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Abstract- For several years, there has been a relentless effort to utilize Cryogenic Treatment process on various tool 
materials in order to improve their wear resistance. 2507 Super-Duplex Stainless Steel cause rapid tool wear due to high 
cutting temperatures generated during machining which makes it very difficult to cut material. In the present study, 
evaluation of Flank wear of Deep Cryogenically treated ISO K313 Tungsten Carbide inserts with Cobalt as a binder was 
done during dry CNC turning of 2507 Super-duplex Stainless Steel. L9 Orthogonal Array, S/N ratio and Analysis Of 
Variance (ANOVA) were used in investigating and analyzing data obtained from experimentation and also to find optimum 
cutting parameters (i.e. cutting speed, feed rate and depth of cut). Scanning Electron Microscopy was employed in order to 
study various types of wear mechanisms. The results proved that Cryogenically treated inserts showed lesser Tool Flank 
wear than untreated ones which was confirmed through SEM analysis. 
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I. INTRODUCTION 
 
Stainless Steels, especially, Duplex Stainless Steels 
have properties that provide different machinability 
compared to Carbon Steels, Martensitic and Ferritic 
Steels. The Duplex steels due to their high strength 
than 300 series are used as alternative to Austenitic 
Stainless Steels. Alloy 2507 Super-Duplex Stainless 
Steels consists of 25% Chromium, 4% Molybdenum 
and 7% Nickel. In 2507, the high levels of 
Chromium, Molybdenum and Nickel provide high 
resistance to pitting, crevice and general corrosion. 
Super-Duplex Stainless Steels provide high 
mechanical strength and thermal resistance as well as 
high resistance due to its chemical composition and 
microstructure. These have poor machinabilityleading 
to long production cycles and high tooling costs. 
 
Super- Duplex Stainless Steels especially 2507 grade 
is considered to be a very difficult to cut material 
which leads to very rapid tool wear.  
 
Because of inherent properties of these steels like low 
thermal conductivity which increases the tool 
temperature at tool-workpiece interface, high 
dynamic shear strength during cutting which results 
in localization of shear stress, production of abrasive 
saw tooth edges and chemical reactivity with most 
tool materials at elevated temperatures resulting in 
accelerated tool wear makes the machining of Super-
Duplex Stainless steels difficult. 2507 grade Super-
Duplex Stainless Steels is used in variety of 
applications (a) oil and gas industry equipment, (b) 
chemical processing, (c) mechanical and structural 
components with high strength, (d) Desalination 
plants, (e) in geothermal wells as heat exchangers, (f) 

Seawater cooling, (g) Salt evaporation, (h) in oil 
refining, petrochemical and paper and pulp industry.  
 
Cutting tools are used to remove the material from 
the workpiece by means of shear deformation. A 
cutting tool should consist of material usually harder 
than the workpiece material. Cemented carbides also 
called Sintered carbides are the class of hard tool 
materials formulated from Tungsten Carbide (WC) 
using powder metallurgy techniques with Cobalt (Co) 
as a binder. Tungsten Carbides have a unique 
combination of properties such as high compressive 
strength, good abrasion resistance, high elastic 
modulus, good impact and shock resistance and 
toughness. Due to these properties, Tungsten Carbide 
inserts are used in wide range of applications 
including metal cutting, mining, construction, rock 
drilling, metal forming, structural and fluid handling 
components and wear parts. 
 
II. LITERATURE REVIEW 

 
The concept of changing the properties of metals 
through the use of low temperature had its origin in 
Second World War when life of steel cutting tools 
was improved by immersing them in Liquid Nitrogen 
prior to service. Even nowadays, Researchers have 
been sceptical about the Cryogenic Treatment process 
because it imparts no apparent visible changes in the 
materials. Yong et al. studied the effect of Cryogenic 
treatment on Tungsten Carbide cutting tool inserts in 
Orthogonal turning of Medium Carbon steels. They 
postulated that CT tools subjected to prolonged 
periods of high temperatures lose their wear 
resistance. Dhar et al. postulated that Cryogenic 
cooling maintained the sharpness of cutting edges 
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during turning of AISI-4037 Steel by coated Carbide 
inserts. Venugopal et al. postulated that during 
Cryogenic turning of Ti-Al-4V alloy Liquid Nitrogen 
reduces the tool wear both on Crater and Flank wear 
surfaces. Reddy et al. further postulated that Flank 
wear was lower with Deep Cryogenically Treated 
carbide tools than untreated tools during machining 
of AISI 1040 Steels. Vadivel et al. postulated that 
wear resistance of Cryogenically treated coated 
carbide inserts is higher than that of untreated ones 
due to presence of fine eta-phase carbide distribution 
in CT inserts which was confirmed from SEM 
analysis. Gill et al. postulated that Shallow and Deep 
Cryogenic Treatment could both increase the cutting 
life of uncoated Tungsten Carbide inserts by resisting 
the chipping, notch and plastic deformation wear as 
observed from SEM and optical microscopic images. 
Gill et al. further postulated that Deep Cryogenic 
Treatment has a destructive effect on performance of 
TiAlN coated Tungsten Carbide inserts. Ramji et al. 
postulated that double tempering after Cryogenic 
treatment increased the tool life by reducing Flank 
wear of Tungsten Carbide inserts during turning of 
White Cast Iron. Thornton et al. postulated that 
Cryogenic treatment of H13A Cobalt bonded WC 
carbide inserts have resulted in increase in abrasive 
wear resistance due to significant changes in Cobalt 
binder phase. 
 
III. DESIGN OF EXPERIMENTS 

 
Design of Experiment is a statistical technique 
introduced in 1920, which is used to analyse the 
effect of multiple variables simultaneously. It is a 
technique that helps in scientific selection of best 
option when confronted with many possibilities. 
When it is applied to product or process this 
technique helps to seek best design out of many 
possibilities. Taguchi method utilizes DOE and is the 
most effective method when experiments are planned 
and carried out as a team project. Taguchi’s Signal-
to-Noise ratio measures how the response varies 
relative to the nominal or target value under different 
noise conditions. The signal to noise ratio provides 
the measure of impact of noise factors on the 
performance or response. The larger the S/N ratio, the 
more robust is the product against noise. Calculation 
of S/N ratio depends on experimental objectives 
(nominal is best, larger is better and smaller is better). 
 

Table I: Objectives and S/N formulas of Taguchi 
Method 

Goal S/N ratio formula 

Nominal is best S/N = 10 log (y  /s ) 

Larger is better S/N = -10 log ( ∑1/y ) 

Smaller is better S/N = -10 log ( ∑y ) 

IV. MATERIALS AND EQUIPMENTS 
 
A. Work material 

The work material selected for study was 2507 Super 
Duplex Stainless Steel (UNS No. 32750) in the form 
of round bars. Each round bar was of 150mm length 
and 25 mm diameter and total number of pieces used 
in this experiment is 54. The steel used had a 
hardness range of 27-32 HRc and density of 7.75 
g/cm3. The chemical composition of 2507 Super 
Duplex Stainless steel used is as shown in Table II. 

 
Table II: Chemical composition of 2507 Super 

Duplex Stainless Steel  
% C Si Mn P S Cr 

Comp 0.03 0.56 0.79 0.03 0.02 24.4 
% Mo Ni Al Co Cu Nb 

Comp 3.10 6.05 0.002 0.01 0.15 0.02 
% Ti V W Pb Fe N 

Comp 0.008 0.164 0.00 -- 64.0 -- 
 

 
Fig 1: Unmachined workpiece 

 

 
Fig 2: Machined workpiece 

 
B. Cutting Insert 

Uncoated Tungsten Carbide, ISO K313, consists of a 
basal body of WC/Co fine grains which is hard and 
unalloyed was selected using Kennametal Master 
Catalogue for Cutting Tools 2013.  The insert used 
has geometry CNMG 120408 with MS (Medium 
Sharp) chip breaker. The specifications of insert used 
are shown below in Table III. 
 
Table III: Specifications of geometry of inserts used  

Insert Shape Rhomboid 
Insert clearance angle or relief 

angle 
00 

Cutting edge length 12 mm 
Insert thickness  4 mm 

Nose angle  800 

Nose radius  0.8 mm 
No. of edges/ insert 4 
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Fig 3: Cutting insert ISO K313 

 
The Toolholder used have (ISO specification) 
DCLNR 2020 K12 which is a right hand tool holder. 
This toolholder provides Tool Cutting Edge angle of 
950, Tool Lead angle of -50, Orthogonal Rake angle 
of -60 and Inclination angle of -60.  
 
V. EXPERIMENTAL PROCEDURE 

 
A. Cryogenic Treatment Procedure 
The experimental set up for Cryogenic treatment 
consisted of Cryogenic Processor CP220LH which 
has a microprocessor control system for time-
temperature profiling. This processor is connected 
with Taylor Wharton Nitrogen cylinder of model XL-
240/FB having Liquid Nitrogen in it. The inserts were 
kept in the Cryogenic chamber which has a 
Thermocouple fitted inside it. The process started 
with the processing of temperature-time profile in the 
microprocessor and temperature inside the chamber 
was controlled by Thermocouple.  
 

 
Fig 4: Cryogenic Processor used in the experiment (CP220LH) 

 
Table IV: Specifications of the Cryogenic Processor 

(CP220LH) 
Make Primero 
Model CP220LH 

Nitrogen 
Cylinder 

Make 

Taylor Wharton 

Model of 
Cylinder 

XL 240/FB 

Temperature 
range 

-1840C (300 F) to +1500C 

Interior 
dimensions 

1200mm x 450mm x 450mm 

Optimum 
Load 

300 kgs 

Mode of 
control 

Microprocessor for time – 
temperature profiling 

Power 220V, 50Hz, 15A 
Mode of 

Operation 
Temperature to be reduced by 

indirect cooling using a 
circulation fan and increased by 

suitable electric resistance 
heating 

 
The cycle used was the Deep Cryogenic Cycle 
followed by Tempering process. 
1. Cooling the inserts to -1500 C from 300 C slowly 

for a period of 4 hours at a rate of 0.50 C/min. 
2. Holding or Soaking the inserts at -1500 C for a 

period of 2 hours.  
3. Cooling slowly at a rate of 0.250 C/min to -1800 

C for a period of 2 hours. 
4. Holding or Soaking at -1800 C for a period of 12 

hours. 
5. Heating slowly upto 270 C for a period of 9 hours 

at a rate of 0.280 C/min. This time is called Ramp 
up time. 

The total Deep Cryogenic Treatment consisted of 29 
hours. The Deep Cryogenic cycle is followed by 
Tempering of the inserts. The Tempering of inserts 
was done at 1500C within the Cryogenic Processor 
itself. 
 
The steps followed in the Tempering cycle are the 
following:- 
1. Heating at the slow rate for 3 hours upto 1500 C. 
2. Holding at 1500 C for 3 hours. 
3. Then after holding, inserts are cooled down 

slowly in air.  
 
The Tempering cycle tends to reduce the residual 
stresses produced in the inserts due to Cryogenic 
Treatment. 
 

 
Fig 5: Time-temperature graph of Cryogenic cycle (DCT + 

Tempering) 
B. Tool Flank Wear Evaluation by Turning 

Operation 
Turning operation was used in order to evaluate flank 
wear of CT inserts with UT inserts under dry 
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conditions. The turning operation was performed on 
HMT STALLION 100 HS CNC Turning machine. 
The cutting speed, feed rate and depth of cut selected, 
their levels and ranges selected are as shown in Table 
VI. 
 

Table VI: Factors and Levels selected 
Factors Levels 

 Level 1 
(low) 

Level 2 
(medium) 

Level 3 
(high) 

A. Speed 
(m/min) 

90 110 130 

B. Feed rate 
(mm/min) 

0.04 0.06 0.08 

C. Depth of 
cut (mm) 

0.4 0.60 0.80 

 
Taguchi’s L9 Orthogonal Array was used which is 
constructed by using cutting speed, feed rate and 
depth of cut as input parameters and response as 
Flank wear of cutting tool inserts.  
 

Table V: Control log of experimentation 
Trials Parameters 

 Speed 
(m/min) 

Feed rate 
(mm/rev) 

Depth of 
Cut (mm) 

1 90 0.04 0.40 

2 90 0.06 0.60 

3 90 0.08 0.80 

4 110 0.04 0.60 

5 110 0.06 0.80 

6 110 0.08 0.40 

7 130 0.04 0.80 

8 130 0.06 0.40 

9 130 0.08 0.60 

 
VI. RESULTS AND DISCUSSIONS 
 
A. Taguchi Optimization analysis of Flank wear for 

CT inserts 
Taguchi recommends analyzing means of S/N ratio 
using approach that involves graphical methods for 
studying the effects and visually identifying the 
factors that appears to be significant. Taguchi’s S/N 
ratio provides themeasure of the impact of noise 
factors on performance. The larger the S/Nratio,the 
more robust the product is against noise. 

 
Fig 6: variation of S/N ratio and Flank wear (VB) w.r.t. cutting 

speed 
 

Table VII: Observation of final experimentation for 
Tool flank wear for Cryotreated Inserts (CT) 

Tri
als 

Parameters Flank wear 
(VB) in 

millimeters 

  

 Spe
ed 
(m/
min

) 

Feed 
(mm
/rev) 

D
O
C 
(m
m) 

VB

1 
VB

2 
VB

3 
M
ea
n 

val
ue 

S/
N 
rat
io 

1 90 0.04 0.4
0 

0.0
55 

0.0
66 

0.0
77 

0.0
7 

23.
53 

2 90 0.06 0.6
0 

0.0
96 

0.1
05 

0.0
99 

0.1
0 

19.
99 

3 90 0.08 0.8
0 

0.0
91 

0.1
05 

0.1 0.1
0 

20.
10 

4 110 0.04 0.6
0 

0.0
66 

0.0
72 

0.0
57 

0.0
7 

23.
70 

5 110 0.06 0.8
0 

0.0
77 

0.0
68 

0.0
72 

0.0
7 

22.
80 

6 110 0.08 0.4
0 

0.0
7 

0.0
73 

0.0
67 

0.0
7 

23.
09 

7 130 0.04 0.8
0 

0.0
85 

0.1
5 

0.1
27 

0.1
2 

18.
16 

8 130 0.06 0.4
0 

0.0
94 

0.1
21 

0.1
31 

0.1
2 

18.
68 

9 130 0.08 0.6
0 

0.0
96 

0.0
8 

0.1
1 

0.1
0 

20.
34 

 

 
Fig 7: variation of S/N ratio and average Flank Wear (VB) w.r.t 

feed rate 
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Fig 8: variation of S/N ratio and average Flank wear (VB) w.r.t. 

Depth of cut 
 
Fig 6 shows that when speed is increased from 90 
m/min to 110 m/min, S/N ratio tends to increase 
linearly, therefore Flank wear decreases. At cutting 
speed of 110 m/min, S/N ratio attains its maximum 
value whereas value of flank wear attains its 
minimum value at this speed. While increasing speed 
from 110 m/min to 130 m/min, S/N ratio shows a 
linear decrease or flank wear increases. Fig 7 shows 
that S/N ratio becomes maximum at 0.04mm/rev feed 
rate whereas when feed rate is increased from 
0.04mm/rev to 0.06 mm/rev, S/N ratio increases and 
attains its minimum value whereas flank wear 
becomes maximum at 0.06 mm/rev. Further 
increasing the feed rate from 0.06 mm/rev to 0.08 
mm/rev S/N ratio again starts increasing linearly 
therefore feed rate also decreases. Fig 8 shows for 
depth of cut 0.4 mm, S/N ratio attains its maximum 
value therefore value of flank wear becomes 
minimum at this value.  
 
Mean S/N ratio for each level of machining parameter 
was calculated and results were analysed using main 
effect plots for means of S/N ratio. Based on 
difference in S/N ratio, ranking of machining 
parameters was also calculated. Rank indicates the 
dominant machining parameters that always affect the 
particular response. Based on Taguchi’s prediction, 
parameters having larger difference between values 
of S/N ratio or larger range (∆) will have higher rank 
and influences the response more significantly than 
other parameters. Table above shows that difference 
in mean S/N ratio values of speed is 4.12 while that 
of depth of cut is 1.41 whereas difference observed in 
S/N values corresponding to feed rate which is least 
of all three values (i.e. 1.30).  Therefore, cutting 
speed has the most significant influence on Flank 
wear for Cryotreated inserts followed by Depth of cut 
and Feed rate. 
 
Table VIII: Response for S/N ratio of Flank wear of 

CT inserts 
Level Speed (A) Feed (B) DOC(C) 

1 21.20 21.79 21.76 
2 23.19 20.49 21.34 
3 19.06 21.17 20.35 

Δ=Max-Min 4.12 1.30 1.41 
Rank 1 3 2 

 
B. ANOVA analysis for contribution of Input 

Parameters  
The purpose of statistical Analysis Of Variance 
(ANOVA) is to investigate which design parameter 
significantly affects theFlank wear. In ANOVA 
studies with certain test error, error variance 
determination is very important. Obtained data are 
used to estimate F-value of Fisher test (F-test). 
Variation observed in an experiment attributed to 
each significant factor or interaction is reflected in 
percentage contribution (%P), which shows relative 
power of a factor or interaction to reduce variation. 
Factors and interactions with substantial (%P) plays 
an important role.  
 

Table IX: ANOVA analysis for Flank Wear of CT 
inserts 

Param
eters 

D
OF 

Sum 
of 

squar
es 

Mean 
square 

F-
ratio 

%P 

Speed 2 25.69
815 

12.849
0765 

4.759
995 

69.8054
5325 

Feed 2 2.55 1.28 0.47 6.93 
Depth 
of cut 

2 3.16 1.58 0.59 8.59 

Error 2 5.40 2.70  14.67 

 
It is evident from graph below that speed contributes 
most significantly with contribution of 70% to the 
total variation whereas feed and depth of cut have a 
very little significance with contribution of 7% and 
8%respectively. The error associated with this 
analysis is 15%. 
 

 
Fig 10: percentage contribution of input parameters on flank 

wear for CT inserts 
 

VII. REGRESSION ANLYSIS  
 
Regression analysis is a statistical process for 
estimating the relationship between the factors and 
response. Minitab 17 software was used to develop 
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regression models based on linear equations for flank 
wear for CT and UT inserts. Normality plots were 
also used to check whether regression model matches 
the observed values or to check normal distribution of 
data. 
 
A. Regression Analysis For Average Flank wear of 

CT inserts 
FW (VB) = 0.0018 + 0.000556 Vc + 0.103 f + 0.0336 
ap  
 

 
Fig 11: Normal probability plot for average flank wear of CT 

inserts 
 

VIII. TOOL WEAR ANALYSIS 
 
Cutting tools while machining, especially in 
continuous chip formation process like turning, 
generally fails by gradual wear caused due to 
abrasion, adhesion, diffusion, chemical erosion etc. 
depending upon tool-workpiece and machining 
condition. In machining of Duplex Stainless steels, 
the most common tool wear mechanisms observed 
are Abrasion and Diffusion which is generally 
favoured by high cutting temperatures generated 
during cutting process causing Flank wear. In this 
study, SEM analysis is carried out to understand 
Flank Wear of Cryotreated (CT) and Untreatedinserts 
(UT) at different cutting speeds.  

 
A. SEM of Tool Inserts before turning 
It is observed from the figure that edge of CT tool 
inserts appears to be sharper, smoother and regular 
than the untreated inserts. This may be due to 
formation of η-phase carbides that are very strong 
and densification of Cobalt on the surface which 
enhances bonding strength of Tungsten Carbide in 
case of CT inserts. 
 

      
(a)   (b) 

Fig 12: SEM images (a) UT and (b) CT inserts before turning 

B. Post-turning Tool wear Study 
i. Flank tool wear analysis at Vc = 90 m/min 
SEM images show that at cutting speed of 90 m/min, 
Flank wears in untreated inserts is found to be more 
than in Cryotreated inserts. In Untreated inserts, flank 
wear has occurred mainly due to abrasion of hard 
particles of the 2507 Super-Duplex Stainless Steels 
that removes the tool material, causing Abrasive 
wear. The craters formed are due to the result of 
sticking of chips or particles of Steel to the tool 
material which has resulted in Abrasive wear also. In 
case of Cryotreated inserts, the edge of the tool 
maintains its sharpness showing negligible wear at Vc 
= 90 m/min.  
 

Fig 13: SEM images of Flank wear of (a) UT and (b) CT inserts 
at Vc = 90 m/min 

 
ii. Flank tool wear analysis at Vc = 110 m/min 
It is observed from figure that in case of the 
Untreated inserts (UT) Flank wear is more as 
compared to Cryotreated inserts (CT). At 110 m/min 
cutting speed, the main mechanism of wear observed 
is abrasion in both the inserts but in UT inserts, Notch 
wear is also observed which is generally due to low 
thermal conductivity of 2507 Super-Duplex Stainless 
Steel. 
 

 
Fig 14: SEM images of Flank wear of (a) UT and (b) CT inserts 

at Vc= 110 m/min 
 
iii. Flank tool wear analysis at Vc = 130 m/min 
It is observed from SEM analysis that the Flank wear 
mechanism which causes tool wear at 130 m/min is 
Abrasion in both UT and CT inserts. 
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Fig 15: SEM images of Flank wear (a) UT and (b) CT tool at Vc 

= 130 m/min 
 

The wear in UT inserts is more than the CT inserts as 
it is observed from figure that UT inserts developed 
irregular surfaces at its cutting edge due to wear 
whereas CT inserts are able to maintain their 
sharpness of edge at same cutting speed. 
 
CONCLUSION 
 
In this study, Taguchi optimization method was 
applied to find the optimal process parameters in 
order to minimize the Flank wear during dry CNC 
turning of 2507 Super-Duplex Stainless Steel.  
 
Taguchi’s L9 Orthogonal arrays, Signal to Noise 
(S/N) ratio and Analysis of Variance (ANOVA) were 
used for this purpose.  
 
SEM study of Flank face of both Cryotreated (CT) 
and Untreated (UT) inserts was also analysed to 
predict tool wear mechanism at different cutting 
speeds. The following conclusions are drawn from 
the study: - 
 
1. It is concluded that Cryogenically treated tools 

also show lesser Flank wear than the Untreated 
inserts and Taguchi’s method is found to be 
effective method in finding out the effect of 
different cutting parameters (cutting speed, feed 
and depth of cut) on desired response. 
 

2. It is concluded that cutting speed has the most 
significant influence on Flank wear of CT 
inserts. Increase in cutting speed decreases the 
Flank wear and it is minimum at 110 m/min. 
Increase in cutting speed from 110 m/min always 
increase the Flank wear, therefore it is 
recommended to use cutting speed of 110 m/min 
for dry CNC turning of 2507 grade Super-duplex 
Stainless Steel with Cryogenically treated tools 
to obtain increased tool life. Minimum Flank 
wear for CT insertscan be obtained by using 
(cutting speed Vc = 110 m/min, feed rate f = 0.04 
mm/rev and depth of cut ap = 0.4 mm) 
combination of input parameters. 

 
3. ANOVA analysis of Flank wear for CT inserts 

shows that cutting speed is the most significant 

factor that influence the Flank wear followed by 
depth of cut and feed rate which have little 
influence on Flank wear. The percentage 
contribution of input parameters to Flank wear 
for CT inserts is cutting speed (70%), depth of 
cut (8%) and feed rate (7%).  Therefore it can be 
concluded that Flank wear can be optimized by 
controlling the cutting speed, which has the most 
dominant influence, followed by depth of cut and 
feed rate. 

 
4. SEM analysis of Flank face of tool inserts have 

shown that Cryotreated inserts have shown 
smooth and regular wear pattern and were less 
worn out than untreated inserts. Post turning 
SEM analysis showed that Cryogenic treatment 
improved resistance to Abrasion and Adhesive 
wear which is most commonly observed wear 
mechanism in machining of Duplex Stainless 
Steel. 
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