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Abstract:  In  order  to  sustain  in  the  global  competitive  scenario,  the  manufacturing  industries  have  been 
practicing the various tools to achieve the high quality products at lower cost. Selection of appropriate cutting 
conditions is necessary to improve machinabilty of a work piece material.  The present work objective is to find 
out the optimum cutting parameters  in turning of hardened AISI M2 steel using cryogenically  treated cutting 
inserts. The Utility concept coupled with Taguchi approach was employed to optimize both surface roughness 
and power consumption  simultaneously.  According to Analysis of variance (ANOVA) results, the feed was the 
major dominant  factor followed  by the cutting speed on multiple  performance  characteristics.  The necessary 
optimum conditions for multiple performance characteristics optimization were obtained as cutting speed of 100 
m/min, feed 0.04 mm/rev and depth of cut of 0.2 mm. 
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INTRODUCTION 

Hardened materials whose hardness is more than 45 
Rockwell hardness are widely used in engineering 
industries, machine tools, bearing steels, forging, high 
speed steels, automotive and aerospace industries. The 
products manufactured  in these industries are sent for 
finishing at the final stage and it is carried out by 
grinding process.   For the last few decades,  grinding 
process is replaced by hard turning due to its certain 
disadvantages   such   as   expensive   machinery,   low 
material  removal  rate,  long  cycle  and  set-up  times. 
From  the  technological  growth  towards  new  cutting 
tool materials development;  designing of rigid, stable 
and accurate machines emerges the concept of hard 
turning.  It  is  a  process  of  finish  turning  of  hard 
materials  whose  HRC  is in the  45-65  range.  It is a 
viable alternative  to grinding process and consists of 
potential advantages over grinding such as eco- 
friendliness, cost effectiveness, minimization of set-up 
times, better quality of manufactured products, 
inexpensive  machinery  and  higher  material  removal 
rate 1, 2. The CBN, PCBN, ceramic and coated carbide 
tools  are  extensively  used  for  hard  turning.  Out  of 
these,   CBN   and   PCBN   are   preferable   for   hard 
machining 3. The challenges involved in hard turning 
of materials has shifted from technological viability to 
economic  viability  due  to,  the  complexity  in 
processing these materials and high cost of CBN and 
PCBN inserts 4.   Therefore, in view of machining 
economics, many researchers have been striving to 
reduce tooling cost without compromising  the quality 
characteristics.  Many experimental  studies have been 
conducted by using ceramic, advanced coated carbide 
and cryogenically  treated cutting tools for finish hard 
turning with and without using cutting fluids 5-14. Gill 

 
SS et al. 12 found that there was an enhancement in life 
of tungsten  carbide  tool by cryogenic  action.  Reddy 
TVS et al. 13  observed  that lower  tool wear, cutting 
forces and surface roughness when turning with deep 
cryogenic treated P-40 tungsten carbide cutting tool 
inserts.  Manu  Dogra  et  al.  14   evaluated  the 
performance  of CBN  inserts  during  turning  of AISI 
H11  steel  and  compared  it  with  the  other  cutting 
inserts  such  as  coated  and  uncoated  inserts  which 
were treated under cryogenic conditions. It was found 
that  machining  cost  per  cutting  edge  of  the  other 
inserts were lower when compared with CBN cutting 
inserts.  As aforementioned,  machining  economics  is 
not the only factor affecting tooling cost, but also 
includes other aspects such as reduction of production 
cost and time. In this regard,  economic  criteria  seek 
selection of optimum machining parameters. In the 
manufacturing   field,   it  is  important   to  select   the 
optimal cutting parameters. Selection of    optimum 
cutting  conditions  yields  maximum  productivity  and 
high  quality  with  minimum  cost  and is traditionally 
relied on the operator’s experience and industrial hand 
books which are not scientific methods. Taguchi’s 
technique  is widely used to obtain necessary number 
of  experiments  to  determine  the  optimum  level  of 
cutting parameters. Some works have recently been 
carried   out   using   planning   and   experimentation 
through  the  Taguchi’s  technique  in  optimization  of 
process     parameters     15-19.     Originally,      Taguchi 
technique   was  able  to  optimize   only  one  quality 
attribute  by  providing  a  best  combination  of 
machining  parameters.  However,  the  industrial 
products are evaluated by several quality aspects. As a 
consequence,  a number  of  methods  were  developed 
for multiple  performance  characteristics  optimization 
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in   association    with   Taguchi   method   20.   Hence, 
selection  of  cutting  parameters  is  very  essential  for 

where  U x1 , x2 ,..., xn  is  the  overall  utility  of  n is 

manufacturing  industries,  especially  the  rapidly 
growing industries like high speed steel (HSS) tool 
manufacturing industries. AISI M2 steel is a 
molybdenum series HSS steel. It has higher wear 
resistance, toughness and thermo plasticity when 
compared with tungsten series HSS steels. It is 
extensively   used   in   manufacturing    of   drill   bits, 
reamers,  taps and dies. It is clear  from the previous 
works  that the  no attention  has been  paid about  the 
multiple    performance    characteristics    optimization 
during       hard  turning  of  AISI  M2  steel.  Taguchi 

process  performance   characteristics   and  is 
utility of ith performance characteristics. 

Estimated overall utility = 

n 

U x1 , x2 ,..., xn   WiU i xi  
i 1 

 
(Assuming utility function is varying linearly) 

U i xi  

technique  was  used  to  conduct  the  experiments  to Where, Wi = weight allocated to the ith performance 
hard turn AISIM2 molybdenum  high speed steel on a 
lathe using deep cryogenically treated PVD coated 
cutting   insert   in   the   present   investigation.    The 
influence of cutting parameters on performance 
characteristics using ANOVA has been done. 
Furthermore,  the  work  seeks  to  employ  the 
application    of   the   utility   concept   coupled   with 
Taguchi     technique     for     multiple     performance 

characteristic.  In  the  present  work,  multiple 
performance   characteristics,   surface  roughness  (Ra) 
and power consumption (P) need to be minimized and 
thus ‘smaller-the-better’ type objective function was 
selected for each performance characteristic. The 
corresponding  S/N  ratio  as  related  with  the 
performance characteristics Ra, P are set by, 

roughness and power consumption by machine. 
 

 
METHODOLOGY 

Taguchi   method   is   an   exclusive   and   efficient 

According  to the Eq.1,  the  multiple-  performance 
characteristics S/N ratio for overall utility 22, 

robust design technique for experiments and improves 
the productivity to a great extent while minimizes the 

U  W1U1   W2U 2 (2) 

production   cost.  Taguchi   suggested   signal-to-noise 
(S/N) ratio to compare variations in responses through 
a quantitative  value. Maximum  value of S/N ratio is 
desirable as it minimizes the response variation. 
According   to  Taguchi,   the  objective   functions   of 
various problems are divided into three types. 
Irrespective  of the type of the objective  function, the 
larger signal to noise ratio indicates improved 
performance.  Hence the maximum  value of signal to 
noise ratio gives the most favorable  level of process 
parameter   21.   For   judging   the   performance   of   a 
product/process  by considering  their relevant  quality 
characteristics,   a   composite   index   is   required   to 
estimate its overall performance.  Utility emphasizes a 
customer’s  satisfaction  towards  overall  performance 
of  a  product.   Utility  concept   establishes   a  utility 
function   (U)  which   is  a  composite   index   of  the 
individual utility functions 22. Therefore, in the utility 
concept, the amalgamation  of utilities of each specific 
quality  attributes  of  a  product  indicates  its  overall 
utility. Further it optimizes the manufacturing process 
simultaneously. The utility function for overall 
performance of quality characteristics is given below: 

 

U x1 , x2 ,..., xn   f U1 x1 ,U 2 x2 ,...,U n xn 

In the present work, a weight allocated to the each 
performance characteristic is 0.5 which gives equal 
importance  to all the performance  characteristics  for 
simultaneous minimization. 
 
EXPERIMENTAL  PROCEDURE 

The cutting speed, feed and depth of cut with three 
levels of each were taken as the cutting conditions for 
the present work. On the basis of Taguchi  technique 
L9  (34) orthogonal array was selected. The machining 
tests  were  carried  out  on  a  center  lathe  (Kirloskar 
make  Turn  Master  35).  The  chemical  composition 
AISI M2 steel of diameter  of 49.5 mm and 200 mm 
length   is   as   follows:C   0.89;Mn   0.26;Si   0.38;Cr 
3.95;Ni   0.31;Mo   4.78;W   6.05;V   1.75;Cu   0.16;P 
0.023;S  0.0010;  Co  0.6.The  work  piece  was  heat 
treated  to  harden  it.  After  the  heat  treatment,  60±2 
HRC  was  obtained.    The  PVD  coated  cutting  tools 
were used which were given deep cryogenic treatment 
(Seco make, ISO code CNMG 120408). Mitutoyo SJ- 
210   instrument   was   used   for   measuring   surface 
roughness.  To calculate  power  consumption  at  each 
experimental trial, cutting forces measurement was 
carried out by a Kistler three component Piezo electric 
dynamometer  of type 9257B with a resonance  of 3.5 
kHz. The dynamometer was positioned under the tool 
holder and coupled with a charge amplifier; type 5070 
A. The schematic  diagram  of experimental  set up is 
shown in Figure1. 
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RESULTS AND ANALYSIS 

Figure 1. Experimental set-up. 
 

was used for utility based Taguchi approach multiple 
Table 1 shows the computational  value of S/N ratio 

for     individual     performance     characteristic     and 
performance  characteristics  in the present  work. The 
Figure 2 shows multi-performance  characteristics  the 

multiple-performance    characteristics by   means   of average S/N ratios of overall utility for each level of 
Eq.1 and 2. The variations of the experimental  design cutting   parameters.   Thus,  from  the Figure   2,  the 
can be measured by S/N ratio. In order to attain high optimal  process  parameters  for the present  work are 
product      quality,      the      desired outcome      for A1, B1, C1 (highest S/N ratios). The best combination 
manufacturing    industries    is   the   lowest   possible 
surface    roughness    and   power    consumption.    To 
achieve this, the smaller-the-better  objective  function 

of these values minimizes  the surface roughness  and 
power consumption simultaneously. 

 
 

Figure  2. Effect of control factors on multiple S/N ratio. 
 

From the  Figure  2 It has been  found  that,  a low feed  behavior  against  average  S/N  ratios  of  overall 
cutting   speed   of   100   m/min   was necessary   for utility.   At  low  feed  rate  0.04  mm/min,   both  the 
reducing  surface  roughness  and power  consumption. performance   characteristics    were minimized.   The 
It   can   be   verified    empirically    that   very   high 
temperature is generated at low cutting speed (as more 
contact  between  tool  and  work  piece)  during  hard 
turning11.    The   high   temperature    causes   thermal 
softening  of the  work  piece  and  produces  a smooth 
surface finish. The power consumption  was also low 
at  low  cutting  speed  along  with  the  combination  of 
low depth of cut 0.2 mm. The Figure 2 also shows the 

reason  could  be, the  heat  generation  is more  due  to 
higher material removal at higher feed rates, it causes 
high flank wear and results  more surface  roughness. 
It  is  evident  from  the  Figure  3  that  higher  cutting 
forces are recorded during turning at higher feed rates. 
As  a  consequence,   power  consumption  is  more  at 
higher feed rates as the material  removal rate is also 
higher. 
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Figure  3. Cutting forces at a feed rate of 0.12 mm/rev and varying speeds. 
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Performance 

characteristics 
 
S/N ratios 

 

 
Ra 

(µm) 

 
Power 

(W) 
U1(dB) U2(dB) U(dB) 

 
0.500 

 
161.48 

 
6.006141 

 
-44.1626 

 
-19.0782 

0.616 230.33 4.196648 -47.2471 -21.5252 
0.613 304.98 4.241345 -49.6855 -22.7221 
0.515 291.78 5.761039 -49.3011 -21.7700 
0.487 471.77 6.246443 -53.4746 -23.6141 
0.618 407.84 4.177884 -52.2098 -24.016 

 
Expt. 

No 
Cutting 
speed 

(m/min) 

 
Feed 

(mm/rev) 
Depth 

cut 
(mm

1 100 0.04 0.2 
2 100 0.08 0.3 
3 100 0.12 0.4 
4 120 0.04 0.3 
5 120 0.08 0.4 
6 120 0.12 0.2 
7 140 0.04 0.4 
8 140 0.08 0.2 
9 140 0.12 0.3 



ij 

e 

 

 
 

Table  1. Experimental results 
 
 

Levels of cutting parameters 
 

of 
 

) 
 

 
 
 
 
 
 
 
 
 
 

0.479 383.30 6.378198 -51.671 -22.6464 
0.417 400.38 7.590345 -52.0496 -22.2296 
0.498 658.45 6.049607 -56.3705 -25.1605 

 
 

Once  the  optimal  process  parameters  levels  are 
selected,    the   final   stage   is   the   prediction    and 
verification   of  both  surface   roughness   and  power 

According  to the Eq. (3), the predicted  value of S/N 
ratio for A1, B1, C1 parameter level combination  is - 
18.989dB.  After  computing  the  predicted  optimum 

consumption. 
p

 value  U  pred and the experimental  value  U  exp t 
 

U pred  m   mij 
j 1 

 

 
max 

 m 
(3) at  the  optimum  levels  in  terms  of  S/N  ratio,  the 

closeness of these two values must be checked by 
computing Confidence interval (CI) at 95% level. The 

Where    m=  Overall  mean  of  nine  experimental CI  for  the  predicted  optimal  value  is  calculated  as 
21 

trials  S/N  ratios;   m  
max 

 
=  S/N  ratio  of  optimum 

follows    : 

process parameters; p = Number of significant factors 
 

N 

 
 
i.e. ±1.5217 dB. Hence, the combination  of optimum 

eff 1  dofassociatedtothatlevel 
 

9 

parameter  level and additive model for the parameter 
effects in the present investigation is quite valid. 
Therefore the simultaneous optimization for surface 
roughness  and  power  consumption  of  machine  has 

= 
1  2  2  2 

= 1.285 been achieved  using Utility  based Taguchi  approach 
at significant level of 0.05. 

The  purpose  of  ANOVA   is  to  find  significant 
Where,    Ve     =   0.12861    (from    ANOVA    Table); 
F ,1,ve    F0.05%,1,3  =  10.128 (from F-Table) 

 

  1        1  

process  parameters  which  influence  the performance 
measures.  ANOVA  Table  2 illustrates  that  the  feed 
rate  (50%)  has  shown  major   influence   on  multi- 
performance characteristics  followed by cutting speed 

CI  F ,1,ve * V                         


(38.84%).  However,  depth  of  cut  has  shown  least 
  eff 

CI = ±1.5219 dB 

The prediction error U        U 

ver  




 is 0.0892 dB. 

influence   on   multiple   performance   characteristics. 
And it is also found that there is negligible  effect of 
interaction of cutting parameters on simultaneous 
minimization of surface roughness and power 
consumption  by machine  due to 0.001 percentage  of 

pred exp t error contribution. 
It is observed  that the error falls inside the CI value 
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                   Table   2. ANOVA results for power (at 95% confidence level, F2, 3  = 9.552)   

Source             DF                   SS                      Variance                       F                     C (%) 
 

Speed                2                   9.15                         4.57                       35.533                38.837 

Feed                 2                  11.80                        5.90                       45.875                50.084 

DOC                 2                   2.61                         1.30                       10.108                11.078 

Error                 3                 0.3858                    0.12861                                                 0.001 
 

Total                 6                  23.56 
 

On the other side, the corresponding values of F 
for cutting parameters are greater than the F- table 
value.  The  optimal  combination  of  process 
parameters  and cryogenically  treated cutting insert 
lead   to  predict   a   value   which   optimizes   both 
surface     roughness     and     power     consumption 

simultaneously     that falls within the Confidence 
interval at high confidence  percentage.  Hence, the 
optimization  results are accurate  and flexible.  The 
method   employed   in  the  present   study  can  be 
applied in the tool manufacturing industries to 
improve the efficiency. 

 
 

DEVELOPMENT  OF MATHEMATICAL  MODEL 
A  mathematical   model  establishes   the 

correlation between machining responses and the 
process parameters to enable the optimization of 
machining process. In the present work, a multiple 
regression model was developed for overall utility. 

 
The regression equation for Overall utility = 11.2 + 
0.0559  ×  Cutting  speed  +  35.0  ×  Feed  +  6.10 
×Depth of cut 
 
( R2 = 89.8% ;  R2(adj) =  83.7%) 

 
            Table  3. Adequacy checking         

 

 

Source 
 

DF 
 

SS 
 

Variance  
 

F   

P <0.05 
 

Regression 
 
Residual Error 

 

3 
 

5 

 

21.058 
 

2.437 

 

7.169 
 

0.487 

  
14.71 

  
0.006 

 

Total 
 

8 
 

23.945      
 
 
 
 

 
 

Figure   4. Normal probability plot of Residuals.                 Figure   5. Residual plot for Residuals Vs Fitted 
values. 
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The adequacy of a multiple regression model can be 
checked by ANOVA and coefficient of correlation R2. 
Employing  ANOVA,  the calculated  F value must be 
larger than the F table value and P value also must be 
less than 5% significant  level. These conditions were 
satisfied  in the developed  model  (Table  3). Another 
measure that is commonly used to test the adequacy of 
a fitted multiple regression model is the coefficient of 
correlation  R2.    The  calculated  R2   and  adjusted  R2

 

values  for  the  developed  model  were      89.8%  and 
83.7% respectively.   These values indicate that the 
developed model was adequate for prediction. The 
validity of regression model is tested by residual plots 
i.e. normal probability plot of the residuals and the 
plot of residuals  versus fitted values. These plots are 
presented in Figures 4 and 5. The normal probability 
plot assess if the data is approximately normally 
distributed. The residuals should form an approximate 
straight  line.  The  Figure  4  revealed  that  most  of 
residuals are formed as a straight line. It indicates an 
almost perfect fit for the developed  model of overall 
utility  for  multiple   performance   characteristics.   In 
order to obtain a correct model and to satisfy the 
assumptions,   the   residuals   should   not   show   any 
definite structure. The Figure 5 showed that the there 
is no obvious pattern in residuals. This shows that the 
proposed model is good for prediction. 

 
CONCLUSIONS 

Hard  turning  is an eco-friendly,  viable  alternative 
for grinding process both performance  and economic 
wise. The present work has substantially improved the 
quality of performance characteristics during hard 
turning  of  AISI  M2  steel  by  use  of  cryogenically 
treated PVD coated cutting inserts. The cylindrical 
grinding  process  is  generally  used  in  tool 
manufacturing  industry  for  finishing  purpose. 
Generally, the expected range of surface roughness 
values  for  manufacturing  industries  is  0.063-5  µm. 
The  obtained  surface  roughness  values  were  fallen 
below the 0.618 µm in the present work. On the other 
hand,   the   hybrid   optimization   method   has   been 
yielded the predicted optimal value for multiple- 
response optimization,  which has fallen inside the CI 
at high confidence  percentage  and was accurate  and 
can be successfully applied for tool manufacturing 
industry.  Some other conclusion can also be extracted 
from the work: 

 
(i) The combination of optimal levels of cutting speed 
100  m/min,  depth  of  cut  0.2  mm,  feed  rate  0.02 
mm/rev   is  necessarily   required   to  minimize   both 
surface roughness and power consumption 
simultaneously. 
(ii)  As per  ANOVA  outcome,  feed  rate  and  cutting 
speed   are   significant   factors   in   optimizing   both 
surface roughness and power consumption. 

 
(iii)   Feed   rate   is   the   more   dominant    one   by 
contributing 50.08 %.The negligible error contribution 

(0.001%)  is observed  and specifies  the nonexistence 
of cutting conditions interaction in multiple responses 
optimization. 
(iv) It is also found that the developed model is quite 
satisfactory for finding out the optimum performance 
characteristics at 5% significant level. 
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