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Abstract
Cryogenics is derived from Greek word “Kryos” which means 
cold and is combined with the shortened form of English word  
“Genic” which means to generate. Cryogenics is the Science and 
Technology that relates to temperature zone below (-1500 C) to 
near zero Kelvin. 
In the present study, the analysis of surface roughness of 2507 
Super-duplex Stainless steel was done while dry CNC turning 
using ISO K313 WC/Co inserts which were Deep Cryogenically 
treated. The Cutting speed (90, 110, 130 m/min), Feed (0.04, 
0.06, 0.08 mm/min) and Depth of Cut (0.40, 0.60, 0.80 mm/rev) 
were the input parameters each having three levels. The results 
showed that the CT (Cryogenically Treated) inserts performed 
significantly better and improved the Surface finish of 2507 
Super-Duplex Steels than the UT (Untreated inserts). Taguchi’s L9 
Orthogonal Array, S/N ratio and Analysis of Variance (ANOVA) 
were employed in investigating and analysing the data obtained 
fromexperimentation for evaluating the surface Roughness of 
steel and also to find the optimal cuttingconditions.

Keywords
Cryogenic Heat Treatment, Surface Roughness, Turning, Taguchi 
Method

I. Introduction
Machining is a term that covers a large collection of manufacturing 
processes designed to remove unwanted material, usually in the 
form of chips from the workpiece. Almost every manufactured 
product has components that require machining often to a great 
precision. The majority of industrial applications of machining 
are in metals. Although the metal cutting process has resisted 
theoretical analysis because of its complexity, the applications of 
these processes in industrial world are widespread. Machining has 
become indispensable to the modern industry. It is used directly or 
indirectly in the manufacture of almost all the goods and services 
being created all over the world. It is the basis of everything 
manufactured such as sewing machines, paper, drugs, clothes, 
computers, cars and spacecrafts.

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% Molybednum and 7% Nickel. In 2507, 
the high levels of Chromium, Molybednum 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 machinability 
leading to long production cycles and high tooling costs.

2507 grade Super-duplex Stainless steels is used in variety of 
applications:

Mechanical and structural components with high strength• 
Desalination plants• 
In geothermal wells as heat exchangers• 
Seawater cooling• 
Salt evaporation• 
In oil refining, petrochemical , paper and pulp industry.• 

II. Literature Review 
Bordinassi et al. (2006) analysed the surface intergrity in Super-
duplex Stainless steels ASTM A890-Gr6A after turning process 
with carbide tools. The authors concluded that there was no 
change in the microstructure if higher cutting parameters were 
used. The cutting depth and feed rate were the most important 
factors and cutting speed was bigger than the feed rate and 
penetration forces. Dhar et al. (2007) investigated the surface 
roughness in turning AISI-4037 steel by coated carbide inserts 
under cryogenic condition. The authors postulated that cryogenic 
cooling provided better surface finish of the steels. Reddy et al. 
(2008) investigated machining performance of low temperature 
treated and untreated inserts on C45 steel in terms of its surface 
roughness and observed that the surface roughness was better 
with low temperature treated inserts. Bhattacharya et al. (2009) 
studied the effect of cutting parameters on surface finish of AISI 
1045 steel by using combination of Taguchi’s Orthogonal array 
and ANOVA technique and postulated that higher cutting speeds 
provide higher surface finish. Selvaraj et al. (2009) applied the 
Taguchi technique, S/N ratio and ANOVA to find optimal cutting  
parameters during dry turning of AISI 304 Austenitic stainless 
steels in order to minimize surface roughness by 51.84%. Hamdan 
et al. (2012) presented the Taguchi optimization method for the 
optimization of machining parameters in high speed machining 
of stainless steels using coated carbide tools to achieve better 
surface finish by 41.3%. Sahoo et al. (2012) investigated the 
surface roughness in finish hard turning of  AISI 4340 steel using 
unciated and multilayer Ti and ZrCN coated carbide inserts at 
higher cutting speed ranges and observed that the surface finish 
was within 1.6μm i.e. within the recommended range of hard 
turning. Kumar et al. (2013) concluded that in turning of heat 
treated and tempered HCHCr steel the surface roughness value 
is minimum for cutting speed (150 m/min), feed rate (0.8 mm/
rev) and depth of cut (0.5 mm) which was analysed using Taguchi 
and ANOVA techniques. Senthilkumar et al. (2013) compared the 
surface roughness during turning of SAF 2507 grade Super-duplex 
stainless steel with unciated cemented carbide inserts under three 
conditions (i.e.dry, wet and gas cooled machining using CO2) and 
postulated that machining under gas cooled environment caused 
better surface finish of workpiece than dry and wet machining 
conditions.
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III. Materials and Equipments

A. Workpiece 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 150 mm length and 25 mm diameter and total 
number of pieces used in the experiment is 54. The steel used has 
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

Table 1: Chemical Composition of 2507 Super-duplex Stainless 
Steel

% C Si Mn P S Cr

Comp 0.03 0.5 0.7 0.03 0.02 24.4

% Mo Ni Al Co Cu Nb

Comp 3.1 6.0 0.002 0.01 0.15 0.12

% Ti V W Pb Fe N

Comp 0.008 0.16 0.00 -- 64 --

Fig. 1: Unmachined Workpiece

Fig. 2: Machined Workpiece

II. Cutting Inserts
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 
as below in table 

Table 2: Specifications of Geometry of Inserts

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

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 -6.

Fig. 3: ISO K313 Inserts

IV. Experimental Procedure 

A. Cryogenic Heat treatment
The experimental set up for cryogenic treatment consists 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 thermo-couple fitted inside it. The 
process started with the processing of temperature-time profile 
in the micro-processor and temperature inside the chamber was 
controlled by thermo-couple.

Fig. 4: Cryogenic Processor CP220LH
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Table 3: Specifications of Cryogenic Processor (CP220LH)

Make Primero

Model CP220LH

Nitrogen Cylinder make Taylor Wharton

Model of Cylinder XL 240/FB

Temperature range -1840 C (300 F) to + 1500C

Interior dimensions 1200mm x 450mm x 450 mm

Optimum Load 300 Kgs

Mode of control Microprocessor for time-
temperature profiling

Power 220V, 50Hz, 15 A

Mode of operation

Temperature to be reduced by 
indirect cooling using circulation 
fan and increased by suitable 
electric resistance heating

The cycle used was the Deep Cryogenic Cycle followed by 
tempering process.

Cooling the inserts to -1501. 0C from 300C slowly for the period 
of 4 hours at a rate of 0.50C/min. 
Holding or soaking the inserts at -1502. 0 C for a period of 2 
hours.
Cooling slowly at a rate of 0.253. 0 C/min to -1800 C for a 
period of 2 hours.
Holding or soaking at -1804. 0C for a period of 12 hours.
Heating slowly upto 275. 0C 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:-
Heating at the slow rate for 3 hours upto 1501. 0C.
Holding at 1502. 0C for 3 hours.
Then after holding, inserts are cooled down slowly in air.3. 

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. Surface Roughness Evaluation using Turning 
Operation
Turning Operation was used in order to evaluate Flank wear of CT 
inserts with UT inserts under dry 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 4.

Table 4: 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 0.6 0.8

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 5: 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

III. Measurement of Surface Roughness of Workpiece
The surface roughness of the workpiece was measured using 
MitutoyoSurftest SJ-210. It consists of the stylus tip that moves 
automatically over the surface of the workpiece while in contact. 
After moving to and fro motion on the surface of the workpiece, 
the roughness tester displays the average value of the roughness 
of surface denoted by (Ra) in micrometer (μm) as shown:-

Fig. 6: MitutoyoSurftest SJ-210

For each and every trial of L9 Orthogonal Array (OA), three 
workpieces were treated using same edge of the insert and their 
surface roughness was measured in order to increase repeatability 
and accuracy in measurement. This procedure was followed for 
L9 OA of Cryotreated and Untreated inserts.
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V. Results and Discussions
Table 6: observation of final experimentation for Surface Roughness for Cryotreated Inserts (CT)

Trials Parameters Surface Roughness (Ra) in microns

Speed (m/min) Feed (mm/rev) DOC (mm) R1 R2 R3

Mean value or 
average S/N ratio

1 90 0.04 0.40 0.32 0.43 0.40 0.38 8.29
2 90 0.06 0.60 0.35 0.39 0.40 0.38 8.41
3 90 0.08 0.80 0.58 0.46 0.66 0.57 4.86
4 110 0.04 0.60 0.41 0.45 0.35 0.40 7.91
5 110 0.06 0.80 0.35 0.29 0.46 0.37 8.57
6 110 0.08 0.40 0.42 0.39 0.48 0.43 7.26
7 130 0.04 0.80 0.52 0.42 0.55 0.49 6.08
8 130 0.06 0.40 0.57 0.61 0.49 0.55 5.08
9 130 0.08 0.60 0.59 0.76 0.66 0.67 3.46

A. Optimisation analysis of surface roughness using 
Taguchi Method
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 the measure of the impact of noise 
factors on performance. The larger the S/N ratio, the more robust 
the product is against noise.

B. Analysis of Effect of Parameters for Cryotreated Tool 
Data (Surface Roughness)

Fig 7: Effect of Speed on Surface Roughness and S/N Ratio

Fig 7 shows with increasing the speed S/N ratio becomes maximum 
at 110 m/min, therefore surface roughness becomes minimum at 
this speed. Increasing speed from 110m/min, S/N ratio shows a 
linear decreasing trend, therefore increasing the surface roughness. 
Therefore, the value of average surface roughness is maximum at 
cutting speed of 110 m/min for CT inserts. Fig 8 shows increasing 
the feed rate from 0.04 to 0.06 mm/rev, decreases the surface 
roughness linearly but the change is small and therefore at 0.04 
mm/rev S/N ratio is maximum, therefore the surface roughness is 
minimum at this feed rate. Further, at 0.08mm/rev, S/N ratio shows 
a linearly decreasing trend, so surface roughness is maximum at 
this feed rate.

Fig. 8: Effect of Feed Rate on Surface Roughness and S/N ratio

Fig 9: Effect of depth of cut on surface roughness and S/N ratio

Fig 9 shows increasing the depth of cut from 0.4mm to 0.6 mm 
decreases the S/N ratio and S/N ratio also decreases when depth of 
cut increases from 0.6 mm to 0.8mm, therefore the average surface 
roughness value is minimum at depth of cut value of 0.4mm.The 
difference in S/N ratio values of speed is speed is 3.04, for feed 
rate it is 2.23 and for depth of cut the difference observed in S/N 
ratio value is very small i.e. (0.37). So, it is observed from the 
table that cutting speed have more significant influence on surface 
roughness of workpiece turned with CT inserts whereas depth of 
cut is having little influence on surface roughness.
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Table 7: Response for S/N ratio

Level Speed (A) Feed (B) DOC (C)
1 7.18 7.42 6.87
2 7.19 7.35 6.59
3 4.87 5.19 6.50
Δ= Max-Min 3.04 2.23 0.37
Rank 1 2 3

VI. ANOVA Analysis for Contribution of Input 
Parameters
The purpose of statistical analysis of variance (ANOVA) is to 
investigate which design parameter significantly affects the 
surface roughness. In ANOVA studies with certain test error, error 
variance determination is very important. Obtained data is used 
to estimate F-value for 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 8: Percentage Contribution of Parameters for Surface 
Roughness

Parameters DOF S.S M.S. F-ratio %P
Speed 2 15.11 7.55 5.83 54.74
Feed 2 9.68 4.84 3.74 35.04
DOC 2 0.23 0.12 0.09 0.84
Error 2 2.59 1.30 9.38

Fig. 10: Percentage Contribution of Input Parameters for Surface 
Roughness of Workpiece for CT Inserts

VI. Regression Analysis 
Regression analysis is statistical process for estimating the 
relationship between the factors and response. Minitab 17 software 
was used to develop regression models based on linear equations 
for surface roughness of CT inserts. Regression equations formed 
for average surface roughness for turning with CT inserts are as 
follows: -

Ra = -0.108+0.00324Vc+3.24f+0.048ap
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Fig. 11: Normal Probability Plot for Average Surface Roughness 
of Workpiece for CT Inserts 

It is observed from the Normality plot for average surface 
roughness of workpiece for CT inserts that the residuals tend 
to fall on the straight line showing that the errors are dispersed. 
Hence, regression model so formed tends to match the observed 
values.

VII. Conclusion
In this study, Taguchi optimization method was applied to find the 
optimal process parameters in order to minimize surface roughness. 
Taguchi L9 Orthogonal array, Signal to Noise (S/N) ratio and 
Analysis of Variance (ANOVA) were used for this purpose. The 
following conclusions are drawn from the study:-

It is concluded that turning 2507 Super-duplex stainless steels 1. 
with cryotreated inserts improves the surface finish of the 
steel and Taguchi method is found to be effective method in 
finding the effect of different parameters (cutting speed, feed 
rate and depth of cut) on desired response.
The results obtained from ANOVA analysis for Surface 2. 
Roughness for cryogenically treated inserts shows that, 
out of three controllable factors, cutting speed is the most 
significant factor followed by feed rate that influences the 
surface roughness.
For CT inserts, increase in cutting speed tends to decrease the 3. 
surface roughness or increase the surface finish and surface 
roughness is minimum at speed of 110m/min. Increase in 
speed from 110m/min, decreases the surface roughness 
whereas increase in feed rate always tends to increase the 
surface roughness and it is minimum at 0.04mm/rev. Increase 
in depth of cut tends to increase the surface roughness and it is 
minimum at 0.4mm, but influence of depth of cut on surface 
roughness is very less (i.e. 1%). Therefore, it is concluded 
that minimum values of surface roughness can be obtained 
by using these combination of input parameters (cutting 
speed Vc=110m/min, feed rate f=0.04 mm/rev, depth of cut 
ap= 0.4 mm). It can be concluded that feed rate is the most 
significant factor after cutting speed, so in order to get more 
improvement, Taguchi method can be further investigated 
by decreasing the feed rate.
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