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Abstract
In this study, an effort is made to use response surface methodology (RSM) 

and the Taguchi approach to optimize the process variables in CNC (Computed 
numerical control) milling of P20 steel using cryogenically treated tungsten car-
bide (WC) cutting tools feed rate (FR), cutting speed (CS), depth of cut (DoC), 
and lowering temperatures are selected as input parameters for milling of P20 
steel. The machinability of P20 steel is claimed to be affected by several levels of 
cryogenic treatment i.e., -110 ºC, -150 ºC, and -175 ºC in this study. The most 
crucial performance indicators were cutting forces (CF), rate of material removal 
(MRR), surface roughness (Ra), tool wear rate (TWR), and power consumption 
(PC). RSM and Taguchi approaches were suggested to achieve the optimized 
results for the process’s variables. Both methods’ optimized solutions were com-
pared and analyzed. It is seen from the comparison that there is no much devia-
tion in results obtained from RSM and Taguchi methods. It is also observed that, 
Deep Cryogenically Treated (DCT) tool i.e., at -175 ºC showed better results 
compared with the other two tools to improve the performance measures.

Keywords
Cryogenic treatment levels, Taguchi method, Tungsten carbide tools, Re-

sponse surface methodology, Process parameters

Introduction
The CNC milling technology is widely utilized in manufacturing for a vari-

ety of commercial purposes. Therefore, during the past ten years, academics’ inter-
est in the CNC end milling method has grown significantly. Most tools used in 
machining were exposed to excessive random and high loads. Therefore, cutting 
tools must be able to withstand those high variable loads without deforming or 
wearing out too quickly [1-3].

Padmakumar and Dinakaran [4] studied on cryogenic treatment on WC 
tool material. He studied that due to cryogenic treatment there is a metallurgical 
changes happening in tool material. He observed that grain size is refining and 
phase changes are occurring due to cryogenic treatment. He reported that tool 
performance is improved by cryogenic treatment.

Ciretti et al. [5] proposed a model of 3D machining processes utilizing finite 
element methods. When the results of the simulation are contrasted with those of 
the experiment, it can be seen that they agree fairly well with the latter. Zhang et 
al. [6] examined the use of Taguchi design in order to maximize Ra during CNC 
milling. From the investigation, it is revealed that Taguchi design has successfully 
optimized process variables for responses like Ra. Karnan et al. [7] investigated 
to improve tool life by cryogenic treatment. In this the process parameters in dry 
turning were optimized using Taguchi gray relational analysis. They found that 

https://doi.org/10.17756/nwj.2023-s4-009
mailto:mukkotivishnu@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


S50NanoWorld Journal | Volume 9 Supplement 4, 2023

Experimental Study on Cryogenically Treated Tungsten Carbide End Mill Cutter 
by Taguchi Method and Response Surface Methodology Mukkoti et al.

significance. To maximize the efficiency of the CNC milling 
process, using the major desirability plots, an ideal set of 
machining parameters that influence performance metrics 
should be selected. 

According to the experimental table, using a tool that 
had been treated with DCT at -175 ºC increased MRR by 
23.32% while reducing TWR, Ra, CF, PC, and other factors 
by 30.32%, 74.68%, 28.48%, and 13.37%, when compared with 
SCT tool. Table 3 displays the optimized process variables for 

from the study that DCT tool enhanced the machining per-
formance. Lee et al. [8] examined the effect of DCT on WC 
carbide cutting tool. Soaking duration in cryogenic treatment 
is considered to study the phase changes in the material. From 
the study they observed that the properties like hardness is 
strengthened at 6 h soaking duration and then reduced at 12 
h. They also observed the grain growth behavior by scanning 
electron microscope analysis.

The CNC milling technique has broad variety of applica-
tions in the industrial industries, according to previous studies 
[9-10]. Researchers have also concentrated on nano layered 
formation in WC for nano coatings. Many of them studied on 
the nano coatings on cutting tool and its behavior. The TWR 
and cutting tool life increases with the nano coatings. By cryo-
genic treatment on nano-coated cutting tools has much im-
pact [11-13]. There is a lot of scope in cryogenic treatment on 
nano-coated cutting tools [14-15].

According to the research on CNC end milling, little 
attention has been given for analyzing the impact of DCT 
soaking period when determining machining efficiency and 
optimizing the process when utilizing WC end mill blades. 
However, studies are only able to analyze the process variables 
and how they affect tool wear. There is very little research on 
cryogenic treatment, especially when soaking period is one 
of the process parameters [3-9]. Additionally, very little re-
search has been done to examine how cryo-treatment affects 
the tool’s micro-structural alterations. Therefore, it is crucial to 
offer a reliable model that enhances milling process efficiency 
by raising MRR and lowering unfavorable characteristics like 
PC, TWR, Ra, and CF.

Experimentation
Taguchi and RSM were utilized to generate the experi-

ments. Three WC end mill cutter were purchased to machine 
P20 steel. Table 1 lists the machining parameters that were 
utilized. Analysis on the cause of reducing temperature on 
WC cutting tools during CNC milling is the primary goal 
of the experiment. Cryo-treatment setup is utilized from IISc 
Bangalore (Karnataka, India) shown in figure 1. Figure 2 and 
figure 3 depict tools that have been cryogenically treated and 
CNC milling operations.

Results and Discussion
RSM

The results of the experiment are shown in a table 2. The 
RSM method was used to analyze the experiment’s results in 
order to find out how various parameters influence responses 
utilizing ANOVA (Analysis of variance) using a 0.05 level of 

Figure 1: Cryo-treatment setup at IISc Bangalore (Karnataka, India).

Figure 3: CNC milling operations.

Figure 2: WC cutting tools utilized.

Table 1: Machining parameters used.

Parameters
Levels

1 2 3
FR (mm/tooth) 0.1 0.15 0.2

CS (m/min) 75 85 95
DoC (mm) 0.5 1 1.5

Lowering temp. (ºC) -110 -150 -175
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MRR, TWR, Ra, CF, and PC are CS, FR, DoC, and reducing 
temperature. The equations 1 to 5 obtained through regression 
analysis with respect to actual factors are shown below.

MRR = +96962.34 + 1539.43 x A – 1.79 x 104 x B – 61315.32 
x C – 1.49 x 104 x D + 1296.52 x A x C + 1449.22 x A x D 
+1.58 x 104 x B x D + 9205.68 x C x D – 28.13 x A2 – 21851.69 
x C2		                                                                  (1)

TWR = +70.85 + 0.60 x A – 120.79 x B – 1.29 x C – 56.49 x 
D + 0.39 x A x C + 0.50 x A x D – 170.68 x B x C – 1.99 x C x 

raising CNC milling performance metrics. The top combina-
tions of the resulting machining variables are established. The 
solution’s graph of desirability is shown in figure 4.

Taguchi method

The Taguchi method uses CS, FR, DoC, and reducing 
temperatures as inputs, and MRR, TWR, CF, and PC as out-
puts to determine the ideal conditions. L27 orthogonal array is 
selected for experimental runs. Experimental table is tabulated 
in table 4.

The MRR ANOVA is displayed in table 5. According 
to the ANOVA results, the most important factors affecting 

Table 2: Experimentation results.

S. No.
A: CS B: FR C: DoC D: LT MRR TWR Ra CF PC

(m/min) (mm/tooth) (mm) (ºC) (mm3/min) (mm3/min) (microns) (N) (W)
1 75 0.15 1 -1 44325.6 46.7173 1.48 360 1390
2 85 0.2 1 -1 55300.4 50.63 1.5 410 1785
3 85 0.15 1.5 -1 64503.5 58.0591 1.78 405 1495
4 85 0.15 0.5 -1 54023.3 53.2911 1.3 379 1608
5 85 0.1 1 -1 47963.1 55.4008 1.2 385 1512
6 95 0.15 1 -1 60884.1 56.1814 1.15 415 1948
7 75 0.15 1 1 58843.8 26.097 0.68 265 1046
8 85 0.15 1.5 1 80326.2 40.0844 0.44 285 1295
9 85 0.1 1 1 63929.2 35.865 0.69 265 1205
10 85 0.2 1 1 80003.9 42.1941 0.58 285 1236
11 85 0.15 0.5 1 65460.1 29.5359 0.48 265 1152
12 95 0.15 1 1 78562.2 48.5232 0.36 295 1406
13 75 0.1 1 0 48131.3 44.3038 1.48 330 1069
14 75 0.15 0.5 0 50403.4 45.9198 1.35 315 1002
15 75 0.2 1 0 55124.5 51.4135 1.54 345 1185
16 75 0.15 1.5 0 49612 48.5232 1.6 350 1296
17 85 0.15 1 0 63605.1 50.5232 1.38 320 1402
18 85 0.15 1 0 63605.1 50.5232 1.38 320 1402
19 85 0.15 1 0 68605.1 50.5232 1.38 320 1402
20 85 0.1 0.5 0 52403.4 36.0844 0.72 305 1346
21 85 0.15 1 0 63605.1 50.5232 1.38 320 1402
22 85 0.2 1.5 0 84806.9 62.0717 1.45 375 1532
23 85 0.2 0.5 0 68219.7 58.7426 1.05 330 1420
24 85 0.15 1 0 63605.1 55.5232 1.58 320 1402
25 85 0.1 1.5 0 72085.8 68.2911 1.22 335 1386
26 95 0.2 1 0 72085.8 64.1814 1.25 365 1730
27 95 0.1 1 0 62757.1 58.962 0.85 350 1652
28 95 0.15 1.5 0 72583.3 72.346 1.15 385 1815
29 95 0.15 0.5 0 60884.1 52.3038 0.9 345 1590

Table 3: Optimum values for the process variables.

Process variables Optimum values
CS 85.207
FR 0.16

DoC 1.141
Cryogenic soaking duration 3.000

MRR 89563.9
TWR 37.71

Ra 0.546
CF 281.374
PC 1247.792

Desirability 0.760

Figure 4: Desirability bar chart.
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D – 5.9 x 10 – 3 x A2 + 1025.88 x B2 + 3.85 x C2 + 1.50 x D2 	
	                                                                               (2)

Ra = -1.25 + 0.15 x A + 4.79 x B + 1.31 x C + 0.52 x D – 2.72 
x B x D – 0.40 x C x D – 3.9 x 10 – 3 x A2 + 9.86 x B2 – 0.20 
x C2 – 0.03 x D2 					            (3)

CF = +645.55 – 2.73 x A – 1885.82 x B – 10.83 x C – 99.11 x 
D + 8.60 x A x B + 0.72 x A x D + 280.00 x B x C – 6.50 x C 
x D + 3598.86 x B2 + 8.37 x D2 			          (4)

PC = –250.18 + 36.58 x A + 6215.24 x B + 373.89 x C + 
389.41 x D – 4.85 x A x D – 1254.00 x B x D – 9286.36 x B2 
– 139.86 x C2 					             (5)

Table 4: Experimentation results.

S. No.
CS CF DoC Cryogenic  

soaking duration MRR TWR Ra CF PC

(m/min) (mm/tooth) (mm) (h) (mm3/min) (mm3/min) (microns) (N) (W)
1 85 0.20 1.50 0 84806.9 59.071 1.28 315 1396
2 85 0.15 1.00 0 63605.1 48.523 1.12 290 1432
3 85 0.15 1.50 1 76326.2 40.084 0.44 280 1272
4 85 0.10 0.50 0 42403.4 40.084 0.86 280 1372
5 85 0.15 0.50 -1 42403.4 63.291 1.45 314 1608
6 85 0.10 1.00 -1 38163.1 65.40 1.4 318 1512
7 85 0.20 1.00 -1 46643.8 50.633 1.68 335 1785
8 75 0.15 1.00 1 46643.8 21.097 0.68 278 1046
9 85 0.15 1.00 0 63605.1 48.523 1.12 290 1432
10 95 0.15 0.50 0 50884.1 44.304 0.78 275 1610
11 95 0.20 1.00 0 72085.8 61.181 1.02 320 1790
12 85 0.20 1.00 1 106009 42.194 0.58 294 1226
13 95 0.15 1.00 1 118730 48.523 0.36 275 1406
14 75 0.15 0.50 0 42403.4 36.92 1.38 276 1012
15 95 0.15 1.50 0 84806.9 64.346 0.95 285 1823
16 85 0.10 1.50 0 72085.8 63.291 1.12 285 1358
17 95 0.15 1.00 -1 50884.1 61.181 1.31 298 1948
18 85 0.10 1.00 1 64029.2 35.86 0.69 273 1205
19 75 0.20 1.00 0 55124.5 46.413 1.24 302 1218
20 85 0.15 0.50 1 50460.1 29.536 0.48 272 1172
21 75 0.15 1.00 -1 41131.3 90.717 1.48 313 1390
22 85 0.15 1.00 0 63605.1 48.523 1.25 290 1432
23 85 0.15 1.50 -1 50036 78.059 1.95 335 1752
24 85 0.15 1.00 0 63605.1 48.523 1.25 290 1432
25 75 0.10 1.00 0 41131.3 44.303 1.43 286 1098
26 75 0.15 1.50 0 49612 48.523 1.58 295 1176
27 95 0.10 1.00 0 62757.1 56.962 1.02 287 1685

Table 5: ANOVA for MRR.

Source
Sum of

Squares
dof

Mean

Square

F

Value

p-value

Prob >  F
Model 9.491E+009 10 9.491E+008 13.58 < 0.0001 Significant
A-CS 2.244E+009 1 2.244E+009 32.10 < 0.0001
B-FR 6.798E+008 1 6.798E+008 9.72 0.0059

C-DoC 1.702E+009 1 1.702E+009 24.34 0.0001
D-Lowering temp. 3.102E+009 1 3.102E+009 44.37 < 0.0001

AC 1.784E+008 1 1.784E+008 2.55 0.1276
AD 9.714E+008 1 9.714E+008 13.89 0.0015
BD 2.805E+008 1 2.805E+008 4.01 0.0604
CD 8.311E+007 1 8.311E+007 1.19 0.2899
A2 5.116E+007 1 5.116E+007 0.73 0.4036
C2 2.235E+008 1 2.235E+008 3.20 0.0906

Residual 1.258E+009 18 6.991E+007

Lack of Fit 1.178E+009 14 8.417E+007 4.21 0.0876 not significant
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It can be assessed that the general reliability of the re-
gression model by comparing the value of p to a substantial 
threshold, with the most popular options being 0.01, 0.05, and 
0.10. There is enough data to determine whether the regres-
sion model suits the results more effectively than a model with 
no predictor factors if the p-value falls below the 0.05 level.

Figure 5 shows the MRR variations surface plotted against 
CS vs feed. Table 6 compares the Taguchi technique and RSM 
optimized values, as well as the percentage variance between 
the parameter in each approach. Both strategies can be utilized 
to improve results; they produce results that are almost identi-
cal. By executing a number of process variables, validation tests 
were conducted with an accuracy level of 95%.

Micro-structural analysis

It is evident from figure 6, that the M12C (Co6W6C) - 
type carbide, which does not weaken the structure as much as 
the earlier type does, precipitated in the solid state following 
cryogenic treatment with minute grains dispersed across the 
matrix. Together with the bigger particles, these tiny particles 
create a matrix in the substance that is denser, more coherent, 

and far more durable. The thermal conductivity of the WC-Co 
material enhances as the size of the α-phase particles grows 
following cryogenic treatment. The ability of a material to dis-
sipate heat is increased by the increase in thermal conductivity 
caused by cryogenic treatment.

Conclusions
This research aims to examine the effects of cryogenic 

treatment on WC end mill cutter when they are treated with 
a range of cryogenic temperatures while CNC milling of a 
P20 steel workpiece. RSM and Taguchi approaches were used 
to optimize the process parameters, and the outcomes were 
compared. The following conclusions can be drawn from the 
experimentation and results analysis:

•	 It is found from the results that, when compared with 
other treated tools, DCT is showed better performance 
in machining of P20 steel material.

•	 In comparison to using an SCT-treated tool, it was 
shown that utilizing a DCT tool led to an increase in 
MRR of 24.53%, a decrease in TWR, Ra, CF, and PC of 
30.90%, 75.28%, 29.62%, and 13.37%, respectively.

•	 From scanning electron microscope analysis, it was seen 
that surface texture is increased on workpiece with DCT 
tool compared with other treated tools.

•	 It is observed from the analysis that DCT cutting tools 
are preferable for milling P20 steel workpieces in order 
to achieve increased MRR, low TWR, Ra, CF, and PC 
compared with other treated tools.
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