this study. 

 

    ε1 1
ε  

m

n r

o m r
Elasto plasticdeformation

Viscositydeformation
Thermal softening

T T
A B Cln

T T
 



               








      (4.24) 

 

Table 4.20. Physical properties for AISI 4340 steel with 30 HRC 
Elastic Modulus, E Poisson’s ratio, ʋ Density, ρ 

200 GPa 0,29 7830 kg/m3

 

Table 4.21. Strength constants for AISI 4340 steel with 30 HRC 
A B n C m 

792 MPa 510 MPa 0,26 0,014 1,03
 

Table 4.22. Fracture constants for AISI4340 steel with 30 HRC 
D1 D2 D3 D4 D5 

0,05 3,44 -2,12 0,002 0,61
 

Table 4.23. Physical properties for cutting tool (Carbide insert) 
Elastic Modulus, E Poisson’s ratio, ʋ Density, ρ 

800 GPa 0,20 15000 kg/m3 
 

 



4. RESULTS AND DISCUSSION                                                        Oğur İYNEN 
 

165 

Friction coefficient (µ) extensively affects cutting forces, cutting power, 

cutting temperature, and plastic strain. Nevertheless, the friction coefficient cannot 

be evaluated with sensitivity and it requires to be iterated. Hence, several iterations 

on friction coefficients were established (Maranhão and Davim, 2010; Asad et al., 

2014). There are three contact constraint enforcement methods available in 

Abaqus/Standard. These are a direct method, penalty method, and augmented 

Lagrange method. With this method, the contact force is proportional to the 

penetration distance, so some degree of penetration will occur. The penalty method 

can significantly reduce solver cost in terms of CPU (central processing unit) time 

and is easier to treat over constraints (Abaqus, 2021). So, friction formulation is a 

penalty chosen in ABAQUS/Explicit. As described above, iteration is required to 

determine of friction coefficient. Therefore, tests were performed to investigate 

effect of various friction coefficients on resultant force (F) for values of f = 0,1 

mm, v = 100 m/min, a = 0,5 mm. These results are given in Figure 4.101. The 

results showed that the values closest to the measured value was predicted when  

friction coefficient was taken 0,5  in the simulation study. To this end, the friction 

coefficient was accepted 0,5 in ABAQUS/Explicit.  

 

 
Figure 4.101. Iteration of friction coefficient for F 
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Interaction between cutting tool (insert) and workpiece was considered as 

general contact. Workpiece and cutting tool were meshed using HyperMesh. Then 

the input file was run in ABAQUS/Explicit. After the model of the workpiece and 

cutting tool were made, they were mounted and placed as per the real experimental 

setup. The workpiece was fixed and set to rotate clockwise. The tool moved in the 

cutting direction during the cutting operation. Contact algorithm between tool and 

workpiece was described as master and slave in ABAQUS/Explicit. Cutting tool 

and workpiece models were selected as master and slave elements, respectively. 

Schematics of FEM are indicated in Figures 4.102 and 4.103. The model has been 

partitioned into three sections: un-machined region of workpiece, damageable 

region, and chip separation region (Asad et al., 2014; Asad, 2019).  The workpiece 

was meshed using eight-node C3D8R (8-node brick element with reduced 

integration) elements. The tool was assumed to be a rigid three-dimensional body 

and was meshed using C3D8R elements. The cylindrical bar model contains 76970 

nodes and 67160 elements. The element deletion technique is used to provide chip 

separation formation. Mesh quality was enhanced using Arbitrary Lagrangian-

Eulerian (ALE) formulation (Sadeghifar et al., 2018). Besides, the cylindrical tube 

model contained 11838 nodes and 9090 elements.  To obtain reasonable results, a 

thinner element size was created in places close to the cutting zone, and a coarser 

mesh structure was created in places far from the cutting zone.  
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Figure 4.102. Finite element model of cylindrical bar workpiece prepared by 

means of HyperMesh software; a) Full image, b) Close-up 
 

 
Figure 4.103. Finite element model of cylindrical tube workpiece prepared by 

means of HyperMesh software; a) Full image, b) Close-up 
 

Mass scaling feature has been applied to reduce the run time in 3D 

simulation analysis. Nevertheless, each simulation took approximately 4 days using 

a computer that has Intel (R) Core (TM) i7-7500U CPU 2.7 GHz processor. 

Von-Mises Stress Contours of the cylindrical bar and tube specimens are 

shown in Figures 4.104-4.107. 
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Figure 4.104. First step of Von-Mises Stress Contour in ABAQUS/Explicit for 3D 

cylindrical tube (feed rate: 0,1 mm/rev); a) Full image, b) Close-up 
 

 
Figure 4.105. Final step of Von-Mises Stress Contour in ABAQUS/Explicit for 3D 

cylindrical tube (feed rate: 0,1 mm/rev) 
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Figure 4.106. First step of Von-Mises Stress Contour in ABAQUS/Explicit for 3D 

cylindrical bar (feed rate: 0,2 mm/rev) ; a) Full image, b) Close-up 
 

 
Figure 4.107. Final step of Von-Mises Stress Contour in ABAQUS/Explicit for 

3D cylindrical bar (feed rate: 0,2 mm/rev); a) Full image, b) Close-
up. 

 

Comparisons of experimental and simulated cutting forces of cylindrical 

tubes for feed rates of 0,1; 0,2; and 0,3 mm/rev are shown in Figures 4.108-4.110 

and Table 4.24. 
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Figure 4.108. Comparison of experimental and simulated forces on the cylindrical 

tube for feed rate of 0,1 mm/rev during the turning process 
 

 
Figure 4.109. Comparison of experimental and simulated forces on the cylindrical 

tube for feed rate of 0,2 mm/rev during the turning process 
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Figure 4.110. Comparison of experimental and simulated forces on the cylindrical 

tube for feed rate of 0,3 mm/rev during the turning process 
 

Table 4.24. Experimental and simulated forces on cylindrical tubes 
Comparison Fy, Tangential (N) Fz, Feed (N) 

Tube wall thickness, t (mm) 2,17 2,20 2,30 2,17 2,20 2,30 
Feed rate, f (mm/rev) 0,10 0,20 0,30 0,10 0,20 0,30 
Experimental force 496 863 1201 333 470 477 

Simulated force 488 886 1325 389 505 511 
Error (%) 2 3 10 17 8 7 

 

Comparisons of experimental and simulated cutting forces of cylindrical 

bars for feed rates of 0,1; 0,2; and 0,3 mm/rev are shown in Figures 4.111-4.113 

and Table 4.25. 
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Figure 4.111. Comparison of experimental and simulated forces on the cylindrical 

bar for feed rate of 0,1 mm/rev during the turning process 
 

 
Figure 4.112. Comparison of experimental and simulated forces on the cylindrical 

bar for feed rate of 0,2 mm/rev during the turning process 
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Figure 4.113. Comparison of experimental and simulated forces on the cylindrical 

bar for feed rate of 0,3 mm/rev during the turning process 
 

Table 4.25. Experimental and simulated cutting forces results for cylindrical bars 
Comparison Fy, Tangential (N) Fx, Radial (N) Fz, Feed (N) 

Depth of cut, a (mm) 0,5 0,5 0,5 
Feed rate, f (mm/rev) 0,10 0,20 0,30 0,10 0,20 0,30 0,10 0,20 0,30 
Experimental force 136 229 314 41 62 81 92 99 105 

Simulated force 139 237 349 49 64 90 88 104 110 
Error (%) 2 4 11 20 3 11 4 5 5 

 

If computer simulation technology is used very efficiently, the cost and 

time allocated in experiments can be reduced. In this study, simulation of 3D 

turning of the cylindrical bar and cylindrical tube materials was discussed using 

ABAQUS/Explicit FEM software. Then simulation accuracy was controlled. A 

maximum of 20 percent error was found between experimental forces and 

simulated forces. Simulated values were found to be similar to experimental 

values. In this context, ABAQUS/Explicit based process simulation can reduce 

money and time spent on experimental studies. 
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK   
 
5.1. Conclusions 

The main objective of this dissertation is to provide optimization of 

machining parameters to achieve minimum Ptotal, Fx, Fy, Fz, Stotal, Itotal, and Ra 

during turning of AISI 4340 alloy steel using different inserts materials and 

workpiece materials with different hardness. First of all, an experiment plan was 

prepared with Respond Surface Method taking input machining parameters (i, h, v, 

f, a), and their levels. At the same time, output machining parameters (Ptotal, Fx, Fy, 

Fz, Stotal, Itotal, Ra) were determined. Then experimental setup was performed to 

measure Fx, Fy, Fz, Stotal, Itotal, and Ra. Afterward, optimum cutting parameters 

were obtained using SN ratios according to the smaller the better characteristic in 

Taguchi Method to obtain minimum values of output (response) parameters. In 

addition, ABAQUS/Explicit FEM software was used to find cutting forces that are 

important for power consumption. In this way, it can be reduced the time and cost 

spent in experimental studies using FEM. The literature survey showed that 

researchers have benefited from different methods such as RSM, Taguchi method, 

ANOVA method to generate optimal cutting conditions. Much of the literature 

research involves the surface roughness performance of workpieces taking into 

account materials of the same hardness and same inserts. It has been observed that 

there are very few studies related to finding the power consumption with the help 

of instantaneous current in the turning process using different insert types and 

materials of different hardness. The previous and present works revealed that a 

strong relationship between cutting parameters (insert, hardness, cutting speed, 

feed rate, depth of cut) and Ptotal, Fx, Fy, Fz, Stotal, Itotal, Ra. Because of this, further 

studies are required to be able to see the of effect cutting parameters on machining 

performance. In this thesis, obtained general data and done works are given below: 

The experiment plan (machining parameters and their levels) was designed 

with 46 combinations (L46) using RSM in Minitab 16 software. 
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Taguchi and ANOVA methods have been used to determine the machining 

parameters leading to optimum Ptotal, Fx, Fy, Fz, Stotal, Itotal, and Ra. 

Mathematical models using RSM have been developed to predict optimum 

Ptotal (W), Fx (N), Fy (N), Fz (N), Stotal (dB), Itotal (A), Ra (mμ). 

The results reveal that the developed mathematical model predicts Ptotal 

with a maximum 1,64% error. Cutting speed is the most important factor 

influencing Ptotal with 94,23% contribution. The contribution was followed by the 

depth of cut with 2,82%, insert with 0,83%, feed rate with 0,40%, and workpiece 

hardness with 0,02%. According to 3D surface plots, as the cutting speed increases, 

the Ptotal increases linearly. Besides, as depth of cut and feed rate increase, Ptotal 

usually increases. On the other hand, an increase in hardness values leads to a 

significant increase in Ptotal. Since there was not a big difference between the 

hardness grades (30, 35, 40 HRC), it was seen that the hardness did not have a 

great effect on the Ptotal. It is seen that ceramic is the most influential insert for 

minimum Ptotal. The optimization plot shows that the optimum Ptotal of 3178,60 W is 

found at a hardness of 30 HRC, cutting speed of 180 m/min, feed rate of 0,03 

mm/rev, depth of cut of 0,08 mm, and when insert uses ceramic. 

It is seen that the developed mathematical model to find Stotal predicts with 

maximum 0,81% error. It was established that the main factor affecting Sound is 

cutting speed with a contribution of 86,71% according to ANOVA analyses. 

Contribution followed by feed rate with 2,14%, workpiece hardness with 1,75%, 

the depth of cut with 0,09%, and insert with 0,06%. According to surface plots, as 

the cutting speed increases, the Stotal level increases linearly. However, it can be 

negligible because the depth of cut and feed rate have little effect on the Stotal when 

it compared to the cutting speed. As hardness value that is another machining 

parameter rises, Stotal increases. In addition, the carbide insert revealed better 

performance than ceramic and CBN inserts, as it produced lower Stotal during 

turning. The optimization plot shows that the optimum Stotal (77,48 dB) is predicted 
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at a cutting speed of 180 m/min, feed rate of 0,07 mm/rev, depth of cut of 0,08 mm, 

hardness of 30 HRC, and when insert uses carbide. 

Results show that the developed mathematical model to find Itotal intensity 

predicts with a maximum 1,64% error. This study shows that the effects of insert, 

cutting speed, feed rate, and depth of cut on Itotal are statistically significant 

according to ANOVA results. It was established that the main factor affecting Itotal 

is cutting speed with a contribution of 94,23%. It followed by depth of cut with 

2,82%, workpiece hardness with 0,02%, feed rate with 0,40%, and insert with 

0,83%. According to surface plots, as the cutting speed increases, the Itotal increases 

linearly. It is generally seen that Itotal increases while feed rate and depth of cut 

levels rise. The slope of the surface plots shows that Itotal increases when the 

hardness level rise. In addition, ceramic and CBN inserts perform better than 

carbide inserts as they produce lower Itotal during turning. Optimization plot 

generated the minimum Itotal of 4,83 A when hardness of 30 HRC, cutting speed of 

180 m/min, feed rate of 0,03 mm/rev, depth of cut of 0,08 mm, and ceramic insert 

use. 

From this investigation, it is seen that the developed mathematical model to 

find Ra estimates in a range of 0,09-32,59% error. Although the cutting speed has 

an important effect on the surface roughness value, it has been determined that 

insert contributes more to the surface roughness of the workpiece in the working 

range of this thesis. ANOVA results established that insert is the dominating factor 

with a contribution of 51,52% to minimize Surface roughness. It was followed by 

hardness with 13,59%, feed rate with 1,86%, depth of cut with 0,47%, and cutting 

speed with 0,18%. It is apparent from surface plots that there is a considerable 

amount of increase in surface roughness with an increase in the feed rate, whilst the 

depth of cut has a rather changeable influence. Also, with the increase in cutting 

speed and hardness, the Surface roughness decreases. In addition, CBN inserts 

perform better than carbide and ceramic inserts as they produce lower surface 

roughness during turning. The optimization plot revealed the minimum Ra of 0,37 
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μm when the hardness of 40 HRC, cutting speed of 180 m/min, feed rate of 0,03 

mm/rev, depth of cut of 0,08 mm, and CBN insert use. 

Present results showed that the developed mathematical models to find Fx, 

Fy, and Fz estimated with a maximum 11,33%, 13,32%, and 4,00% error, 

respectively. One of the main goals of this study is to minimize Fx, Fy, and Fz. The 

ANOVA results found that the most important factor affecting Fx and Fy was feed 

rate. Furthermore, the most effective factor on Fz is the depth of cut. According to 

surface plots, Fx increased with rising cutting speed, feed rate, depth of cut, and 

hardness levels. The lowest Fx is formed when the ceramic insert is used. Fy 

increased almost linearly with the feed and depth of cut. But it showed different 

behavior with cutting speed. Cutting speed on Fy has negligible effect. Also, the 

lowest Fy is formed when the ceramic insert is used. Fz increased with the depth of 

feeding and cutting, but almost did not change with the increase in cutting speed. 

Generally, Fz increases as workpiece hardness increases. Besides, the lowest Fz is 

generated when the carbide insert is used. Optimization plot for Fx generated the 

minimum force of 9,51 N when hardness of 30 HRC, cutting speed of 180 m/min, 

feed rate of 0,03 mm/rev, depth of cut of 0,08 mm, and ceramic insert use. 

Optimization plot for Fy generated the minimum force of 15,72 N when hardness 

of 35 HRC, cutting speed of 220 m/min, feed rate of 0,03 mm/rev, depth of cut of 

0,08 mm, and ceramic insert uses. Optimization plot for Fz generated the minimum 

force of 29,25 N when hardness of 30 HRC, cutting speed of 180 m/min, feed rate 

of 0,03 mm/rev, depth of cut of 0,08 mm, and carbide insert uses. 

The 3D FEM simulation of Fx, Fy, and Fz forces was carried out with the 

Johnson-Cook constitutive model using ABAQUS/Explicit software. When 

experimental and simulated results of cylindrical bars compare, it is determined 

that maximum error for Fx, Fy, and Fz is 20%, 11%, and 5%, respectively. 

According to experimental works on cylindrical tubes, it is determined that 

maximum error for Fy and Fz is found 10% and 17%, respectively.  
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Table 5.1. Confirmation test results for Fx, Fy, Fz, Ra, Itotal, Stotal and Ptotal 

Responses 
Results 

Experimental/ 
Calculated Predicted Error (%) 

P t
ot

al
 (W

) A1 B1 C1 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

3352,74 
4766,15 
3845,79 
3865,51 

3178,60 
4602,46 
3934,40 
4032,17 

5,19 
3,43 
2,30 
4,31 

Fx
 (N

) A1 B1 C1 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

10,78 
61,91 
36,07 
58,35 

9,51 
66,61 
35,75 
54,28 

11,78 
7,59 
0,89 
6,98 

Fy
 (N

) A1 B2 C2 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

13,47 
63,19 
32,89 
52,03 

15,72 
74,07 
30,40 
50,24 

16,70 
17,22 
7,57 
3,44 

Fz
 (N

) A2 B1 C1 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

26,11 
52,80 
35,07 
47,55 

29,25 
56,02 
36,78 
46,31 

12,03 
6,10 
4,88 
2,61 

R
a 

(μ
m

) A3 B3 C1 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

0,34 
0,69 
0,92 
0,90 

0,37 
0,68 
0,90 
0,85 

8,82 
1,45 
2,17 
5,56 

S t
ot

al
 (d

B
) A2 B1 C1 D2 E1 (optimum) 

A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

74,10 
87,50 
83,80 
82,90 

77,48 
88,17 
84,90 
83,83 

4,56 
0,77 
1,31 
1,12 

I to
ta

l (
A

) A1 B1 C1 D1 E1 (optimum) 
A2 B1 C3 D3 E3 (random1) 
A1 B2 C2 D3 E1 (random2) 
A1 B2 C2 D3 E2 (random3) 

5,10 
7,25 
5,85 
5,88 

4,83 
6,99 
5,98 
6,13 

5,29 
3,59 
2,22 
4,25 

 
As a result of Taguchi optimization, the set of parameters that gives the 

optimum Fx, Fy, Fz, Ra, Itotal, Stotal and Ptotal can sometimes be any of the existing 
tests or be an experiment outside the tests. A smaller is better characteristic was 
selected as SN ratio in Taguchi optimization. The confirmation tests were 
performed using optimum and random machining parameters to validate the 
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mathematical models. Optimum machining parameters were read from the SN 
ratios. The confirmation tests are presented in Table 5.1. Experimental/calculated 
results were compared with the results predicted by mathematical models. Errors 
between the experimental/calculated and the predicted  results for Ptotal, Fx, Fy, Fz, 
Ra, Stotal, and Itotal were found in the range of 2,30-5,19%; 0,89-11,78%; 3,44-
17,72%; 2,61-12,03%; 1,45-8,82%; 0,77-4,56%; and 2,22-5,29%, respectively. 
Accordingly, it can be stated that the developed mathematical models confirm the 
relationship between the input and output parameters. As a result, these 
mathematical models developed have been found to be usable in industry. 

 

5.2. Recommendations for Future Studies 
 This work presents the modeling of Fx, Fy, Fz, Ra, Itotal, Stotal, and Ptotal for 
the turning operation of AISI 4340 alloy steel with different hardness. Effects of 
the hardness of workpiece, insert material, cutting speed, feed rate, and depth of cut 
parameters on Fx, Fy, Fz, Ra, Itotal, Stotal, and Ptotal in the turning process are 
investigated. In conventional cutting theory, the main cutting force (tangential 
force) is the largest of the three-component forces (Fx, Fy, Fz). However, this 
relationship is different in this study. It was observed that the radial force 
component was larger than the tangential force during turning. Therefore, this 
situation can be investigated in more detail. Additionally, the effects of machining 
parameters such as insert geometry, insert coatings, coolants, cryogenic treatment 
of materials, etc. on Fx, Fy, Fz, Ra, Itotal, Stotal, and Ptotal could be studied. Further, 
the effects of machining parameters on Material Removal Rate (MRR), Specific 
Cutting Energy (SCE), tool wear, tool life, and machining time can be analyzed. 
This work can be extended to comprise advanced materials like titanium alloys, 
powder metallurgy materials, and composites materials. Except for the above-
mentioned cases, the results can also be investigated using other optimization 
techniques like Artificial Neural Networks (ANN), Full Factorial Design (FFD), 
Particle Swarm Optimization (PSO), and Genetic Algorithm (GA). 
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A.1. Calibration Certifications for Kistler Turning Dynamometer 

 
Figure A.1.1. 3-Component system for measuring cutting forces up to 8 kN during 

turning 
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Figure A.1.2. Multi-component dynamometer with top Plate 90x105 mm up to 10 

kN 
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Figure A.1.3. Multi-channel charge amplifier for multi-component force 

measurement 
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A.2. Properties of Kistler Turning Dynamometer 

 
Figure A.2.1. 3-Component system for measuring cutting forces up to 8 kN during 

turning 
 

 
Figure A.2.2. Multi-component dynamometer with top plate 90x105 mm up to 10 

kN 
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Figure A.2.3. Multi-channel charge amplifier for multi-component force 

measurement 
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Figure A.2.4. Dynoware Type 2825A 
 

 
Figure A.2.5. Cables, high insulation, temperature range -5…70 oC 
 

 
Figure A.2.6. Cables, low-resistance 
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Figure A.2.7. Distributing box, fischer 9-pole neg.-8xBNC neg 
 

 
Figure A.2.8. Data acquisition card 
 

 
Figure A.2.9. Data acquisition box 
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Figure A.2.10. Cutting force measurement during turning 
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A.3. Published Articles 

 
Figure A.3.1. Article titled ''Experimental and Numerical Investigation of Cutting 

Forces During Turning of Cylindrical AISI 4340 Steel Specimens'' 
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Figure A.3.2. Article titled ''Real 3D Turning Simulation of Materials with 

Cylindrical Shapes Using ABAQUS/Explicit'' 


