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ABSTRACT 
In the present investigation, an attempt has been made to facilitate the simultaneous optimization of tangential and feed force on cryogenic 
treated insert during turning of AISI4340steel using Desirability Function Approach (DFA). The second order response surface regression 
models were developed based on the user defined design. Cryogenic treatment is carried out at -196°C for 48hours followed on tempering 
at 200°C for 2hours. Speed, feed rate and depth of cut are selected as input parameters. The results were encouraging and the proposed 
methodology could be used effectively in minimizing tangential and feed force. The Scanning Electron Microscope (SEM), X-Ray 
Diffraction analysis (XRD), and Energy Dispersive Spectroscopy (EDS) analysis are confirmed the formation of �-phase carbides on the 
treated surfaces. The measurements of heat built up in selected input parameters are analysed. The objective function considered is 
minimization of cutting force using the developed models. The responses proved that the determined optimal combination of turning 
parameters satisfy the real requirements of turning operation. Good correlation is shown between the theoretical predictions and 
experimental data. As a result, it is found that cryogenically treated inserts have superior cutting force resistance and confirmed by 
conducting further confirmation tests. 

 

KEYWORDS:  Cryogenic treatment, cutting force, Simultaneous optimization, turning. 
 

INTRODUCTION 
 

The cutting force is the most relative parameter in tool life and wear. Deep Cryogenic Treatment (DCT) is 
an innovative technique to improve force resistance of tools and an additive process for the conventional heat 
treatment. DCT enhances the properties of metals namely strength, toughness, residual stress, crack resistance 
and more uniform hardness  [1]. In general, AISI 4340 steel is used to make components subject with high stress 
namely gears, studs, bolts and general engineering applications such as propeller or gear shafts, connecting rods 
and aircraft landing gear components [2]. The cryogenic treatment improves the hardness by decreasing the 
retained austenite  [3]. deals with a multi-dimensional approach in analytical modeling of in turning operations 
with cutting force prediction[4]. discuss with analysis of compliance between the cutting tool and the work 
piece on the stability of a turning process [5]. deals with a good correlation between cutting forces and the three-
dimensional flank wear surface area in turning operations[6]. deals with Identification of dynamic cutting force 
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coefficients. This paper presents a cutting force model which has three dynamic cutting force coefficients 
related to regenerative chip thickness, velocity and acceleration terms[7]. Explained the unified cutting force 
model for turning, boring, drilling and milling operations. The generalized modeling of metal cutting operations 
allows the simulation of part machining with multiple operations and various tools [8]. Numerous studies were 
carried out to study the effect of cryogenic treatments on the tool materials in machining operations 
qualitatively. [9] observed that shallow cryogenic treatment was notably reduced the flank wear on TiAlN 
coated inserts. [10]studied the mach inability of cryogenic treated AISIH13 tool steel with ceramic inserts and 
found that cryogenic treatment decrease the tool wear rate than untreated samples in hard machining process. A. 
[11] evaluated the effects of different holding times of deep cryogenic treatment on tool forces in turning of 
AISI 316 austenitic stainless steel. It found that, the best wear resistance was obtained with cutting inserts 
cryogenically treated for 24 hours. [12] evaluated performance of uncoated and cryogenic treated tools on the 
CA6104 lathe. Response surface methodology (RSM) is a collection of mathematical and statistical techniques 
for empirical model building. Desirability describes a multiple response method. The method makes use of an 
objective function called the desirability function. The simultaneous objective function is a geometric mean of 
all transformed responses [13].  

Very few researchers quantitatively studied the effect of cryogenic treatment of difference materials at 
various machining conditions. [14] studied the effect of cutting speed, feed rate, depth of cut, nose radius and 
cutting environment in CNC turning of AISI P-20 tool steel by using Response Surface Methodology and 
Taguchi's technique. It revealed that cryogenic environment is the most significant factor in minimizing power 
consumption followed by cutting speed and depth of cut. [15] investigated the effects of machining parameters 
including work piece hardness on cutting forces (Fc & Ft), surface roughness(Ra) and cutting edge temperature 
(T) in finish turning of AISIH13 die tool steel with inserts. The main objective of the investigation is to analysis 
the effect of process parameter namely speed, feed rate and depth of cut during turning of AISI4340 steel using 
cryogenically treated cutting tool through second order RSM based mathematical models. The experimental 
design used face used defined design for three controllable factors namely speed, feed rate and depth of cut each 
are three levels.  In this study, effects of feed rate, depth of cut and cutting speed are given as input parameters 
to find the cutting force using CNMG120408SMRH13A cutting tools under rough condition. This paper has 
four sections. The first one deals the characterization of treated tool surface by using Scanning Electron 
Microscope, X-Ray Diffraction, and EDS analysis. The second section comprises experimental details of 
machining, which includes the preparation of work materials, cryogenic treatment of selected inserts, machine 
setup and machining of work material. The third section comprises modelling by using Response Surface 
Methodology. It includes selection of parameters, design of experiments, wear testing and measurements, 
development of models, statistical analysis and confirmation test. The last one analysis includes the simulations 
and optimization.   
 
II. Experimental Details: 

Experimental details of turning, which deals with the preparation of work materials, cryogenic treatment of 
selected inserts, machine setup and machining of work material. 
 
A. Work Material and Cutting Tool: 
 
Table 1: Chemical composition of AISI 4340 steel 

C (%) Si (%) Mn (%) S (%) P (%) Cr (%) Mo (%) Ni (%) Fe (%) 
0.36 0.35 0.6 0.04  0.03  1.4 0.35 1.7 bal 

   
AISI4340 steel was selected as a machining material and its chemical composition is detailed in Table.1.  It 

procured from sun steel Ltd, Madurai in India, in the shape of 32mm diameter and 200mm length. It sized in 
32mm diameter and 150mm length. After sizing, the work pieces are polished by 400grit emery papers. 

The CNMG120408-SMR-H13A square inserts are chosen for cryogenic treatment. The specifications of 
insert are as follows, seat size code is 12, Cutting edge length is 12.8959mm, insert thickness is 4.7625mm, 
cutting edge effective length is 8.5mm, nose radius is 0.8mm and the fixing hole diameter  is 5.156mm. The 
schematic diagram of prepared work material sample and insert are shown in Fig.1. 
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Fig. 1: The schematic diagram of prepared (a) work material sample and (b) insert. 
 
B. Characterization of Cryogenic Treated Inserts: 

Tool inserts of CNMG120408SMRH13A are cooled down to cryogenic temperature at -1960C in the Dewar 
flask for 48hours then .headed back to room temperature at the rate of 0.5°C/min. Finally, the treated inserts 
were tempered at 200°C for 2 hours. The inserts were characterized by using micro hardness, Scanning Electron 
Microscope (SEM), X-ray diffraction analysis (XRD) and EDX analysis.  

The hardness values on the treated and untreated insert surface were measured by micro hardness tester 
using Vickers scale at a load of 200g. The average hardness values of untreated and cryogenic treated inserts are 
630Hv and 865Hv. The micro hardness variation of untreated and cryogenic treatment is shown in Fig.2. It 
reveals that the cryogenic treatment significantly improves the hardness value of the insert. 

 
Fig. 2: The hardness values on the treated and untreated insert 

 
The SEM images confirm the formation of η-carbides on the surface of cryogenic treated inserts as shown 

in Fig.3. Cryogenic treatment sigificantly improve the hardness by the formation of η-carbides on the surface of 
treated surface that leads to increase the force resistance. The XRD pattern cryogenic treated samples are shown 
in Fig.4. It reveals that η-carbides are formed on the cryogenic treated inserts. The peak positions of 69.364, 
74.375, 78.171, and 62.446 are confirmed the formation of �η�carbides has on orthorhombic crystal structure 
which imports very high resistance by improving the hardness. The peak positions of 54, 58, 67.5, 69.2, and 74 
are conformed the formation of chromium iron carbides and peak positions of 73 and 77.8 are conformed 
formation of aluminium titanium nitrate and titanium aluminium carbides on the cryogenic treated insert 
surfaces.

 

 
 
Fig. 3: The SEM images of cryogenic treated inserts. 

 
The intensity values of peaks are significantly increased than untreated inserts in their respective diffraction 

angles.  
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Fig. 4: XRD image of diffraction and intensity 

 
The EDX analysis of cryogenic treated samples is shown in Fig.5. It observed that η-carbides (WC) is 

formed on the insert due to the cryogenic treatment. The peak position of one is identify the carbides in addition 
of 02 ,6.5, 7, 8 are conformed the ferrous carbides and tungsten carbides on the cryogenic treated insert surfaces 
which gives on excellent resistance on the insert surfaces. The analysis details are shown in Table.2 

 

 
 
Fig. 5: EDX image of diffraction and analysis 
 
Table 2: EDX analyses of different elements 

Sl. No Elements Weight % Atomic % 
1 C 18.02 45.00 
2 O 20.12 37.72 
3 Al 2071 3.01 
4 V 0.18 0.10 
5 Fe 2.43 1.30 
6 Co 10.51 5.35 
7 W 46.03 7.51 
Total 100 - 

 
C. Machining Details: 

A galaxy Midas6 Computer Numerical Control universal turning machine was employed to machining the 
AISI4340 steel specimens for the length of 150mm under dry conditions by using cryogenic treated 
CNMG120408SMRH13A inserts. The specification of machine is maximum diameter of turned shaft is 
240mm, length is 365mm, the chuck diameter is 169mm, spindle speed range is 40 to 400RPM and spindle 
power is 7.5KW. The cryogenic treated inserts were mounted on the tool holder. ECLNL-2525M12 tool holder 
was utilized to mount the inserts.    
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Fig. 6: Machining with arrangements 

The AISI4340 steel specimens were turned at length of 100mm for selected parameters at their levels. The 
cutting force is measured by using dynamometer in model of STSCON 31741. The force values are listed in 
table for different turning conditions. New set of inserts and specimens were used in each experiment and each 
experiment was repeated at three times for their accuracy. The photo image of machining setup is shown in 
Fig.6. 
 
D .Response Surface Methodology: 

For three independent variables ��,   �� ��� �	the response can be represented as a function of ,, 21 xx

and �	 as follows 
  

=
����� ��� �	� + ε                                        (1) 
 
Where ε represents an error component 
The second order RSM model is adequate which can be represented by the following equation 

                                    (2)                                                                   
 
Where I (i= 0, 1, 2……….k) are coefficients that have to be estimated and ε represents a normally 

distributed random error that accounts for all source of variability. Denote with I (i= 0, 1, 2… k) the least 
square estimates of the unknown coefficients in Equation.3 

The expected response is denoted by  

��� − �� =                                                         (3)   
 
then the surface represented by  

 = (���� ����	 ) is termed as response surface. 

The second order polynomial equation used to represent the response surface for  factors is given by  

              (4) 

Where 0 is the estimator of intercept,  1, 2... k are linear terms,  11, 22... kk are the 

quadratic terms, and 12, 13...  K-1, k are the second order interaction terms. 
The response function representing the tool wear can be expressed as, 

=  (cutting speed (N), feed rate (f), depth of cut (d)         (5) 

Where  = the response or yield.  
For three factors, the selected polynomial could be expressed as follows  
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E. Identification of Main Factors: 

The independently controllable process parameters affecting the tool wears are identified and to facilitate 
the experimental work and developing the mathematical models, there being speed, feed rate and depth of cut. 
The responses investigated were the tangential force and radial forces are shown in Table.3. 
 
Table 3:  Parameter and their levels 

Sl. No Parameter/notations/units 
Parameter Levels 
-1 0 1 

1 Cutting Speed(N) in m/min 100 125 150 
2 Feed rate (f) in mm/rev 0.1 0.2 0.3 
3 Depth of cut(d) in mm 0.5 1 1.5 

 
III. Experimental Design Matrix: 

The selected design matrix is a three factor three level central composite rotatable design consisting of 27 
sets of coded conditions. Conduct the experiments as per the design matrix and recording the response of 
interest. The statistical analysis software is used for analysis of the Tangential and feed force from the 
experimental test is shown in Table.4 and Table.5. The tests of significant have been performed at different 
levels of significant using students ‘t’test. It has been observed that standard‘t’ value for 5% level of significant. 
 
Table 4: Coded value and actual value of cutting force 

Sl. No 
Coded value Actual value Cutting force(N) 
Cutting 
speed 

Feed 
rate 

Depth of 
cut 

Speed(N) 
(m/min) 

Feed rate(f) 
(mm/rev) 

Depth of 
Cut(d) (mm) 

Tangential Feed 

1 -1 1 1 125 0.1 1.5 4.2 2.5 
2 0 0 0 100 0.2 1.0 6.3 2.9 
3 0 0 0 125 0.3 1.0 8.5 3.0 
4 0 0 -1 125 0.3 0.5 7.0 1.4 
5 0 0 0 150 0.1 1.5 9.3 4.0 
6 1 0 0 125 0.1 1.0 3.2 2.2 
7 0 -1 0 100 0.2 0.5 1.5 2.6 
8 0 0 0 150 0.1 1.0 8.6 2.7 
9 -1 0 0 125 0.3 1.5 9.1 2.9 
10 0 0 0 100 0.3 1.0 2.3 2.6 
11 1 -1 -1 100 0.1 1.5 3.8 2.7 
12 0 0 1 150 0.2 1.5 14.0 3.3 
13 1 1 1 150 0.2 1.0 9.6 2.4 
14 1 1 -1 100 0.2 1.5 8.0 2.9 
15 1 -1 1 150 0.3 1.0 7.6 3.4 
16 0 0 0 150 0.1 0.5 6.1 2.2 
17 0 1 0 125 0.2 1.5 6.2 2.5 
18 -1 -1 -1 150 0.3 0.5 6.8 2.8 
19 -1 -1 1 125 0.2 1.0 3.7 2.6 
20 -1 1 -1 100 0.3 0.5 1.4 4.2 
21 1 1 0 150 0.3 1.5 8.6 2.9 
22 0 -1 -1 125 0.2 0.5 1.3 1.6 
23 -1 0 1 100 0.1 1.0 2.8 2.0 
24 1 -1 -1 150 0.2 0.5 6.3 2.3 
25 -1 0 -1 100 0.1 0.5 0.9 1.4 
26 -1 1 0 100 0.3 1.5 3.7 3.4 
27 0 0 -1 125 0.1 0.5 1.8 2.6 

 
Table 5:  Coefficient values for cutting force from Experimental Test 

Coefficients 
Cutting force 
Tangential Feed 

�� 
 

6.2652 10.488 

�� 
 

0.289 0.165 

�� 55.750 16.305 

�	 6.000 0.616 

��� 0.001 0.007 

��� 10.555 15.000 
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�		 1.155 0.133 

��� 0.030 0.130 

��	 0.383 0.014 

��	 0.006 3.666 

 
The term (constant N, f, and d) are significant for 5% on forces. Estimated t-values for parameters and their 

interactions of Cutting force are given in the Table. 6. 
 

A. Developed Models: 
Development of mathematical model based in RSM and the experiments are conducted on cutting force.  
The responses are consequently expressed in the form of RSM equations as follows. 

 
A.1) Tangential force: 

General structure of proposed model 
� = −�� + �� � + �� 
 + �	 � + ��� �

� + ��� 

� + �		 �

� + ��� �
 + ��	 
� + ��	 ��    (7)  

Prediction of cutting force on proposed model 
� = 6.2652 − 0.28911� + 55.7500
 + 6.0000� + 0.0015�� − 100.5556
� −  1.1555�� − 0.0300�
 −

3.8333
� + 0.0066��                                                                           (8) 
 

A.2) Feed force : 
General structure of proposed model 

� = �� + �� � + �� 
 + �	 � + ��� �
� + ��� 


� + �		 �
� + ��� �
 + ��	 
� + ��	 ��     (9) 

 
Prediction of cutting force on proposed model: 

 
� = 10.48889 − 0.1651� + 16.3055
 − 0.6166� + 0.0072�� + 15.0000
� + 0.1333�� − 0.1300�
 −

3.6667
� + 0.0140��                               (10)    
   

B. Checking the Adequacy of the Developed Models: 
The adequacies of the models were checked using the Analysis of Variance (ANOVA) technique. 
 

Table 6: Estimated t-values for parameters and their interactions of tangential and feed force 

Responses 
Cutting force 
Tangential Feed 

 
3.6 1.67 

 
1.5 0.20 

 
0.24 0.02 

 
0.84 0.06 

 
1.34 0.65 

 
1.18 0.15 

 
1.46 0.51 

 
0.86 0.01 

 
2.80 0.31 

 
2.80 0.43 

  
Table 7:  Analysis of variance in cutting force 

Response Source of variation DF Adj SS Adj MS F-test 
Probability 
(α) 

F (Table 
Value) 

Cutting 
force 

Tangential 
force 

Regression 9 201.068 22.341 4.921 0.003 

2.25 

Linear 3 190.965 63.655 14.020 0.000 
Square 3 10.282 3.427 0.752 0.536 
Interaction 3 0.592 0.197 0.041 0.980 
Pure Error 16 72.657 4.541 - - 
Total 25 273.725 - - - 

0t

1t

2t

3t

11t

22t

33t

12t

13t

23t
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Feed force 

Regression 9 6.292 0.699 2.262 0.074 

2.25 

Linear 3 3.076 1.025 3.320 0.047 
Square 3 1.302 0.434 1.412 0.278 
Interaction 3 2.038 0.679 2.201 0.128 
Pure error 16 4.941 0.308 - - 
Total 25 11.233 - - - 

  
As per the technique, the calculated value of the F-ratio of the model developed does not exceed the 

standard tabulated value of F-ratio for desired level of confidence, so the models may be considered adequate 
within the confidence limit. Analysis of variance of tangential force and feed force is given in the Table.7 and 
error analysis of variance in tangential and feed force is given in the Table.8.  

Significant at the 5% level, SS-Sum of squares, DF-Degrees of freedom, MS- Mean Square,F-ratio = M.S 
lack of fit/M.S of error.  

It includes the linear term, the square term, the interaction term and lack of fit term. The tangential force 
and feed force are mainly influenced by interaction term and the calculated regression value of the ‘F’ ratio of 
the model developed does not exceed the tabulated value. 

  
C. Conducting the conformity test: 

A satisfactory correlation is found between the prediction and the experimental data. As a result, the 
modeling is accurate enough to predict the cutting force of insert. The RSM provided good prediction results. 
However, this approach is suitable only for few number of process variables.. 

 
Table 9:  Value obtained by experimental and proposed model with cryogenic treated tool 

Parameters Cutting force 
Experiment 
Vexp 

Model 
Vm 

Error 
% 

Cutting speed(N) = 125 m/min 
Feed rate(f) =0.2mm/rev 
Depth of cut(d)=0.125mm 

Tangential force(N) 6.8052 6.5911 3.14 

Feed force(N) 2.9100 2.8322 2.67 

  
Table 8: Error Analysis of cutting force 

Sl.No 
Speed 
(m/min) 
(N) 

Feed            
rate 
(mm/rev) 
(f) 

Depth of 
cut 
(mm) 
(d) 

Cutting force 
Tangential force(Ft) Feed force(Ff) 
Measured 
value 
(N) 
 

Predicted 
value 
(N) 
 

Error 
value 
(%) 

Measured 
value 
(N) 
 

Predicted 
value 
(N) 
 

Error 
value 
(%) 

1 125 0.1 1.5 4.2 06.735 0.006 2.5 2.761 0.001 
2 100 0.2 1.0 6.3 03.085 0.005 2.9 2.594 0.001 
3 125 0.3 1.0 8.5 06.446 0.002 3.0 2.905 0.002 
4 125 0.3 0.5 7.0 04.568 0.003 1.4 2.572 0.008 
5 150 0.1 1.5 9.3 09.302 0.002 4.0 2.833 0.002 
6 125 0.1 1.0 3.2 04.857 0.005 2.2 2.427 0.001 
7 100 0.2 0.5 1.5 01.207 0.001 2.6 2.261 0.001 
8 150 0.1 1.0 8.6 07.424 0.001 2.7 2.500 0.001 
9 125 0.3 1.5 9.1 08.324 0.002 2.9 3.238 0.001 
10 100 0.3 1.0 2.3 03.879 0.006 2.6 2.833 0.002 
11 100 0.1 1.5 3.8 04.168 0.001 2.7 2.688 0.004 
12 150 0.2 1.5 14 10.096 0.002 3.3 3.072 0.002 
13 150 0.2 1.0 9.6 08.219 0.001 2.4 2.738 0.001 
14 100 0.2 1.5 8.0 04.963 0.003 2.9 2.927 0.001 
15 150 0.3 1.0 7.6 09.013 0.001 3.4 2.977 0.001 
16 150 0.1 0.5 6.1 05.546 0.001 2.2 2.166 0.001 
17 125 0.2 1.5 6.2 07.530 0.002 2.5 3.000 0.002 
18 150 0.3 0.5 6.8 07.135 0.002 2.8 2.644 0.002 
19 125 0.2 1.0 3.7 05.652 0.005 2.6 2.666 0.002 
20 100 0.3 0.5 1.4 02.002 0.004 4.2 2.500 0.004 
21 150 0.3 1.5 8.6 10.891 0.002 2.9 3.311 0.001 
22 125 0.2 0.5 1.3 03.774 0.019 1.6 2.333 0.004 
23 100 0.1 1.0 2.8 02.291 0.001 2.0 2.355 0.001 
24 150 0.2 0.5 6.3 06.341 0.001 2.3 2.405 0.002 
25 100 0.1 0.5 0.9 00.413 0.005 1.4 2.022 0.004 
26 100 0.3 1.5 3.7 05.757 0.005 3.4 3.166 0.003 
27 125 0.1 0.5 1.8 02.980 0.006 2.6 2.094 0.001 
Average 0.004  0.002 

 
Significant at the 5% level, SS-Sum of squares, DF-Degrees of freedom, MS- Mean Square, F-ratio = M.S 

lack of fit/M.S of error. 
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D. Optimization of Mathematical Models: 
When optimization is carried out for individual responses, it would be possible to arrive at different 

combinations of the levels of the controllable factors for each case. Hence, the simultaneous optimization is 
carried out with three parameters for minimization of tangential force and feed force effect. This is carried out in 
two steps: first the tangential force and feed force are individually optimized. Second, the combination of both 
responses is optimized by Harrington‘s desirability function. 
 
Objective functions: 

The objective function is the minimization of tangential force/feed force effect by optimizing the 
parameters. 

Tangential force: 

tFdfNF =),,(                                                             (11)                                    
Feed force  :   

fFdfNF =),,(
                                             (12)   

Subject to,                                                

Cutting speed )(N       :       150100 << N   

Feed rate )( f              :        3.01.0 << f   

Depth of cut ( )d            :        5.15.0 << d     
Constraints are identical for tangential and feed force optimization. 

 
D.1) Determination of optimum parameter combination: 

From software package, the optimum values 115.859m/min, 0.1mm/rev and 0.5mm for a minimum 
tangential force of   0.9 N and feed force of 1.651N are obtained. The results showed that the experimental 
conditions where the optima were found for each individual response were different, so it required looking for a 
certain compromise, which was achieved using desirability function developed by Harrington. 

The response variable ‘iY ’ can be transformed to a desirability value ‘id ’with the help of desirability 
function. The transformation can be represented as  

))exp(exp( ii Yd −−=                                      (13)   
for one sided transformation. Individual desirability of all responses can be combined to get a single value 

of desirability by the expression,      

m
idD

1
)(Π=                                          (14)   

where ‘m ’  is the number of response 

The composite or overall desirability ‘D ’ for the two responses has been computed for both the conditions 
and the larger value of these has been identified as the optimum operating combination of the levels. From the 
Table.10, the first set of values (tangential force and feed force), which yields higher desirability has been found 
to be the optimal setting for minimizing both the tangential force and the feed force.  
 
Table 10:  Concurrent optimization and desirability function of multiple responses 

N  
(m/min) 

f
 

(mm/rev) 
d  
(mm) 

Tangential 
force 

( )tF
 

(N) 

Feed force 

( )fF
 

(N) 

Composite 
Desirability 

( )D
 

100 
 

0.1 0.5 0.516 0.876 0.675 

125 
 

0.2 1 0.997 0.932 0.964 

150 
 

0.3 1.5 0.999 0.964 0.981 

Average 0.801 0.923 0.861 

 
RESULTS AND DISCUSSION 

 
A. Response Surface Analysis: 

The effects of the deep cryogenic treatment on the carbide cutting tool tangential and feed force are 
investigated through RSM. To analysis the effect of cutting conditions on the tangential force and feed force, 
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based on the proposed models and the results are presented in different figures. The results are described two 
categories one is direct effect method and another is interaction methods. It deals with the weight age of the 
input parameters like speed, feed rate and depth of cut. The direct effect of selected parameters on the responses 
namely tangential force and feed force are clearly shown in Fig.7-9. It reveals that the parameters are in 
increasing trend against the tangential and feed force.  

 
A.1) Direct effect of tangential force and feed force:   

 
 
Fig. 7: Direct effect of tangential force with(a) speed (b) feed rate   

 
The levels are shown in Fig.7 (a, b) and 8(c), the tangential force values are in increase with increase in 

speed, feed rate and depth of cut. The cutting forces are considerably increases with increasing the depth of cut 
followed by speed and feed rate with significantly increase contact pressure on the insert nose radius, which 
leads the tangential force. 

 
Fig. 8: Direct effect of (c) tangential force with depth of cut (a) feed force with speed    

 
Fig. 9: Direct effect of feed force with (b) feed rate (c) depth of cut    
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From Fig.8 (a) and 9(b, c) the feed force values are higher in selected parameters namely speed, feed rate 
and depth of cut. Feed rate and depth of cut are followed on linear trend against the feed force. At lower level, 
middle level and higher level are increased with increase in machining parameters in figures. Feed rate and 
depth of cut are followed on linear with more intervals between the levels shown in Fig.8 (a) followed by speed 
with other levels.  

 
A.2) Interaction effect of tangential force and feed force: 

The interaction effects of tangential and feed force are shown in Fig.10-12. It deals with the effect of 
tangential and feed force variation on different cutting parameters namely speed, feed rate and depth of cut. 

 
 

 
 
Fig. 10: Interaction effect of tangential force with (a) feed and depth of cut (b) depth of cut and speed   
 

 
 
Fig. 11: Interaction effect of (c) tangential force feed and speed (b) feed force with depth of cut and feed    

 

 
 
Fig. 12: Interaction effect of (b) feed force with depth of cut and speed (c) tangential force with speed and feed   
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From Fig.10 (a, b) and 11(c), the tangential values are higher in speed followed by feed rate and depth of 
cut. The tangential force increased with increase in selected parameters and formed parabolic trend against the 
tangential force. The interaction effects of feed force on selected parameters at different levels are clearly shown 
in Fig.11 (a) and Fig.12 (b, c). It reveals that the concave parabolic formation of input parameters namely speed 
and feed rate against the feed force followed by the depth of cut. These surface plot deals with tangential and 
feed force on different cutting conditions, the cryogenic treatment notably control the cutting force of the tool 
insert.   

  
B. Heat builds up: 

The selected parameters are significantly influence to the heat built up with respect time. The cutting force 
is most influence factor for followed speed and depth of cut for heat built up. 

 
 

 
Fig. 13: Effect of heat built up with time (a) Speed 50m/min (b) Speed 75m/min (c) Speed 100m/min (d) Speed 

125m/min (e) Speed150m/min 
 
Fig.13 (a) deals with the heat built up with time on the Speed 50m/min .The result of gradual increase in 

heat built up. From the Fig.13 (b) represents the 75m/min of speed with heat built up, the curve formation is 
linear with sudden decreasing.Fig.13(c) deals with the speed100m/min and the heat built up curve is parabolic. 
Observed from Fig.13 (d) the speed of 125m/min with heat built up curve is elastic curve formations. Fig.13 (e) 
deals with the speed of 150m/min and heat built of initially low the speed is increase with increasing heat built 
up. 
 
Conclusions: 

The cryogenic treatment improves the hardness by formation of η-carbide on the surface and surface 
roughness of the inserts. The selected parameters significantly influenced the tangential and feed force. Depth of 
cut is the most influencing factor for followed by cutting speed and feed rate for tangential force. The tangential 
force assigned with in cremating the selected parameters. The cutting speed and depth of cut are almost equally 
of f reduced the feed force. The feed force decreased with increasing the cutting speed and increased with 
increasing of depth of cut. The cryogenic treated insert considerably improves the surface finish one of freedom 
the AISI4340 steel work piece. 

The XRD analysis concludes that the presents of η-carbides in the cutting tool insert 
CNMG120408SMRH13A. The intensity values of peaks are significantly increased than untreated inserts in 
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their respective diffraction angles. The selected parameters significantly influenced the tangential and feed 
forces. Feed rate is most influencing factor followed by depth of cut and speed for tangential force. The feed 
force increased with increasing the selected parameters. The speed and depth of cut are more influenced the feed 
force. The cutting forces increased with increasing speed, feed rate, and increased with decreasing the depth of 
cut. The cryogenic treated insert considerably control the cutting force of the AISI4340 steel workpiece. 

The adequacy of the model has been tested by F-test which indicates that the developed response surface 
equation is in good agreement with the observed data. The mathematical model for tool forces developed using 
RSM exhibits excellent correlation with the experimental data, and as a consequence, they possess high 
predictive power in practical solution. RSM approach, based on experiments is a very efficient way of 
calculating cutting force can be followed during the industrial machining process with the same tooling and 
setup. RSM allows the identification and quantification of the interaction between the chosen parameters, thus 
contributing to a more precise determination of the responses. It is suggested that the multi objective 
simultaneous optimization technique based on desirability function will be quite useful for optimizing tangential 
and feed forces. The heat built up with time curve increase with increasing of cutting force followed by speed, 
depth of cut and feed rate. The peek values of heat are 260C, 26.30C, 24.80C, 26.30C and 26.80C. 

As a result it is found that cryogenic treatment significantly control the cutting forces namely tangential and 
feed force of the CNMG120408SMRH13A inserts. This approach can be extended to examine the cutting force 
of various turning tools. This model has industrial application in cutting tool design and in automation. 

 
Nomenclature    --------------------------------------- 

N  :        Speed 
f  :        Feed rate 

d    :        Depth f cut   

F t  
:        Tangential force  

F F

:        Feed force  
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