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This research work includes an extensive experimental analysis to explore the significance of cryogenic treated (CT) and
untreated (UT) carbide cutting inserts on the machinability of AZ91D Mg alloy. A Taguchi L18 orthogonal array is employed
to gather data for the analysis. Grey relational analysis (GRA) with both, equal weight (EqW) method along with entropy
based weight method (EWM) are utilized to optimize the parameters of performance measures viz. surface roughness (Ra),
cutting-tool temperature (T), cutting-force (Fz) and tool-wear (VB). CT cutting inserts yield better results than untreated one.
The GRA results provided the optimal parameter combination for both types of weight-allocation methods as 80 m/min cutting
speed, 0.5 mm depth of cut, 0.1 mm/rev feed for CT cutting insert. Confirmation test evidenced that, Ra, Fz, T and VB values
are considerably reduced by 20%, 12%, 10% and 46% respectively while machining with cryogenic treated tool (CTT).
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Introduction

Nowadays, the utilization of magnesium (Mg) is
gaining more attention in numerous industries due to
their light weight, improved stiffness, fracture toughness,
biocompatibility, and high strength [1-4]. Machining of
Mg and its alloys are very challenging owing to finest
chips that are formed in the process which get ignited
[5]. Mg reacts strongly with water and produces
hydrogen gas, water-based coolants are ineffective for
machining Mg and its alloys [6-8].

Alternatively, life of the cutting insert is a significant
aspect for achieving higher productivity and hence
becomes a vital cost-effective parameter. In the past
few decades, various methodologies were suggested to
enhance the performance of the cutting tools such as
heat treatment, water cooling, air cooling and oil
cooling. A recent research report has indicated that
cryogenic treatment as eco-friendly and an efficient
approach for enhancing tool performance [9-11]. It
considerably influences the vital machinability aspects
such as cutting zone temperature, wear resistance, tool
wear, cutting force and the machined component's
surface quality. Reddy et al. [10] conducted comparative
analysis of performance of CT and UT carbide tools on
C45 steel and found considerable enhancement in
surface quality and surface quality and decrease in Fz

with the application of CT cutting inserts. Seah et al.
[11] found that the CT cutting inserts could provide
enhanced wear resistance and tool life at higher cutting
speeds. By subjecting to CT, the cutting tool inserts are
cooled-down to −196 °C and preserved at this
temperature for a specific period (i.e 24 h, 36 h & 48 h)
and then brought to room temperature gradually. CT
carbide inserts exhibited better surface finish in
addition to enhanced tool life during machining [12,
13].

Osman Nuri Celik et al. [13] investigated the
consequence of cryogenic treatment on cutting force,
chip-morphology, tool wear and coefficient of friction
in end milling of Ti alloy with UT and cryogenically
treated WC-Co inserts. It was found that better results
were obtained for the tool wear resistance and cutting
forces in 36 h in cryogenically treated tools. Yong et al.
[14] have reported that CTT performed better than UT
cutting inserts in the turning operation of steel. During
long continuous cutting operations at high temperatures,
however, CTT can lose their superior properties. In
such cases, remarkable reduction in the VB after
cryogenic treatment and also slight enhancement in the
resistance against the chipping phenomenon were
observed. Ramesh et al. [15] have performed turning
test on Mg AZ91D alloy using PCD inserts and
reported that Ra and VB were greatly influenced by
cutting speed and feed rate respectively. Using an
uncoated tungsten carbide cutting insert, Viswanathan
et al. [16] investigated turning of Mg alloy in dry and
MQL (minimum quantity lubrication) cutting conditions,
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finding that MQL conditions yielded better results.
Viswanathan et al. [17] effectively used Taguchi-

GRA-PCA technique in turning of Mg alloy using
PVD inserts and revealed, the significant parameter
among the multiple performance characteristics is the
depth of cut. Dinesh et al. [18] investigated the effect
of liquid nitrogen as coolant during the machining of
ZK60 Mg alloy. Reduction in cutting temperature and
cutting forces, enhancement in hardness and surface
finish were noticed under cryogenic cooling over dry
machining. Deshpande and Venugopal [19] reported
that CT inserts exhibited less VB compared to UT
inserts and machining at high cutting speed resulted in
lesser tool life. Koklu and Coabn [20] conducted
drilling tests on Mg alloy under dry and cryogenic
conditions and revealed results such as low tool wear,
small sized chips and reduction in the amount of
adhesions at cryogenic conditions but the thrust forces
found increased by 32-39% compared to dry condition
cutting.

Xuhong Guo et al. [21] analysed the machining
characteristics of Mg alloy using kentanium cutting
tools under dry environment and concluded cutting
feed as the main impact factor on both, Ra and VB.
Gunasekaran et al. [22] optimized the parameters of
cryogenic soaked Mg alloy using TOPSIS approach
and the chip analysis exposed that the higher cryogenic
soaking time reduced the tendency for self-ignition of
chips. Sivalingam et al. [23] found that CT insert
showed enhanced machinability and improved tool life
when compared to UT insert under the same machining
conditions. Vadivel and Rudramoorthy [24] noticed
from micro structural analysis that wear resistance of
CT carbide inserts was higher than that of UT one
because of existence of fine η-phase carbide distribution
in the CT insert. 

Sahoo et al. [25] found CT carbide tools having
higher wear resistance while turning of AISI 316
stainless steel which is due to the uniform dispersion of
fine and hard η-phase that imparted greater hardness.
Ozbek [26] observed that deep cryogenically treated
tools provided better wear resistance and Ra in the
turning of AISI H11 hot work steel tool. Cicek et al.
[27] stated that deep cryogenically treated tools have a
longer tool life (for 24 h) M35-HSS drills got enriched
up to 218% at high cutting speeds in the drilling
operation of AISI 316 steel. Though, very limited
analysis has been done on AZ91D Mg alloy with CT
inserts to improve the parameters of its process. This
offers the motivation for the contemporary study. 

Experimental Work

The work material AZ91D Mg alloy has the
composition of Al 9.041%, MnO.21%, ZnO.6649%,
SiO.0364%, FeO.0025%, CuO.0014%, NiO.0006%
and the remaining Mg. The specimen with dimensions

of 30 mm diameter and 250 mm length was used for
conducting dry turning experiments in centre lathe
(Nagmati-175 types) using UT and CT carbide cutting
inserts (VBMT160408-LM). Cryogenic treatment
includes keeping the inserts in liquid nitrogen for 24
hours and then tempering the tool at 180 °C for 3
hours. The control parameters involved in this test are
provided in Table 1. In this study experiments were
conducted and responses noted based on Taguchi
L18 orthogonal array design as presented in Table 2. In
this effort, Ra and Fz were measured by MITUTOYO
SJ 210 and Kistler dynamometer (Type 9257B)
respectively. Tool temperature and VB were observed
with BEETECH MT-4E Infrared Thermometer and
Mitutoyo Tool Maker’s Microscope (TM-510 Model)
respectively. The approach of this exploration is
schematically represented in Fig. 1.

Results and Discussion

Optimization by Taguchi
This exploration is greatly intended on attaining the

best possible results with lowest Ra, Fz, T and VB.
Therefore “Lower the Better” condition was desired
and computing S/N ratio [28-31] was achieved with eq.
(1). 

Fig. 1. Stages of experimental work and optimization.
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(1)

Here, n = Total no. of interpretations, y = observed
data.

Minitab 19 software was used to obtain the responses
of S/N ratios as well as their plots. The mean effects
plots for S/N ratios of Ra, Fz, T and VB are indicated in
Figs. 2, 3, 4 and 5 respectively.

From Fig. 2 the best combination for minimum Ra is
f at 0.1 mm/rev, V at 140 m/min, d at 0.5 mm with
CTT. Ra increased as the feed and depth of cut
increased, but decreased as the cutting speed increased.
According to Table 3 and ANOVA results, it is evident
that feed is the dominant factor with an influence of
47.28% on Ra followed by cutting insert. The accuracy
of machined surfaces of Mg alloy is mainly determined
by feed [8]. Similarly the optimal machining conditions
of V at 80 m/min, f at 0.1 mm/rev and d at 0.5 mm
with CTT are attained for achieving minimum Fz and
T values according to Fig. 3 and 4 respectively. Feed
and Cutting speed are the major dominant factors

having influences of 88.14% and 45.82% on Fz and T
respectively as from ANOVA results. Both Fz and T
values increased with increasing cutting speed, feed
and depth of cut. The optimum machining conditions
for minimum VB is V at 80 m/min, f at 0.1 mm/rev, d
at 1.0 mm with CTT as seen from Fig. 5. It also
exhibits that increased speed and feed with UT tool
result in greater tool wear. Cutting tool shows major
influence on VB and contributed with 37.17%. Analysis
of all responses revealed that optimal results are
obtained only with CT cutting inserts in the machining
of Mg alloy.

Optimization by using GRA
Taguchi’s technique is constrained to solve single

objective problems only. When many objectives are to
be encountered, Taguchi based GRA is preferred.
GRAs frequently deal with complicated relations
between multiple parameters and responses [32]. In this
analysis, GRA is employed to find the optimal setting
values relating to diverse responses. The several stages
of the GRA method are enumerated in the subsequent
segments [33, 34]. 
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Table 1. Cutting parameters and their levels.

Symbol Control factors Level 1 Level 2 Level 3

A Cutting tool Untreated (UT) Cryogenic treated (CT)

V Cutting speed (m/min) 80 110 140

f Feed (mm/rev) 0.1 0.15 0.2

d Depth of cut (mm) 0.5 0.75 1.0

Table 2. Test results.

Trail No A V f D Ra (µm)  Fz (N) T (°C) VB (mm)

1 UT 80 0.1 0.5 1.002 52.8 37.2 0.15

2 UT 80 0.15 0.75 1.215 74.3 40.1 0.22

3 UT 80 0.2 1.0 1.654 98.62 46.3 0.25

4 UT 110 0.1 0.5 0.952 54.82 41.21 0.18

5 UT 110 0.15 0.75 1.128 86.28 42.8 0.23

6 UT 110 0.2 1.0 1.427 110.36 48.27 0.25

7 UT 140 0.1 0.75 0.832 59.83 47.81 0.26

8 UT 140 0.15 1.0 1.25 92.89 51.3 0.27

9 UT 140 0.2 0.5 1.041 113.61 52.18 0.29

10 CT 80 0.1 1.0 0.866 48.3 36.8 0.08

11 CT 80 0.15 0.5 1.112 69.6 39.8 0.14

12 CT 80 0.2 0.75 1.155 90.23 42.5 0.19

13 CT 110 0.1 0.75 0.786 51.34 40.4 0.12

14 CT 110 0.15 1.0 1.152 85.2 42.3 0.17

15 CT 110 0.2 0.5 1.094 104.5 42.8 0.21

16 CT 140 0.1 1.0 0.682 52.66 40.3 0.16

17 CT 140 0.15 0.5 0.862 72.8 45.3 0.20

18 CT 140 0.2 0.75 0.991 122.4 50.2 0.23
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Normalization

The initial step is data pre-processing in which the
original data are normalised and transformed into
values between 0 to 1 using Eq. (2) and presented in
Table 4. Considering required outputs for Ra, Fz, T and
VB in turning, a smaller-the-better performance is
chosen to get optimal results.

(2)

Where  is original data,  is normalized data

Grey relational coefficient (GRC)

Subsequent to normalization, the GRC is estimated
using the Eq. (3) and presented in Table 5. 
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Fig. 2. S/N ratio plot –Ra.

Fig. 3. SN ratio plot Fz.
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GRC 

(3)

Where, distinguishing coefficient ζ = 0.5 is typically
used. 

Weight calculation

The weights of the multi-objective responses are
required to attain the grey relational grade (GRG).
Most of the researchers have used equal weights for all
responses, but this technique ignores any variance
among the multi-objective characteristics. The weights
of diverse responses contrast from one another owing
to their dissimilar surface characteristics. Two of these
approaches are presented in this paper: the EWM and a
hybrid method that uses the EWM in conjunction with
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Fig. 4. SN ratio plot T.

Fig. 5. SN ratio plot –VB.
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the analytic hierarchy process (AHP) to compute
weight [35, 36]. 

a) EqW Method
In this method equal weight is allotted to all

response. In this work four response are involved hence
equal weight (wj) of 0.25 is assigned to each.

b) EWM combined with AHP (EWM-AHP)
First the weight of the ith trial is to be assessed for

each response via Eq. (4) which are listed in Table 7.

(4)

Mij signifies the weight of the ith trial for the jth

response and m denotes the total trail.

After that, the entropy value for the jth response is
calculated. The matrix M can be used to extract the
entropy row vector λ. 

(5)

Then entropy weight vector β is obtained by using Eq.
(6): 

(6)

The weight vector β is derived from pairwise
comparisons of relative importance of degrees, as
described in Table 6.

Subsequently final weight factor is computed using
the below expression (7).

(7)

Where, wj is the weight of the jth response. The
calculated values of δj, βj and λj and weight of
respective response are presented in Table 7.

GRG

The GRG is computed on the basis of the weight
presented in the Table 7 with help of Eq. (8). The
resultant GRG and its ranks are shown in Table 8.

GRG (8)

For both EqW and EWM-AHP weights methods, the
highest S/N ratio was obtained in the tenth
experimental run. As a result, the 10th run was given
first place. The mean GRG value was computed which
depends upon S/N values and are listed in GRG
response Table 9 [37]. 

As GRG is a “larger-is-better” quality attribute,
maximum GRG values are obtained for f1 at 0.10 mm/
rev, V1 at 80 m/min, and d1 at 0.50 mm under CTT,
using both weight-assigning methods, as shown in the
Mean tables for GRG (Table 9) and Figs. 6 and 7. 

Validation trial (Table 10) is the substantial indication
of optimized results [38, 39]. The optimal parameters
provides the outcomes are 0.798 µm of Ra, Fz of
46.7N, T at 33.6 °C and 0.08 mm of VB. Ra, Fz, T and
VB values are significantly reduced by 20%, 12%, 10%
and 46% respectively due to machining with CTT and
produced better optimized results. Table 10 also
shows that using EqW and EWM-AHP weights, the
improvements in GRG are 25.09% and 25.48%,
respectively, at optimal conditions. When a multi-
objective optimization is performed, GRG with EWM-
AHP weights method produces the best results, with a
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Table 3. Summary of SN ratio for Ra, Fz, T & VB.

a) Ra

Level A V F d

1 0.42786 -1.16728 1.44549 -0.05862

2 -1.16407 -0.60421 -0.92287 -0.03696

3 0.66717 -1.62694 -1.00875

Delta 1.59194 1.83445 3.07243 0.97179

Rank 3 2 1 4

b) CF

Level A V F d

1 -37.36 -36.90 -34.51 -37.47

2 -38.01 -37.93 -38.03 -37.79

3 -38.24 -40.51 -37.80

Delta 0.65 1.34 6.00 0.33

Rank 3 2 1 4

c) T

Level A V F d

1 -32.49 -32.11 -32.14 -32.63

2 -33.06 -32.65 -32.76 -32.83

3 -33.56 -33.42 -32.86

Delta 0.57 1.45 1.28 0.22

Rank 3 1 2 4

d) VB

Level A V F d

1 15.94 15.85 16.56 14.46

2 12.80 14.51 13.96 13.87

3 12.75 12.60 14.78

Delta 3.14 3.10 3.96 0.91

Rank 2 3 1 4
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value of 2.94% higher than GRG with EqW.
After validation experiment, SEM analysis was

conducted to confirm the optimal results. Fig. 8 shows

the SEM analysis of surface, in which rough turned
surfaces are observed in Fig. 8a. Better surface
condition is realized at optimal turning with Ra value

Table 4. S/N ratio & Normalization.

Trail No
S/N ratio Normalization

Ra CF T VB Ra CF T VB

1 -0.017 -34.453 -31.411 16.478 0.671 0.939 0.974 0.667

2 -1.692 -37.420 -32.063 13.152 0.452 0.649 0.785 0.333

3 -4.371 -39.879 -33.312 12.041 0.000 0.321 0.382 0.190

4 0.427 -34.779 -32.300 14.895 0.722 0.912 0.713 0.524

5 -1.046 -38.718 -32.629 12.765 0.541 0.487 0.610 0.286

6 -3.088 -40.856 -33.674 12.041 0.234 0.162 0.254 0.190

7 1.598 -35.538 -33.590 11.701 0.846 0.844 0.284 0.143

8 -1.938 -39.359 -34.202 11.373 0.416 0.398 0.057 0.095

9 -0.349 -41.108 -34.350 10.752 0.631 0.119 0.000 0.000

10 1.250 -33.679 -31.317 21.938 0.811 1.000 1.000 1.000

11 -0.922 -36.852 -31.998 17.077 0.558 0.713 0.805 0.714

12 -1.252 -39.107 -32.568 14.425 0.513 0.434 0.629 0.476

13 2.092 -34.209 -32.128 18.416 0.893 0.959 0.766 0.810

14 -1.229 -38.609 -32.527 15.391 0.516 0.502 0.642 0.571

15 -0.780 -40.382 -32.629 13.556 0.576 0.242 0.610 0.381

16 3.324 -34.430 -32.106 15.918 1.000 0.941 0.772 0.619

17 1.290 -37.243 -33.122 13.979 0.815 0.669 0.447 0.429

18 0.079 -41.756 -34.014 12.765 0.682 0.000 0.129 0.286

Table 5. GRC & Normalised matrix M.

Trail No
GRC Normalised matrix M 

Ra CF T VB Ra CF T VB

1 0.603 0.892 0.951 0.600 0.056 0.081 0.091 0.066

2 0.477 0.588 0.700 0.429 0.044 0.054 0.067 0.047

3 0.333 0.424 0.447 0.382 0.031 0.039 0.043 0.042

4 0.643 0.850 0.636 0.512 0.060 0.078 0.061 0.057

5 0.521 0.494 0.562 0.412 0.049 0.045 0.054 0.045

6 0.395 0.374 0.401 0.382 0.037 0.034 0.038 0.042

7 0.764 0.763 0.411 0.368 0.071 0.070 0.039 0.041

8 0.461 0.454 0.347 0.356 0.043 0.041 0.033 0.039

9 0.575 0.362 0.333 0.333 0.054 0.033 0.032 0.037

10 0.725 1.000 1.000 1.000 0.067 0.091 0.096 0.110

11 0.531 0.635 0.719 0.636 0.049 0.058 0.069 0.070

12 0.507 0.469 0.574 0.488 0.047 0.043 0.055 0.054

13 0.824 0.924 0.681 0.724 0.077 0.084 0.065 0.080

14 0.508 0.501 0.583 0.538 0.047 0.046 0.056 0.059

15 0.541 0.397 0.562 0.447 0.050 0.036 0.054 0.049

16 1.000 0.895 0.687 0.568 0.093 0.082 0.066 0.063

17 0.730 0.602 0.475 0.467 0.068 0.055 0.046 0.052

18 0.611 0.333 0.365 0.412 0.057 0.030 0.035 0.045
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of 0.798 µm. From Fig. 9, it is noticed that tool wear is
lower in cryogenically treated tool due to increased
hardness and wear resistance imparted by the cryogenic
treatment. Moreover fracture is noticed on the cutting
edge of the UT tool, whereas such fracture could not be
found in the CTT. 

ANOVA was performed [40, 41] and from its results,
for the EqW method, feed provides the foremost
influence on GRG (73.08%), followed by cutting tool
(13.74%). For the EWM-AHP weights method, the
results were different. In the case of EWM, feed is the

Table 6. Pairwise comparison.

Ra CF T VB

Ra 1 1 1/3 1/3

CF 1 1 1/3 1/3

T 3 3 1 1

VB 3 3 1 1

Table 7. Weight of each response.

Ra CF T VB

ej 0.988236 0.978744 0.982765 0.984724

αj 0.179521 0.324355 0.263008 0.233116

βj 0.125 0.125 0.375 0.375

Equal weight 0.25 0.25 0.25 0.25

EWM combined with AHP Weights 0.09011 0.162809 0.396048 0.351034

Table 8. GRG & Rank.

Trail No
Equal Weight EWM with AHP

GRG SN ratio Rank GRG SN ratio Rank

1 0.761 -2.369 4 0.787 -2.085 2

2 0.548 -5.221 9 0.566 -4.940 7

3 0.397 -8.032 17 0.410 -7.738 14

4 0.660 -3.606 5 0.628 -4.043 6

5 0.497 -6.070 12 0.494 -6.118 11

6 0.388 -8.224 18 0.389 -8.192 16

7 0.577 -4.782 7 0.485 -6.281 13

8 0.404 -7.865 15 0.378 -8.459 17

9 0.401 -7.938 16 0.360 -8.879 18

10 0.931 -0.618 1 0.975 -0.218 1

11 0.630 -4.009 6 0.659 -3.616 5

12 0.510 -5.855 11 0.521 -5.664 9

13 0.788 -2.066 2 0.749 -2.514 3

14 0.533 -5.470 10 0.547 -5.236 8

15 0.487 -6.254 13 0.493 -6.147 12

16 0.787 -2.076 3 0.707 -3.009 4

17 0.568 -4.908 8 0.516 -5.752 10

18 0.430 -7.325 14 0.398 -7.996 15

Table 9. Response Table for GRG.

a) Equal weight 

Level A V f d

1 0.6294 0.6296 0.7509 0.5846

2 0.5148 0.5589 0.5302 0.5584

3 0.5280 0.4354 0.5734

Delta 0.1146 0.1016 0.3155 0.0263

Rank 2 3 1 4

b) EWM combined with AHP weights

Level A V f d

1 0.6184 0.6531 0.7218 0.5737

2 0.4997 0.5501 0.5268 0.5356

3 0.4740 0.4286 0.5678

Delta 0.1187 0.1792 0.2932 0.0381

Rank 3 2 1 4
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Table 10. Confirmation test.

Initial 
parameters

Optimal Parameters Improvement 
(%)Prediction Experiment

Setting level A1V1f1d1 A2V1f1d1 A2V1f1d1 

Ra (µm) 1.002  0.798 20.35

Fz (N) 52.8  46.7 11.55

T(°C) 37.2  33.6 9.67

VB (mm) 0.15 0.08 46.66

GRG (EW) 0.761 0.878 0.952 25.09

GRG (EWM with AHP) 0.781 0.890 0.980 25.48

Fig. 6. Main effect plotEqW GRG.

Fig. 7. Main effect plot–EWM GRG.
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utmost impact to GRG (57.53%), followed by cutting
speed (20.88%). In both methods depth of cut has
shown the least contribution to GRG. The R2 values of
ANOVA results are 94.87% and 93.14% for both
weight methods respectively. These values are close to
unity and thus significant.

Conclusions

This research involves turning experiments conducted
on AZ91D Mg alloy with the aim of identifying the
influence of cutting factors and the dominant ones
among them Ra, Fz, T and VB using GRA technique.
Subsequent inferences have been reached from the
investigational and optimization works.

For attaining minimum Ra, V at 140 m/min, f at 0.1
mm/rev, d at 0.5 mm for machining with CTT are
found to be the optimal condition in the turning of the
Mg alloy.

The parametric combination of V at 80 m/min, f at
0.1 mm/rev, d at 0.5 mm for machining with CTT is
obtained as the optimal parameters for Fz and cutting
tool temperature.

The cutting conditions of V at 80 m/min, f at 0.1

mm/rev, d at 1.0 mm for machining with CTT results
in lowest VB value. 

As per GRA results, both weight-assigning methods
have optimal parameter conditions for minimizing Ra,
Fz, T and VB are Cutting tool (CT), 0.1 mm/rev feed,
80 m/min cutting speed and 0.5 mm depth of cut. 

Validation test proves that, Ra, Fz, T and VB values
are considerably reduced by 20%, 12%, 10% and 46%
respectively due to the application of CTT for
machining.

Confirmation tests revealed that using EqW and
EWM-AHP weights, the enhancements in GRG are
25.09% and 25.48%, respectively, at optimal conditions.

The prediction of GRA for EWM-AHP weights was
2.94% higher compared to EqW method. As a result,
this approach can be considered to be the most
effective for multi-objective optimization.
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