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ABSTRACT 

This paper proposes an extensive experimental and micro structural analysis to study the effect of cryogenic 
treatment at different temperatures i.e., shallow cryogenic treatment (SCT) i.e., at -110 oC, medium cryogenic treatment 
(MCT) i.e., at -150 oC and deep cryogenic treatment (DCT) i.e., at -175 oC on tungsten carbide end mill cutter on the 
machinability of P20 mold steel. A Box-Behnken design of response surface methodology (RSM) is utilised to collect data 
for the study. Cutting speed, feed rate, depth of cut and milling cutters subjected to various lowering temperatures are taken 
as important process variables which are a function of performance measures viz. tool wear rate (TWR), material removal 
rate (MRR). The results showed that cryogenic treatment, cutting speed, feed, and depth of cut exhibits considerable effect 
on performance measures. Meanwhile, to relate the process variables with the performance measures, regression analysis is 
conducted. Finally, to obtain the Pareto optimal solution, a non-dominated sorting genetic algorithm (NSGA-II) is 
proposed. The proposed model can be utilised to select the optimal process parameters to achieve the best machining 
condition for CNC milling process to enhance the productivity of the process. 
 
Keywords: cryogenic treatment, tungsten carbide tools, RSM, NSGA-II, SEM analysis. 
 
INTRODUCTION 

In the past decade, attention has been paid to the 
effect of low-temperature treatment on the performance of 
tools. Cryogenic treatment is an economical, one-time, 
permanent treatment affecting the complete specimen. It is 
additional process other than the conventional heat 
treatments in which the cutting tool is slowly cooled to 
cryogenic temperature and maintains at the temperature 
for long time and again bring back to room temperature 
slowly. The outstanding effects of the cryogenic treatment 
incorporate changes in the mechanical properties and the 
microstructure of materials. For steels, the subzero 
treatment at temperatures of approximately -80oC 
transforms the retained austenite left by the heat treatment 
process to martensite. Deep cryogenic treatment (DCT) at 
temperatures around −185oC further enhances the material 
properties. Depending on the alloy composition of the 
metals and the pre-hardening cycles, the benefits attained 
are increased strength, greater dimensional stability or 
micro-structural stability, improved wear resistance, and 
relief of residual stress (Gill et al., 2011, Singh et al., 
2011, Yan and Li, 2013, Padgornik et al., 2016, Yang et 

al., 2016). The general practice identifies -60 to -80oC as 
the most favourable temperature for the cold treatment 
according to the material and quenching parameters to 
improve surface hardness and thermal stability. The 
cryogenic treatment in the range of -110 to -196oC 
improves certain properties beyond the improvement 
obtained by the normal cold treatment (Dieringa 2017, 
Sobotova et al., 2016, Li et al. 2016, Xie et al. 2015, 
Chopra and Sargade 2015, Perez and Belzunce, 2014, Li et 

al. 2013). The details for effectively conducting each step 
of the cryogenic treatment have yet to be determined. 

In the last decade, few researchers have attempted 
to incorporate cryogenic cooling during machining by 
using liquid nitrogen as coolant on to the machining zone 
(Wang, Liu, Shu, 2017; Sartori, Moro, Ghiotti, Bruschi, 
2016; Giasin, Sobaranis, and Hodzic, 2016; Safari, Sharif, 
Izman, Jafari, and  Kurniawan, 2014; Kumar & 
Choudhury, 2008; Muammer and Yakup, 2011; Khan and 
Ahmed, 2008). However, using liquid nitrogen as a 
coolant, the brittleness of the tool is increased. Due to 
brittleness, the tool may get micro-cracks at higher cutting 
speeds and flank wear during machining (Khan and 
Ahmed, 2008). Recently, cryogenic treatment on cutting 
tools has resulted in successful application to reduce 
cutting forces, power consumption and tool wear for 
machining different materials in CNC turning process 
(Chetan, S.Ghosh, P.V.Rao, 2017; Tamizhmanii, 
Mohideen, Zaidi, and Hasan, 2015; Ozbek, Cicek, 
Gulesin, Ozbek, 2015; Reddy, Kumar, Reddy, Venkatram, 
2009a, 2009b; Aggarwal, Singh, Kumar, & Singh, 2008).  

To enhance the machining process few 
researchers have studied the effect of cryogenic treatment 
on cutting forces and tool life. Yong et al. (2007) studied 
the performance of cryogenically treated and untreated 
tungsten carbide tool inserts while machining medium 
carbon steel work material in CNC milling. The study 
revealed that crogenically  treated tungsten carbide inserts 
can enhance the tool life by 28.9–38.6% in comparison 
with untreated tool inserts. Abou-El-Hossein et al. (2007) 
studied the effect of cutting speed, feed rate, radial depth 
and axial depth of cut by developing first order and second 
order cutting force equations using RSM and predictive 
analysis was done by Minitab software. Close agreement 
has been achieved between predicted and experimental 
values. Kadirgama et al. (2008) used FEA method and 
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RSM method to find the effect of milling parameters such 
as cutting speed, feed rate and axial depth in machining of 
Hastelloy C-22HS with 90o holder to optimize the cutting 
force. Based on the ANOVA they found that feed rate is 
the most significant parameter affecting cutting force. 
Optimized cutting force equations are generated using 
RSM and simulated using FEA. Kalsi et al. (2010) studied 
the effect of cryogenic treatment on different types of steel 
and other materials. It is observed that cryogenic treatment 
of materials has significant improvement in their 
properties like wear resistance, reduced residual stresses, 
hardness, fatigue resistance, toughness, and better thermal 
conductivity. Thamizhmanii et al. (2011) analyzed the tool 
performance of cryogenically treated and untreated PVD 
inserts in the milling process on Inconel 718 material. The 
analysis revealed that cryogenic treated PVD inserts 
showed better performance in terms of tool life and flank 
wear than untreated inserts.  

A very few researchers have investigated 
experimentally and statistically on reduction of cutting 
forces in CNC end milling process. Turgut et al. (2011) 
analyzed the effect of cutting speed, feed rates and 
different cutting tool types (coated and uncoated) on 
cutting forces and surface roughness in face milling 
operation. They found that main cutting force (Fx) is 
increasing with increasing in feed rate and depth of cut 
whereas it is decreasing with increasing cutting speed. 
They also found that good surface roughness is obtained 
with increasing cutting speed for both coated and uncoated 
tools. Kumar et al. (2012) investigated on SiC particle- 
reinforced metal matrix composites using central 
composite experimental design by varying cutting speed, 
feed and depth of cut to identify the responses such as 
cutting force, tool-work interface temperature. The results 
showed that higher cutting force is required during 
machining process with increase in % volume of SiCp 
reinforcement over the matrix. Karabulut (2015) studied 
the effect of the cutting parameters while machining of 
AA7039 based metal matrix composites reinforced with 
Al2O3 on cutting force and surface roughness using neural 
networks and taguchi method. They found that material 
structure is the most significant factor on surface 
roughness and feed rate is the most dominant factor 
affecting cutting force. 

In CNC milling process, a limited number of 
studies on effect of cryogenic treatment on MRR, TWR 
have been reported until now. Some researchers have 
investigated experimentally and statistically on reduction 
of cutting forces in CNC end milling process. 
Theoretically and analytically many studies have been 
reported on predicting the cutting force. The theoretical 
and analytical methods are purely based on assumptions 
that are not in the analysis. Reliability of the calculated 
values may reduce based on these methods. These 
methods may be successfully applicable to only certain 
ranges of cutting conditions (Vardhan et al., 2016 
Campatelli and Scippa, 2012, Reddy and Rao, 2006, Li 
and Li, 2002, Yun and Cho, 2001, Zheng et al., 1996).  

The study of past literature reveals that 
advancements in experimental, technological studies have 
extensively carried out in milling process. However, 
minimal effort has been paid to analyze the effect of 
various lowering temperatures such as SCT, MCT and 
DCT on MRR, TWR in CNC milling process. It is also 
observed that little effort has been made to study the effect 
of cryogenic treatment on the micro structural changes 
occurring in the tungsten carbide tool material 
(Dhananchezian et al., 2011, Reddy et al., 2008). So to 
bridge this gap, experimental investigation and micro 
structural analysis is carried out to study the effect of 
lowering temperature of end mill cutter on MRR, TWR in 
machining of P20 steel in CNC milling process. CNC end 
milling experiments were conducted on vertical CNC 
milling machine. Tungsten carbide end milling cutters 
were cryotreated at different temperatures such as SCT, 
MCT and DCT with 36 hours soaking duration. Scanning 
Electron Microscope (SEM) analysis was conducted to 
analyze the grain changes in the micro structure of the 
SCT, MCT and DCT treated tools. ANOVA is used to find 
the significant process parameters influencing machining 
process. Regression analysis is conducted to relate the 
process variables viz. cutting speed, feed, and depth of cut 
and lowering temperature with responses such as MRR, 
TWR, surface roughness and cutting forces. 
 
EXPERIMENTAL PROCEDURE 

The experimental runs are designed according to 
Box behnken design from response surface methodology 
(RSM). By using RSM the number of experimental runs 
can be reduced to a large extent and both effects of factors 
and their possible interactions can be studied and 
predictive equations can be generated and statistically 
validated. In general, a model of second-order shown in 
the Equation (1) is employed in response surface 
methodology. 
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Where Y is the output response, Xi

’s are process 
parameters, X2i and XiXj are the square and interaction 
terms of parameters respectively. 0, i, ii and ij are the 
unknown regression coefficients and ε is the error. 

The commercially available tungsten carbide end 
mill cutter with 12mm diameter, 40mm long (ISO 
specification) with four flutes were procured as 
recommended by tool supplier for machining of P20 steel 
work piece with dimensions 200 x 200 x 12mm. The 
chemical composition of P20 steel is Carbon 0.28-0.4%, 
chromium 1.4-2%, Iron balance, manganese 0.6-1%, 
Molybdenum 0.3-0.55%, silicon 0.2-0.8%, sulphur 0.03 % 
(max).  

Three tungsten carbide end mill cutters cryogenic 
treated as shallow cryogenically treated (SCT) (i.e., at -
110 oC), medium cryogenically treated (MCT) (i.e., at -
150 oC) and Deep cryogenically treated (DCT) (i.e., at -



                                    VOL. 12, NO. 24, DECEMBER 2017                                                                                                     ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                              7264 

 

175 oC) tools with soaking duration for 36 hours were 
obtained. Cutting tools have been subjected to cryogenic 
treatment in which they were cryogenically treated in the 
indigenously developed cryogenic treatment system for 36 
hours at -110 oC, -150 oC, and -175 oC with 5 hours of 
cooling and 9 hours of warm up to room temperature. The 
details of the cryotreatment system are discussed below. 

The cryogenic treatment system incorporates 
mainly a cylindrical cryogenic treatment unit made out 
stainless steel SS304. It has a supplementary liquid 
nitrogen delivery system to deliver controlled amount of 
pressurized liquid nitrogen to the chamber to maintain the 
soaking period, rate of cooling and warm up period. The 
controlled liquid nitrogen delivery to the chamber is 
having a solenoid valve connected to a proportional 
integral derivative (PID) controller shown in Figure-1. 
 

 
 

Figure-1. Cryogenic treatment unit. 
 

The liquid nitrogen supply is regulated by the 
solenoid valve controlled by a PID controller with 
predetermined values. The temperatures of the work 
material are measured using Platinum Resistance 
Temperature Detectors (RTD). The temperature 
information of the samples read by PID over the period of 
the cryogenic treatment cycle is stored incessantly using a 
data acquisition system. Cryogenic treatment process is 
shown in Figure-2. 
 

 
 

Figure-2. Cryogenic treatment process. 
 

The main aim of the machining test is to analyze 
the effect of cryogenically treated tungsten carbide end 
mill cutter on CNC milling process. The machining 
parameters used are shown in Table-1.  
 

Table-1. Machining parameters used. 
 

Control 

parameters 

Levels 

Level 1 Level 2 
Level 

3 

Cutting speed 
(m/min) 

75 85 95 

Feed (mm/tooth) 0.1 0.15 0.2 

Axial depth of cut 
(mm) 

0.5 1 1.5 

Lowering 
temperature (oC) 

-110 -150 -175 

 

End milling experiments were performed on the 
vertical CNC milling machine at Central Institute of Tool 
Design (CITD), Hyderabad as shown in Figure-4. The 
boron based water soluble oil is used as a coolant during 
machining. 
 

 
 

Figure-3. CNC milling machine. 
 

 
 

Figure-4. Cutting tools used. 
 

The P20 steel work material and tungsten carbide 
end mill cutters used in the experiment are shown in 
Figure-3 & Figure-4.  
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Table-2. Experimental results. 
 

S. No 
A:Cutting 

speed 

mm/min 

B:feed 

mm/tooth 
C:depth of 

cut mm 

D:lowering 

temperature 
o
 C 

MRR 

mm
3
/min 

TWR 

mm
3
/min 

1 -1 0 0 -1 44325.6 46.7173 

2 0 1 0 -1 55300.4 50.63 

3 0 0 1 -1 64503.5 58.0591 

4 0 0 -1 -1 54023.3 53.2911 

5 0 -1 0 -1 47963.1 55.4008 

6 1 0 0 -1 60884.1 56.1814 

7 -1 0 0 1 58843.8 26.097 

8 0 0 1 1 80326.2 40.0844 

9 0 -1 0 1 63929.2 35.865 

10 0 1 0 1 80003.9 42.1941 

11 0 0 -1 1 65460.1 29.5359 

12 1 0 0 1 78562.2 48.5232 

13 -1 -1 0 0 48131.3 44.3038 

14 -1 0 -1 0 50403.4 45.9198 

15 -1 1 0 0 55124.5 51.4135 

16 -1 0 1 0 49612 48.5232 

17 0 0 0 0 63605.1 50.5232 

18 0 0 0 0 63605.1 50.5232 

19 0 0 0 0 68605.1 50.5232 

20 0 -1 -1 0 52403.4 36.0844 

21 0 0 0 0 63605.1 50.5232 

22 0 1 1 0 84806.9 62.0717 

23 0 1 -1 0 68219.7 58.7426 

24 0 0 0 0 63605.1 55.5232 

25 0 -1 1 0 72085.8 68.2911 

26 1 1 0 0 72085.8 64.1814 

27 1 -1 0 0 62757.1 58.962 

28 1 0 1 0 72583.3 72.346 

29 1 0 -1 0 60884.1 52.3038 

 
Twenty nine experiments were conducted based 

on Box Behnken design from RSM as shown in Table-2. 
Each experimental run is continued for 20min. and the 
time is recorded with a stopwatch. High precision 
electronic weighing machine with an accuracy of 0.001g 
was used to measure the weights of the workpiece and 
cutting tool before and after machining. The weight of 
cutting tool and work piece material before and after 
machining is noted to calculate MRR and TWR using 
Equations (2) and (3). 
 
TWR= 1000*ΔWT/(ρ*T)                                  (2) 

MRR= 1000*ΔWw/(ρ*T)                                  (3) 
 
where ΔWw= change in weight of workpiece (grams), ρ = 
density (kg/m3), T = machining time (mins) 

A similar type of calculation has been reported 
elsewhere (Mohanthy et al., 2014). 
  
RESULTS AND DISCUSSIONS 

The experimental results are shown in Table-2. 
The analysis was done on the experimental data collected 
based on Box Behnken design to establish the connection 
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of various parameters on the responses using Analysis of 
Variance (ANOVA) at a significant level of 0.05. 

From ANOVA results it was found that cutting 
speed, feed rate, depth of cut, and lowering temperature 

are the most significant parameters influencing the MRR, 
TWR. 

Table-3 shows the ANOVA table for MRR after 
removal of insignificant parameters. The parameters 
cutting speed, depth of cut, feed, cryogenic soaking  

 
Table-3. ANOVA for MRR. 

 

Source 
Sum of 

squares 
dof 

Mean 

square 
F 

Value 
p-value 

Prob > F 
 

Model 2.848E+009 8 3.561E+008 27.49 < 0.0001 significant 

A-Cutting 
speed 

8.554E+008 1 8.554E+008 66.03 < 0.0001  

B-feed 3.884E+008 1 3.884E+008 29.98 < 0.0001  

C-depth of cut 4.383E+008 1 4.383E+008 33.83 < 0.0001  

D-lowering 
temperature 

8.354E+008 1 8.354E+008 64.49 < 0.0001  

AC 3.900E+007 1 3.900E+007 3.01 0.0981  

BD 1.909E+007 1 1.909E+007 1.47 0.2390  

A2 2.181E+008 1 2.181E+008 16.84 0.0006  

C2 2.811E+007 1 2.811E+007 2.17 0.1563  

Residual 2.591E+008 20 1.295E+007    

Lack of Fit 2.391E+008 16 1.494E+007 2.99 0.1494 
not 

significant 

Pure Error 2.000E+007 4 5.000E+006    

Cor Total 3.108E+009 28     
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Table-4. ANOVA for TWR. 
 

Source 
Sum of 

squares 
dof 

Mean 

square 
F 

Value 
p-value 

Prob > F 
 

Model 2969.84 11 269.99 30.39 < 0.0001 significant 

A-Cutting 
speed 

667.87 1 667.87 75.17 < 0.0001  

B-feed 76.64 1 76.64 8.63 0.0092  

C-depth of cut 450.16 1 450.16 50.66 < 0.0001  

D-lowering 
temperature 

800.01 1 800.01 90.04 < 0.0001  

AC 76.03 1 76.03 8.56 0.0094  

AD 42.00 1 42.00 4.73 0.0441  

BC 208.48 1 208.48 23.46 0.0002  

BD 30.80 1 30.80 3.47 0.0800  

B2 36.86 1 36.86 4.15 0.0576  

C2 26.37 1 26.37 2.97 0.1031  

D2 469.53 1 469.53 52.84 < 0.0001  

Residual 151.05 17 8.89    

Lack of Fit 131.05 13 10.08 2.02 0.2609 
not 

significant 

Pure Error 20.00 4 5.00    

Cor Total 3120.88 28     

 
duration, and interaction terms cutting speed x cryogenic 
soaking duration, feed x cryogenic soaking duration are 
found to be the most significant parameters.  

The coefficient of determination (R2) and 
adjusted R2 values are 88.29% and 81.79% for MRR. It is 
observed that lack of fit is insignificant to all the output 
responses. 

Table-4 shows the ANOVA table for TWR after 
removal of insignificant parameters. The parameters 
cutting speed, depth of cut, feed, cryogenic soaking 
duration, and interaction terms cutting speed x cryogenic 
soaking duration, feed x cryogenic soaking duration are 
found to be the most significant parameters.  

The coefficient of determination (R2) and 
adjusted R2 values are 97.55% and 95.72% for TWR. It is 
observed that lack of fit is insignificant to all the output 
responses. 

Figures 5 (a), (b), & (c) shows the SEM 
micrographs of cryogenically treated tungsten carbide 
cutting tools at different temperatures. The main phases 
can be observed in the micro structure of tungsten carbides 
are α-phase (WC),  phase (Cobalt binder),  phase (TaC, 
TiC, etc.) and η phase (multiple carbide tungsten and at 
least one metal binder). Gray angular shaped grains 
represent α-phase, white grains represent  phase, dark  
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Figure-5. SEM images of tungsten carbide tool cryogenically treated at temperatures 
(a) -110 oC (b) -150 oC (c) -175 oC. 

 
gray grains represents η phase. η phase is a carbon 
deficient form of tungsten carbide that results in a harder, 
more brittle cemented carbide part. The fine η particles are 
increasing with increase in temperature as clearly observed 
in the Figure-5(c) compared to Figures 5(a) and (b). These 
fine η particles form a denser and tougher matrix in the 
material. The cryogenic treatment lowers the  phase i.e. 
cobalt binder. This results in increased thermal 
conductivity of the material. Due to the increase in thermal 
conductivity, heat dissipation capacity of tool material 
increases and tool tip temperature decreases. This causes 
the increase in tool life and reduces the tool wear and 
hence reduces the cutting force (Reddy et al., 2009). 
 

 
 

Figure-6. Surface plot for MRR with feed and 
cutting speed. 
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Figure-7. Surface plot for MRR with feed and depth 
of cut. 

 

 
 

Figure-8. Surface plot for MRR with feed and lowering 
temperature. 

 

 
 

Figure-9. Surface plot for TWR with feed and 
cutting speed. 

 

 
 

Figure-10. Surface plot for TWR with feed and depth 
of cut. 

 

 
 

Figure-11. Surface plot for TWR with feed and lowering 
temperature. 

 
Figure-6 shows the surface plot for MRR with 

cutting speed and feed. With increase in cutting speed and 
feed, MRR is increasing. This is due to the fact that with 
increase in cutting speed the heat generated in the cutting 
zone increases, due to high heat the metal gets soften and 
thus increase in MRR.  

Figure-7 shows the surface plot for MRR with 
feed and depth of cut. With increase in feed and depth of 
cut,  

MRR is increasing. This is due to the fact that 
with increase in feed and depth of cut, high volume of 
work piece material will be in contact with the tool. Thus 
MRR increases. 

Figure-8 shows the effect of DCT of tools on 
Material Removal Rate (MRR). From the figure, it can be 
obviously seen that MRR is gradually increasing while 
machining with a DCT cutting tool than an untreated 
cutting tool. This is due to the fact that tool wear is 
gradually reduced by deep cryotreatment, so proper 
geometry of the tool is retained. Thus MRR is increasing. 

Figure-9 shows the surface plots for variation of 
TWR with cutting speed and feed. From the figure it is 
clear that TWR increases with increase in cutting speed. 
The increase in cutting speed directly affects the cutting. 
Tool wear rate was seemed to be higher at higher cutting 
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speeds. The increase in cutting speed raises the 
temperature in the machining zone. This causes the higher 
temperature at the tip of the cutting edges of tool, 
therefore, the strength of the tool reduces and as soon as 
the tool contact the work surface at these situation, tool 
wear rate becomes more. 

Figure-10 shows the surface plot for variation 
tool wear rate (TWR) with feed and depth of cut. It is 
clearly seen that TWR is increasing with increase in feed 
and depth of cut. This is due to fact that at higher feed and 
depth of cut, high cutting forces will be acting and higher 
material has to be removed thus TWR increasing. 

Figure-11 shows the surface plot for variation 
Tool wear rate (TWR) with cryogenic soaking duration 
and feed. The advantage offered due to Deep 
cryogenically treated tool over untreated tool is shown in 
Figure. It is clear from the graph that cryogenically treated 
tool wear is less than the untreated tool which clearly 
shows that cryogenic soaking duration of the tool is a most 
influential parameter for reducing the tool wear rate. This 
major decrease in tool wear rate of DCT tools over 

untreated tools might be owing to the fact that at lower 
cutting speeds, result on wear resistance properties 
produced in cryogenic treatment of tools. Cryo-treatment 
also contributes considerably in cooling the tip of the tool 
by enhancing the thermal conductivity of the tool material 
which easily dissipates heat to the surroundings. 
 
MRR=+64465.14+8443.00*x(1)+5689.27*x(2)+6043.64*
x(3)+8343.78*x(4)+3122.65*x(1)*x(3)+2184.35*x(2)*x 
(4)-5621.36* x(1)^2+2017.96* x(3)^2     (4) 
 
TWR=+52.13+7.46* x(1) +2.53* x(2) +6.12* x(3)-8.17* 
x(4)+4.36* x(1)*x(3)+3.24* x(1)* x(4) -7.22* 
x(2)*x(3)+2.77* x(2)*x(4)+2.34* x(2)^2+1.98* x(3)^2-
8.35* x(4)^2                (5) 
 
In this paper, four responses like MRR, TWR are 
considered. At a time two responses are considered to 
optimize taking other two responses as constraints. The 
constrained values are taken from the experiment. The  

 

Table-5. Pareto solution for MRR vs TWR. 
 

S. No MRR TWR 
Cutting 

speed 
Feed rate 

Depth of 

cut 
Lowering 

temperature 

1 -94664.16 59.0656 0.992 0.998 1.000 1.000 

2 -50109.69 16.028 -0.996 -0.970 -0.956 0.980 

3 -94664.16 59.065 0.992 0.998 1.000 1.000 

4 -70262.87 29.344 -0.957 0.809 0.893 0.998 

5 -66639.63 29.314 -0.077 -0.360 -0.555 0.993 

6 -50109.69 16.028 -0.996 -0.970 -0.956 0.980 

7 -53614.72 17.652 -0.780 -0.947 -0.939 0.982 

8 -62585.35 24.101 -0.162 -0.686 -0.857 0.993 

9 -79673.34 35.409 -0.570 0.953 0.966 1.000 

10 -94239.65 55.86 0.782 0.996 0.994 1.000 

11 -90780.16 48.407 0.304 0.994 0.918 0.998 

12 -55693.76 18.83 -0.706 -0.815 -0.999 0.983 

13 -93722.41 54.862 0.724 0.984 0.975 0.999 

14 -93238.53 52.496 0.561 0.993 0.986 0.999 

15 -77391.31 34.052 -0.649 0.883 0.932 0.998 

16 -81285.69 37.87 -0.385 0.829 0.911 0.994 

17 -90132.81 46.725 0.182 0.984 0.964 0.998 

18 -72196.52 30.473 -0.881 0.819 0.924 0.998 

19 -64814.734 26.84 -0.098 -0.493 -0.753 0.993 

20 -83214.73 39.491 -0.283 0.855 0.934 0.994 

21 -86415.99 41.7 -0.154 0.978 0.975 1.000 

22 -91690.52 51.057 0.488 0.992 0.892 0.994 

23 -59606.96 21.8 -0.450 -0.714 -0.903 0.986 

24 -74266.47 32.064 -0.772 0.818 0.899 0.998 

25 -63268.57 25.309 -0.280 -0.447 -0.939 0.982 
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final relations between input parameters and output 
responses in terms of actual factors formed from the RSM 
method is utilised as an objective function to solve the 
optimization problem.  

In this study, the goals are the maximization of 
MRR, and minimization of TWR. Optimization problem is 
framed taking one as objectives and one as constraint. The 
relations obtained in Equations 5-6 between input 
parameters and output responses are utilised as functional 
relations. NSGA-II algorithm is used in MATLAB to 
solve optimization problems: 
 
1. Maximize MRR 

Subject to TWR ≤ 26.097 
Where 26.097 is the minimum value of TWR obtained 
from the experiment table 
2. Minimize TWR 

Subject to MRR ≥ 84806.9 
 

Where 84806.9 is the maximum value of MRR 
obtained from the experiment table 

It is to be noted that, wherever an objective 
function has to be maximized, consequent minimization 
function is utilised in the MATLAB program. Based on 
the exhaustive experimentation, Figures-12 is drawn to 
judge the Pareto front among objective MRR vs. TWR. 
 

 
 

Figure-12. Pareto front for objective MRR vs. TWR. 
 

At this point a primary population size of 70 is 
considered and optimization is performed.  

Based on NSGA-II algorithm, rankings and 
sorting of solutions are done and the final Pareto-optimal 
solution set is shown in Table-6. It must be eminent that 
all the solutions are simultaneously excellent and any 
solution set of process parameters can be taken to attain 
the equivalent response values depending upon machining 
conditions. 
 
 
 

CONCLUSIONS 
This paper aimed to study the effect of cryogenic 

treatment on tungsten carbide cutting tools subjected to 
various temperatures while machining P20 steel work 
piece in CNC end milling process. Scanning Electron 
Microscope (SEM) analysis is performed to know the 
possible micro structural changes occurred during 
cryotreatment of cutting tools. Finally, an integrated 
method of RSM combined with the NSGA-II for 
optimization of the process parameters in CNC milling on 
machinability of P20 steel is proposed.  

The Pareto optimal set of solutions obtained can 
be utilised to select the best machining condition for CNC 
milling process to increase the productivity of the process.  
Based on the experimentation and analysis of the results, 
the conclusions can be made as follows: 
 
a) The DCT soaking duration is significantly improving 

the life of the tungsten carbide end mill cutting tools. 
However long cryogenic soaking duration is mostly 
influencing the tool wear compared to other soaking 
duration. Further, it reduces the production cost by 
controlling the tool cost and helps to make 
manufacturing process economical. 

b) MRR is high during machining with DCT cutting tool 
compared with other cutting tools followed by MCT 
treated and SCT treated cutting tool. SCT treated 
cutting tool exhibits the poor performance with regard 
to MRR, TWR and Ra.  

c) Through SEM analysis on cutting tools, it was 
observed that DCT reduced the tool wear rate by 
increasing the thermal conductivity.  From SEM 
analysis of machined surface of work piece, it is 
observed that surface quality has improved on the 
machined surface with DCT tool compared with MCT 
and SCT treated tools. 

d) Lowering temperature, cutting speed, feed, and depth 
of cut are found to be the significant parameters 
affecting the responses. 

e) From the analysis, it can be concluded that DCT 
treated cutting tool with soaking duration for 36 hours 
is more favorable than the MCT and SCT treated 
cutting tools for machining of P20 steel work piece 
with a goal of having higher MRR, low TWR. 

f) Parameters like different coatings on cutting tool 
materials, wet and dry machining, cooling rate, and 
tempering cycle needs analysis to optimize the 
process for different materials. 
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