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1. Abstract 

In present scenario, Die and mould making industries have major challenging task to improve 

quality with minimum production time. D-grade high carbon and high chromium AISI D2 tool 

steel is highly used in the manufacture of rolling die, deep drawing die and various cold forming 

dies due to excellent wear characteristics and deep hardening. AISI D2 tool steel has been used 

as work material for the current experimentation purpose. Machining of hardened tool steel is 

challenging task due to extreme hardness, high temperature and tool wear. Numerous studies 

have been done on different coated tools such as CrN, TiN, AlCrN, AlTiN etc. AlCrN coated 

tool has higher hot-hardness and superior oxidation resistance. The present work gives the details 

of experimental investigation on AISI D2 tool steel using AlCrN coated end mill tool. 

The main objective of the present research work is to investigate the effects of the various end 

milling process parameters on the output responses like cutting force and surface roughness. The 

working ranges and levels of the milling process parameters have been found using one variable 

at a time (OVAT) approach. The response surface methodology (RSM) has been used to develop 

the empirical models for response characteristics. In present research work, quadratic model has 

been suggested for all responses. ANOVA test has been carried out for checking adaptability of 

models. Cutting speed and width of cut have been identified as significant parameters for the 

prediction of cutting force. For prediction of surface roughness, feed rate, axial depth of cut and 

cutting speed have been identified as significant parameters. It has been found that feed rate exerts 

maximum effect in reduction of surface roughness followed by depth of cut and cutting speed. 

The response surface methodology has also been utilized to optimise the various process 

parameters during machining of AISI D2 tool steel using AlCrN coated end mill tool. The 

influence of different process parameters namely cutting speed, feed, depth of cut and width of 

cut have been investigated to evaluate the effect of process parameters on cutting force (CF) and 

surface roughness (SR). In order to get minimum cutting force, the process parameters have been 

predicted with following values: 101.24 m/min, feed 100.65 mm/min, 0.92 mm depth of cut and 2.5 

mm width of cut. The minimum surface roughness can be achieved by 142.44 m/min cutting speed, 

253.66 mm/min feed, 0.28 mm depth of cut and 5.41 mm width of cut. Optimization of machining 

parameters is carried out using Genetic Algorithm (GA) to obtain best surface quality and 

minimum cutting force. Minimum cutting force has been achieved by the predicted values of 

parameters as 102.580 m/min cutting speed, 100.46 mm/min feed , 0.95 mm depth of cut and 



4 

 

2.2mm width of cut. The minimum surface roughness has been achieved by 145 m/min cutting 

speed, 269 mm/min feed, 0.1 mm depth of cut and 5.724 mm width of cut. The predicted results 

from optimization methods have been compared with experimental results and it has exhibited 

close correlations. 

2. State of the Art of the Research Topic 

Milling is most widely used metal removal processes in die, aerospace and machinery design as 

well as manufacturing units. CNC milling system produces the die faster, more accurately and 

serves as an alternative to EDM in moulds, dies and automobile industries. It gives better result 

in significantly reduce manufacturing time and cost compared to the existing production 

processes [1]. Traditional methods are most accepted methods for machining of hard steel and 

they are very good alternatives of grinding and EDM process [2]. The requirements of hard and 

dry cutting have been constantly improving die quality and effectiveness. A hard and dry cutting 

is essentially recognized as aggressive processes which require optimum cutting input 

parameters with proper cutting tools [3]. A large number of studies related to the machining of 

hardened steels mainly deals with the manufacturing of wide range of moulds and dies. Hard 

machining is becoming increasingly important for hard material in terms of cost reduction, 

productivity and surface quality [4]. Due to higher strength of hardened steel, milling of hard 

material is a challenging task as die and mould manufacturing industries have high tool wear rate 

[5]. Hard machining technique is successfully applied to making die and mould making 

industries with advanced cutting tools and its coatings [6]. Coating can effectively improve life 

of cutting tool in hard milling. Coating enhances lubricity of tool and oxidation resistance, 

reduces the temperature variation in the tool, protect the tool against diffusion wear and 

rendering it less susceptible to crack [7]. Coated tools with nitride coatings with high aluminium 

content (like AlTiN and AlCrN) can perform better than aluminum-free nitride coated tools (like 

TiN and CrN). It exhibits wear protection at high temperatures due to their oxidation resistance, 

higher hot hardness and lower thermal conductivity [8]. Performance of various cutting 

conditions during milling of tool steel has been investigated and found that higher tool life can be 

achieved in dry condition compared to the use of cutting fluid [5]. 

AISI D2 tool steel is one of the most useful hardened steel materials in dies and moulds 

manufacturing industries. AISI D2 tool steel is D-grade tool steel material. AISI D2 tool steel 

has high carbon, high chromium steel and dimensionally stable with good toughness. It can be 
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used as punching tools, dies, shear blades, thread rolling tools, cold extrusion, small moulds for 

plastic industry and pressing tools. AISI D2 tool steel is preheated slowly up to 750°C to 780°C 

and soaked at this temperature. After that, tool steel component is heated to the final hardening 

temperature of 1000°C to 1030°C and allow the component to equalise. Quenching process is 

done by oil to obtain required hardness. Hardening process is followed by tempering process at 

980°C. Generally double tempering process is done in case of D2 steel at approximately 15°C 

below the first tempering [9]. Tool life model of hardened AISI D2 tool steel material has been 

developed using 4 fluted TiAlN coated end mill tool. It has been observed that cutting speed has 

more influence on tool life [1]. Heat flow during end milling of AISI H13 and AISI D2 steels has 

been studied using (TiAl)N tipped with PCBN ball nose end mills [10]. Finite element model has 

been prepared to study chip removal process during machining of AISI D2 tool steel and AISI 

H13 tool steel using CBN tool [9]. Influence of cutting speed, feed rate and radial depth of cut 

have been investigated for the temperature, surface roughness and cutting force during milling of 

AISI D2 steel by coated tungsten carbide inserts using response surface methodology (RSM) 

[11]. Tool wear mechanism has been analysed during milling of AISI D2 tool steel using 

indexable insert ball nose end mills employing carbide and cermet tools and solid carbide ball 

nose end mills [12]. Mathematical relationship between the tool life and the machining variables 

have been developed during end milling of AlSI D2 tool steel using the experimental results 

obtained through use of the concept of RSM CCD method. Down milling method has been 

employed to obtain the advantageous outcomes such as better surface finish, less heat generation, 

more tool life, better geometrical accuracy and useful compressive stresses for carbide edges 

[13]. FE model has been utilised to predict the influences of cutting speed and depth of cut on 

residual stress produced within a workpiece, cutting tool edge temperature and shear angle 

during machining of hardened AISI D2 tool steel using CBN tool [14]. Empirical model has been 

developed for determining the performance during high speed end milling of AISI D2 tool steel 

using TiAlN coated end mill tool [15]. The effects of input cutting parameters like cutting speed, 

feed rate and radial depth of cut have been analysed to measure output responses like tool life 

and surface roughness. Intensity of chatter, chip formation instability, tool wear, metal removal 

capacity of the tool and surface roughness of the machine parts have been investigated during 

end milling of AISI D2 tool steel using brazed circular polycrystalline cubic boron nitride 

(PCBN) inserts [16].  
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Numbers of coated tools have been used for machining of hard material. Many researchers have 

investigated on performance of AlCrN coated tool during machining of various materials. 

Performance of various modern coatings have been investigated on tool life during machining of 

medium carbon steel [17] and during machining of SAE 4140 steel by using PVD coated 

aluminum chromium nitride (AlCrN) tool [18]. Performance of AlCrN coated tool inserts has 

been compared with that of TiN coated ones. Approximately 33% more depth of cut has been 

achieved and attained higher cutting speed due to better thermal resistance of the AlCrN coated 

inserts. The influence of the AlCrN and AlTiN coatings have been investigated on wear 

mechanism and tool life during machining of AISI 316 stainless steel using carbide end mills. 

Excellent oxidation resistance of both AlTiN and AlCrN coated tools have been observed during 

machining of AISI 316 stainless steel [8]. Impact of Al and Cr alloying in TiN-based PVD 

coatings have been analysed on cutting performance during machining of AISI H13 tool steel (50 

HRC). It has been found that physical properties like hot hardness and oxidation stability ats high 

temperatures are improved with increase in content of Cr alloy [19]. Comprehensive study of the 

mechanical properties of TiAlN and AlCrN coated cutting tools have been investigated during 

end milling of the structural AISI 1040 steel at room and elevated temperatures. It has been 

found that micro hardness of TiAlN coating is dropped whereas micro hardness of AlCrN 

coating remains stable with rising temperature. Also Scratch crack propagation resistance of 

AlCrN coating has been increased whereas Scratch crack propagation resistance of TiAlN 

coating has been dropped with rising temperature [20]. Ti-based PVD hard coating has been 

compared with a Ti-free AlCrN-coating during milling of medium carbon steel AISI 1045 [17]. 

More improvement in machining application has been achieved with high aluminum content 

AlCrN coating due to excellent oxidation and wear behaviour. 

It is important to choose the best machining parameters for achieving optimum performance 

characteristics for hard machining. Response Surface Methodology (RSM) is a collection of 

mathematical and statistical techniques for determining the relationship between various input 

factors and the responses within the desired criteria. In addition, RSM is also effective tool to 

optimise input parameters and to get desired responses. Many researchers have used RSM to 

optimise input variables to obtain best output. [21-25]. Genetic algorithm is also used extensively 

for the solution of optimization problems and has been first developed by Holland in the 1970s. 
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These algorithms are based on the biological evolution process. Many authors have used GA as 

an optimization tool [26-31]. 

A limited amount of research work has been found on machining of hardened AISI D2 tool 

steel using AlCrN coated end mill tool. In this research work, mathematical models of output 

responses have been developed by response surface methodology (RSM) during machining of 

AISI D2 tool steel. ANOVA has been used to evaluate relationship between output response and 

input machining parameters. RSM and Genetic algorithm have been used to optimise the input 

machining parameters to obtain best output responses. 

3. Motivation for problem definition: 

The present work has been undertaken to fulfill the following requirements:  

o Cutting conditions such as cutting speed, feed, depth of cut and width of cut should be 

evaluated to optimise the economics of productivity, total manufacturing cost, cutting 

tool life and surface quality. 

o Due to higher machining cost and time during machining of hard materials with non 

conventional machining process, traditional machining process has been forced to 

perform them efficiently. 

o Various hardened tool steel materials are used as workpiece due to higher strength and 

hardness. AISI D2 tool steel is one such D grade tool steel material which is used in 

applications of extreme loads such as mechanical press forging dies, hot work forging 

dies, extrusion, punching tools, mandrels, plastic mould and die casting dies etc. Now a 

days AlCrN coated end mill tool is mostly used for machining of hard materials due to 

low cost, high wear resistance and high oxidation resistance. So the investigation of 

optimal machining parameters for AISI D2 tool steel is thus very essential. 

o Predicted optimal solutions may not be achieved practically using optimal setting of 

machining parameters suggested by any optimization technique. So, all the predicted 

optimal solutions should be verified experimentally using suggested combination of 

machining parameters.  

4. Objectives and Scope of Work 

Considering review of research work and problem definition, the key focus of this research 

work is optimization of input process parameters during machining of hard materials. The 
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selection of process parameters is more important in this research work. The following are 

the objectives of this research work to achieve better output results. 

� To investigate cutting force during milling of D2 tool steel 

� To improve surface finish during milling of D2 tool steel using AlCrN coated tool  

� To develop a Mathematical model to predict output responses using response surface 

methodology (RSM) 

� To optimise the process parameters of milling process using response surface 

methodology (RSM)  

� To optimise the process parameters of milling process using Genetic Algorithm (GA)  

� To validate results obtained by RSM and GA by conducting confirmation experiments  

Milling process is used to create various shapes on Vertical milling machine using cutting tool. 

Machining of hard material (AISI D2 tool steel) is done using hard coated end mill tool in dry 

condition. CNC milling system produces the die faster, more accurate and serve as an alternative 

to EDM in moulds, dies and automobile industries. It can give better result in significantly lower 

manufacturing times and costs compared to existing production processes. 

Manufacturers of various components which are made from tool steel material like AISI D2 

tool steel can get complete details of effect of various cutting conditions on cutting force and 

surface roughness. This research work can be directly useful to die and mould making industries 

to decide various process parameters with respect to surface roughness and cutting force. From 

this work, output responses like cutting force and surface roughness can be predicted before 

machining process. Optimum cutting conditions can be obtained based on their requirement of 

response characteristics of AISI D grade tool steel. The obtained results can be used for their 

application in manufacturing industry.  

5. Original Contribution by The Thesis 

This research gives a clear idea about end milling process of hard materials with detailed 

evaluation and analysis of cutting force during machining process and surface roughness of 

machined component. Here, machining of D grade AISI D2 tool steel material has been 

performed on vertical milling machine (VMC) with AlCrN coated end mil tool and measurement 

of cutting force and surface roughness have been carried out systematically. The effect of 

machining process parameters on output responses have been studied in this work. In addition, 

mathematical model in terms of regression has been developed for cutting force and surface 
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The hardness of 59 HRC of the workpiece has been achieved by hardening (with oil quenching) 

at 970°C followed by 2 hours tempering at 710°C. Machining has been done on 40x80x16mm 

D2 tool steel. A standard Walter make AlCrN coated flat end mill tool with four flutes, 10 mm 

diameter and 45 degree helix angle has been shown in figure-2. It has been used for machining 

purpose. 

 

Figure-2 AlCrN coated end mill tool 

The pilot experiments have been conducted by varying one process parameter while others 

parameters have been kept constant. Accordingly, experiments of all four input parameters have 

been conducted with measurement of output responses such as cutting force and surface 

roughness in order to get clear idea to choose proper ranges of parameters. After Pilot 

experiments, input parameters ranges have been finalised for design of experiment and it has 

been given in table 2.  

Table 2 Factors and selected level of input parameters in milling 

Factors Unit Lowest Low Centre High Highest 

Cutting Speed (A) m/min 50 87.5 125 162.5 200 

Feed   (B) mm/min 50 237.5 425 612.5 800 

Depth of cut  (C) mm 0.1 0.325 0.55 0.775 1 

Width of cut  (D) mm 2 4 6 8 10 
 

 

To carry out experimentation a tool dynamometer (9272, Kistler make) has been mounted on the 

machine table to measure the cutting force signals during machining as shown in figure 3.  
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Figure-3 Experimental setup 

The signals have been amplified through a charge amplifier and analog signals are converted 

using A/D acquisition card (PCI-6-23E, NI) and stored in a computer [32]. Lab VIEW software 

has been employed for cutting force data acquisition. Mitutoyo Surftest SJ 410 has been used to 

measured surface roughness. It has wide range and high-resolution detector (resolution 0.01µm).  

RSM is a collection of mathematical and statistical techniques that is useful for the 

approximation and optimization of stochastic models. It delivers more information with fewer 

numbers of investigations [33]. It is an investigation strategy for exploring the limits of the input 

parameters and experiential statistical model for the measured response, by analysing the 

relationship between the response and input process parameters. The general form of a quadratic 

polynomial which gives the relation between response surface y and the process variable x under 

investigation is given by equation-1, 

 

y = β� +� β�x� +
	
�
� � β��x�

� + � β�x�x + e��
	
�
�     ---------------------   (1) 

 

where y is predicted responses; βi , βii and βij are the coefficient for linear, quadratic and 

interaction term respectively; k is number of variables and e is the random error [34]. 

Total thirty experiments have been conducted based on RSM CCD approach to investigate the 

effects of four milling process parameters namely cutting speed (C.S.), feed (f), depth of cut 

(DOC) and width of cut (WOC) for axial cutting force (Fz) and surface roughness (Ra) as shown 

in Table 3. 
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Table 3 Design matrix of experiments based on RSM-CCD method 

Run 
Order 

C.S. (A) 
m/min 

Feed (B) 
mm/min 

DOC 
(C) mm 

WOC  

(D) mm 
Normal Force 

Fx (N) 
Feed Force 

Fy (N) 
Axial Force 

Fz (N) 

Surface  

Roughness 

(Ra) µm 

1 125 425 1 6 21.784 21.972 688.493 0.51 

2 87.5 612.5 0.775 4 21.784 21.972 892.151 0.72 

3 162.5 612.5 0.325 8 21.784 21.972 450 0.32 

4 162.5 612.5 0.325 4 6.519 21.972 400 0.25 

5 87.5 612.5 0.325 4 21.784 21.972 632.709 0.49 

6 87.5 237.5 0.775 8 21.784 21.972 876.89 0.39 

7 125 425 0.55 6 37.152 21.900 557.006 0.26 

8 87.5 612.5 0.775 8 6.519 37.231 1352 0.77 

9 125 50 0.55 6 21.784 21.972 449.574 0.19 

10 125 425 0.55 6 36.998 22.102 555.993 0.26 

11 50 425 0.55 6 21.784 37.231 1098 0.68 

12 125 425 0.55 6 37.112 21.889 556.216 0.25 

13 162.5 237.5 0.775 4 21.784 37.231 346.874 0.29 

14 125 425 0.55 6 37.099 21.823 556.901 0.26 

15 87.5 612.5 0.325 8 21.784 21.972 1103 0.57 

16 125 425 0.55 10 37.048 21.972 934 0.63 

17 87.5 237.5 0.775 4 21.784 37.231 547 0.38 

18 162.5 237.5 0.325 4 21.784 21.972 434.313 0.18 

19 162.5 237.5 0.325 8 21.784 21.972 510.619 0.2 

20 125 425 0.55 6 37.048 21.972 556.403 0.26 

21 125 425 0.55 2 21.784 21.972 495.358 0.63 

22 162.5 612.5 0.775 8 37.048 37.231 785.322 0.61 

23 87.5 237.5 0.325 8 21.784 21.972 937.935 0.31 

24 162.5 237.5 0.775 8 21.784 21.972 612.709 0.37 

25 125 425 0.1 6 21.784 21.972 369 0.20 

26 200 425 0.55 6 21.784 52.490 571.664 0.51 

27 125 425 0.55 6 37.111 22.001 555.982 0.26 

28 87.5 237.5 0.325 4 37.048 21.972 521.142 0.25 

29 125 800 0.55 6 21.784 21.972 693.755 0.62 

30 162.5 612.5 0.775 4 21.784 21.972 573 0.59 
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6.2 Results 

6.2.1 Cutting force 

Cutting forces is very important response in manufacturing process because it leads to an 

efficient machining process through the proper selection of operating parameters, machine tools, 

fixtures, and tools [35]. Furthermore, cutting force monitoring is frequently used to detect tool 

wear and breakage. Three cutting forces (namely Fx, Fy and Fz) exist during milling by 

engagement of the cutting teeth with workpiece. From Table 3, the axial force (Fz) has been used 

for further analysis due to significantly high magnitude compared to other two cutting forces 

(normal force and feed force).  

6.2.1.1 Effect of cutting parameters on cutting forces 

Figure 4 a-d show relationship between input parameters with cutting force respectively. From 

the graphs, it has been observed that cutting force Fz increases with increase in all the input 

machining parameters except cutting speed. 

Form figure 4(a) it can be seen that increase in cutting speed from 87.5 m/min to 162.5 m/min leads 

to reduction in cutting force due to the thermal effect. Due to increase in temperature, hardness of 

material is reduced and facilitates plastic deformation easily. Lower cutting forces have been 

observed at higher cutting speed because more heat is generated in the shear zone which is 

sufficient for easy plastic deformation and subsequent shearing of workpiece material. From 

figure 4(b), it has been observed that the cutting force is increased with increase in feed rate. The 
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    Figure 4 Response graph for cutting force effect of cutting speed, feed, depth of cut and width 

of cut  

reason behind that is more material per tooth per revolution is removed by increasing the feed 

rate. As a consequence, more energy is required, which causes an increase in cutting forces. Also 

by increasing the value of feed rate, more resistance is exhibited against cutting tool and resulted 

in increased friction between workpiece and tool which leads to increased cutting force. Figure 

4(c) shows that cutting force increases with higher axial depth cut. Contact area is increased 

between tool and workpiece by increasing axial depth of cut which has been resulted in increased 

cutting force. From figure 4-d, it has been seen that the increase in radial depth of cut leads to 

increase in contact area between tool and workpiece and cutting forces become larger. The 

cutting force increases with increase in width of cut in similar way. 

6.2.1.2 ANOVA for cutting force 

With the aid of Design expert software, ANOVA method has been applied to find out significant 

parameters. The ‘lack of fit’ test has compared the residual error to the pure error from the 

replicated design points. Another test of ‘model summary statistics has further confirmed that the 

quadratic model is better as it exhibits low standard deviation and high ‘‘R-Squared’’ values 

[36]. Cutting force model has been obtained with help of ANOVA. It has been found that cutting 

speed, width of cut, feed and depth of cut are significant contributors to cutting force Fz. The 

pooled version of ANOVA for cutting force has indicated that the cutting speed (A), feed (B), 
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depth of cut (C), width of cut (D), the interaction terms (AB, AD, BC) and the quadratic terms 

(A
2
, D

2
) are identified as a significant parameters affecting cutting force. By considering only 

significant terms, the value of R
2
 = 97.5% has been obtained by the model. Cutting force Fz has 

been obtained after removing the insignificant factors which is shown in equation (2). 

Final Equation for cutting force in Terms of Coded Factors: 

Cutting Force = + 556.42 - 316.89 *A + 157.42* B + 136.27 *C + 263.21* D - 198.27 * A* B + 

12.43 * A* C - 268.09*A*D + 259.33*B * C + 25.91*B*D + 63.63*C*D + 294.08*A2 + 30.91 * 

B2 -12.00*C2 + 173.93*D2           ----------------------------------- (2) 

6.2.1.3 Optimization of machining parameters for cutting force using RSM 

Response surface methodology is used as an optimization method. Optimised milling input 

parameters have been found out to minimize cutting force. It is concluded from contour plots that 

minimum value of cutting force can be achieved by opting different input cutting parameters like 

cutting speed, feed, depth of cut and width of cut as shown in figure 5. 

As the contour plot shows, an optimum value of 259.17 N can be achieved by setting cutting 

speed to 101.24 m/min, feed rate to 100.65 mm/min, depth of cut to 0.92 mm and width of cut to 

2.49 mm. 
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Figure 5 Contour graphs for cutting force showing effect of input parameters 

6.2.2 Surface Roughness 

After machining process, surface roughness has been measured using Surftest SJ 410 and 

presented in table-3. Different graphs which indicate correlation between surface roughness Vs 

input variables have been generated as shown in figure 6 a-d.  

6.2.2.1 Effects of machining parameters on surface roughness 

From figure 6 (a), it can be seen that increase in cutting speed from 87.5 to 125 m/min leads to 

reduction in surface roughness. The surface roughness is reduced due to reduction of the cutting 

force. From previous research works, surface roughness and cutting force have a strong positive 

correlation well. Surface roughness has been reduced with increase in the cutting speed (from 



17 

 

125 to 162.5 m/min) because of thermal softening of work material and related reduction in 

cutting force. In general the contact area between the workpiece and cutting tool has been 

increased by increasing feed rate (figure 6 (b)). More feed rate has been resulted in higher thrust 

force and vibration which has produced poor surface finish. More heat is generated at contact 

area between workpiece and cutting tool due to higher thrust force by increasing depth of cut. It 

has been presented by figure 6 (c) that by increase in depth of cut, surface roughness has been 

reduced. It has been observed that by increasing the width of cut from 4 to 6 mm surface 

roughness reduces but surface roughness increases with increase in width of cut from 6 to 8 mm. 

Lower surface roughness has been observed near 6 mm as shown in figure 6 (d). 

 

 

Figure 6 Response graph of surface roughness effect of cutting speed, feed, depth of cut and 

width of cut 
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6.2.2.2 ANOVA for surface roughness 

After analyses with ANOVA, surface roughness model has been obtained. It has been observed 

that feed rate is significant parameters for surface roughness followed by the depth of cut, cutting 

speed and width of cut respectively. The pooled version of ANOVA for surface roughness 

indicates that the cutting speed (A), feed (B), depth of cut (C), width of cut (D), the interaction 

terms (AB, BC) and the quadratic terms (A
2
, B

2
, D

2
) are significant parameters affecting surface 

roughness. By considering only significant terms, the value of R
2
 = 95.8 % has been obtained by 

the model. Surface roughness model has been obtained after removing the insignificant factors 

which is shown in equation (3). 

Final equation for surface roughness in terms of coded factors: 

Surface Roughness = + 0.26 - 0.12* A + 0.23 * B + 0.18 *C + 0.033* D - 0.12* A* B + 0.068 

*A*C - 2.50 E-003*A*D + 0.14*B*C + 0.012*B*D - 0.017* C* D  + 0.28*A2 + 0.095*B2 + 

0.045*C2+ 0.32*D2                                            ------------------------------------------------------------(3) 

6.2.2.3 Optimization of machining parameters for surface roughness using RSM 

The optimum machining conditions for minimum surface roughness value can be found with 

specific machining parameters as shown in figure 7. 

Minimum surface roughness has been obtained by the predicted values of parameters: 142.44 m/min 

cutting speed, 253.66 mm/min feed, 0.28 mm depth of cut and 5.41 mm width of cut using response 

surface methodology. The optimum response values of surface roughness Ra has been obtained 

0.116 µm by using RSM. 

 

Figure 7 Contour graphs for surface roughness showing effect of input parameters 
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6.2.3 Genetic algorithm 

Genetic Algorithm (GA) is a computerized search and optimization algorithm based on the 

mechanics of natural genetics and natural selection. According to the concept of survival of the 

fittest, the fittest individuals of any population have the highest probability to reproduce and 

survive to the next generation, thus improving successive generations [37].  

 

Figure 8 the architecture of parameter optimization using genetic algorithm 

The data processed by GA includes a set of strings or chromosomes with an infinite length in 

which each bit is called a gene. The architecture of parameter optimization using genetic 

algorithm is shown in figure 8. A selected number of strings are called population and the 

population at a given time is known as generation. Generations of the initial population of strings 

are randomly based since the binary alphabet offers the maximum number of schemata per bit of 

information of any coding. A binary encoding scheme is traditionally used to represent the 

chromosomes using either zeros or ones. Thereafter, the fitness value of each member is 

computed. The population is then operated by the three main operators namely, reproduction, 

crossover and mutation to create a new population. The new population is further evaluated and 

tested for determination. The current population is checked for acceptability or solution. The 

iteration is stopped after the completion of maximum number of generations or on the attainment 
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of the best results [38]. In this work, Upper and lower bounds of input parameters have been 

specified and specific parameters for GA have been set as shown in table 4. 

Table 4 Specific parameter for genetic algorithm 

Parameter Values 

Fitness parameters Cutting Force, Surface Roughness 

Population size 20 

Generation 500 

Selection operator Rank order 

Crossover operator Single point 

Crossover probability  0.8 

Mutation probability 0.1 

The objective functions have been evaluated for minimization of cutting forces and surface 

roughness value in end milling of AISI D2 tool steel. After obtaining mathematical formulation, 

these models have been transformed into a MATLAB function. These functions have been given 

as input into the GA Toolbox of MATLAB as the objective functions.  

 

Figure 9 Fitness value Vs generation graph for optimization of surface roughness 

The minimum surface roughness value which has been achieved is 0.103 µm by setting the 

cutting parameters with cutting speed 145 m/min, feed 269 mm/min, doc 0.1 mm and width of 

cut 5.724 mm using Genetic Algorithm as shown in fitness value graph for surface roughness in 

figure 9.  
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The minimum cutting force value which has been achieved is 257.156 N by Genetic Algorithm 

as shown in fitness value graph as shown in figure 10. Related input parameters are cutting speed 

102.580 m/min, feed 100.46 mm/min, doc 0.95 mm and width of cut 2.2 mm. 

 

Figure 10 Fitness value Vs generation graph for optimization of cutting force 

6.2.4 Experimental Validation of Optimization Results 

The optimum values of milling parameters obtained from RSM and GA methods have been 

discussed in the previous section. Using these values of process parameters, experiments have 

been conducted to validate the mathematical model. Milling process parameters with values of 

cutting force and surface roughness presented in table 5 and table 6 for comparison and 

validation. 

Table 5 Validation of mathematical model of cutting force 

   CS (m/min)  FEED (mm/min)  DOC (mm)  WOC (mm)  C.F. (N)  

After RSM 101.24 100.65 0.92 2.5 259.17  

After GA  102.580  100.46  0.95  2.2  257.156  

Measured value 102 100 1 2 268.487  
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Table 6 Validation of mathematical model of surface roughness 

   CS (m/min)  FEED (mm/min)  DOC (mm)  WOC (mm)  S.R. (µm)  

After RSM  142.44  253.66  0.28 5.41  0.11 

After GA  145  269  0.1  5.724  0.103  

Measured value 145 268 0.1 6 0.12 

7. Achievements with respect to objectives 

Experimental analysis has been done at various machining conditions. Cutting force and surface 

roughness have been measured and recorded for the analysis of hardened tool steel material 

(AISI D2 tool steel) for milling process. 

� Modeling of mathematical regression equations have been created using response surface 

methodology for all performance responses.  

� Optimum machining conditions such as cutting speed, feed, depth of cut and width of cut 

have been obtained based on minimum cutting force as well as surface roughness using 

response surface methodology and genetic algorithm both. 

� Predicted optimization results based on response surface methodology and Genetic 

Algorithm have been compared with different set of confirmation experiments and have 

been found to be in good reasonable agreement.  

8. Conclusion 

The effect of machining parameters like cutting speed, feed, depth of cut and width of cut on 

cutting force and surface roughness have been investigated during machining of AISI D2 tool 

steel material using AlCrN coated end mill tool in present study. From experimental analysis and 

modelling of performance measures, following conclusions have been derived: 

The quadratic models have been found suitable for cutting force and surface roughness. The pilot 

study has concluded with the following range of process parameters: cutting speed from 50 to 

200 m/min, feed from 50 to 800 mm/min, depth of cut from 0.1 to 1 mm and width of cut from 2 

to 10 mm, to carry out further investigation on CNC end milling of AISI D2 tool steel material.  

Cutting speed has maximum effect in reduction of cutting force followed by depth of cut, feed 

and width of cut. Feed rate, depth of cut and cutting speed have been identified as significant 

parameters for the prediction of surface roughness. Feed has maximum effect in reduction of 
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surface roughness followed by depth of cut, cutting speed and width of cut. The radial depth of 

cut has not found to have a significant effect on surface roughness.  

Minimum cutting force of 257.156 N has been found by Genetic Algorithm using Matlab 

software. After applying RSM methodology, cutting force of 259.17N has been found using 

design expert software. Optimised results of cutting force have been validated by experiments 

and found the cutting force of 268.487 N using cutting speed 102 m/min, feed 100 mm/min, 

depth of cut 1 mm and width of cut 2 mm. Surface roughness of 0.103 µm has been found by 

Genetic Algorithm using Matlab software. After applying RSM methodology, surface roughness 

of 0.11 µm has been found using design expert software. Optimised results of surface roughness 

has been validated by experiments and surface roughness of 0.12 µm has been found using 

cutting speed 145 m/min, feed 268 mm/min, depth of cut 0.1 mm and width of cut 6 mm. 
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