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ABSTRACT 

The surface integrity of the machined parts reveals the performance of the machining process carried out on 

it. Hard turning is the most common and popular finishing operation that relies on surface roughness, cutting force. 

In this experimental work, the machining process is done in CNC machine by using the ceramic cutting tool. The 

primary cutting parameters namely cutting velocity, feed and Depth of cut are selected for machining of martensitic 

stainless steel 416. The optimal range of cutting parameters are selected for martensitic stainless steel 416 before the 

experimental machining process is carried out to ensure the less effort in achieving optimal parametric combinations. 

By adjusting the range of cutting parameter, the machining characteristics (Surface roughness, cutting force) are 

measured. After the optimization of machining characteristics, are carried out using renowned Taguchi method with 

the help of Mini Tab software. Taguchi approach is quite simple and efficient to obtain the optimal set of the 

machining parameters. Finally confirmation tests were carried out for the optimal machining parameters to ensure 

the reliability of the experimental results obtained previously. The confirmation results were found to be good and 

fit. 
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1. INTRODUCTION 

Martensitic stainless steel can achieve superior strength and hardness levels when hardened by quenching 

and tempering process. Compared with austenitic and ferritic steels generally martensitic stainless steels possess 

chromium with higher carbon content. Martensitic stainless steels are most notably utilized in fluid engineering 

applications like pumps, reaction turbines, steam control valves, water flow control valves, smaller components of a 

compressor and also extending to the medical and surgical tools, components of aerospace. Machining of such 

hardened stainless steel is performed by using ceramic tool which is having high wear resistance and hardness. 

Roughness of the surface machined plays an imperative role in any machining operation. So the determination of the 

optimum set of machining parameters is quite essential to control the optimum surface roughness of the machined 

part as well as to attain lesser production costs and time. 

Surface roughness is the one of the imperative requirement in any machining process. There are many factors 

like tool variable, work piece variable and cutting conditions which also affects the surface roughness. Tool variable 

includes tool material, rack angle, nose radius etc. Similarly work piece variables are type of material, mechanical, 

chemical properties and hardness. Machining condition comprises cutting speed, given feed and cutting depth. The 

turning process encompasses a large number of parameters and so controlling the process and select the optimum 

cutting conditions for achieving the required surface quality is challenging. 

Taguchi method and ANOVA (Analysis of variance) is used to find the combined optimal machining 

parameter like speed, feed, depth of cut, machined part’s surface roughness, rate of material removal (MRR) in the 

CNC turning operation. So this research attempt helps to solve the problems faced by the CNC operators in 

determining the optimal parameters for machining Martensitic Stainless Steel 416 with greater surface finish, 

accuracy and lesser machining time. 

Literature Survey: The investigation on the optimal cutting parameters for attaining the better surface roughness 

when turning hardened martensitic stainless steel AISI 440B with the cutting tool material made of ceramic and 

PcBN using Taguchi method was carried out. It is concluded that the cutting speed and feed rate are the substantial 

parameters influencing the surface roughness of the machined surface. Also using multiple regression an exponential 

model was developed to find the relationship between the independent input parameters and surface roughness 

(Sobiyi, 2015). The effect of prominent turning parameters namely cutting speed, feed, and depth of cut and tool 

nose radius was investigated on the AISI 410 steel’s surface roughness using a mathematical model. It was concluded 

that surface roughness was increased with the increase of the feed rate and it reduced with surge in the tool nose 

radius (Ashvin, 2013). (Sharma, 2013) carried out the investigation by using Taguchi parameter design and 

mathematical regression analysis to forecast and enhance the roughness of the surface and metal removal rate in 

turning process with the help of CVD cutting tool. The feed rate has the variable effect of decreasing the surface 

roughness followed by cutting speed and depth of cut. (Adeel, 2010) optimized the cutting parameters using two 

distinct performance measures namely workpiece surface roughness and surface temperature. By employing Taguchi 

optimization technique, optimal cutting parameters for individual performance measure was found out separately. 

The above experimental results made clear that the temperature of the workpiece surface can be commendably used 

as an indicator to improve the machining performance and thereby enhancing the optimization furthermore.  
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The investigation on the dry turning in austenitic stainless steel while accounting the influence of different 

cutting parameters such as speed of cut, feed rate and depth of cut on the roughness of machined surface is done by 

(Agrawal, 2015). TiC and TiCN coated tungsten carbide cutting tool are used for the experimental machining. 

ANOVA results revealed the feed rate affects the roughness by 51.84%, followed by cutting speed with 41.99% and 

depth of cut 1.66%. Thamizhmanii (2007), analysed the best possible cutting conditions to acquire minimum surface 

roughness while turning SCM 440 alloy steel using Taguchi method. It was found that the depth of cut has vital role 

in lowering surface roughness of the parts which is tailed by cutting speed and feed rate. Other factors such as 

machine tool vibration, tool chattering contribute to the higher surface roughness. The comparison on the 

performance of the machining models to determine in what manner the rate of feed, depth of cut and spindle speed 

affects the surface roughness in turn affects the machining process was accomplished by (Selvaraj, 2010). To get a 

precise model of machining, a mathematical equation linking all the input variables was made. Sivakumar (2015), 

effectively utilised the Taguchi parametric design for optimising the complex parameters in wire electrical discharge 

machining of hardened die steel. So utilising the Taguchi method for simple turning process results in better 

optimized results.  

Bharilya (2015), investigated the optimization of machining parameters for turning operation of mild steel 

(carburized), aluminium alloys and Brass on CNC machine and analysed the cutting force through dynamometer. 

They used different spindle speed, feed rate and depth of cut for hard and soft materials, including tool geometry in 

turning. Ahilan (2013), proposed the development of neural network for predicting the machining parameters in 

CNC turning. The machining experiments were planned by Taguchi’s Design of Experiments (DoE) with cutting 

speed, feed rate, depth of cut and tool nose radius as input parameters and surface roughness and power consumption 

as objectives. Among the several developed models, artificial neural network model combined with particle swarm 

optimization model is superior one with greater accuracy and reduced computational speed. 

2. MATERIAL AND EXPERIMENTATION METHOD 

Experimental Conditions: Turning operation was performed by using computer numeric control (CNC) machine 

with ceramic tool. The workpiece dimension is 60mm length and 30mm diameter which is similar as shown in 

figure.1, below before turning. 

 
Figure.1. Workpiece before Machining 

Chemical composition of martensitic stainless steel 416 is given the Table.1, depicted below. 

Table.1. Chemical composition of Martensitic Stainless Steel 416 

Elements % of weight Elements % of weight 

Copper 0.12% Aluminium 0.004% 

Silicon 0.59% Lead  0.001% 

Manganese 1.29% Boron  0.002% 

Phosphorus  0.04% Antimony  0.07% 

Sulphur 0.26% Niobium  0.017% 

Nickel 0.40% Zirconium  0.007% 

Chromium  11.74% Bismuth  0.037% 

Molybdenum  0. 12% Calcium  0.001% 

Vanadium  0.038% Magnesium  0.002% 

Copper  0. 16% Zinc 0.005% 

Tungsten  0.013% Cerium  0.002% 

Titanium  0.003% Lanthanum  0.008% 

Tin  0.007% Iron  84.94% 

Cobalt  0.034%   

Experimental Procedure: The CNC machine is checked thoroughly and prepared for performing of designed 

experimental machining operation suitably. Also the weight of each specimen is measured with a digital weighing 

machine before machining operation is carried out. Experimental machining of SS 416 is accomplished by varying 

the cutting parameter such as Spindle speed, Feed, Depth of cut and three trials of turning operation were done for 

each specimen. After machining operation the weight of the machined specimen were measured with the same digital 

weighing machine. Finally surface roughness is measured with help of the digital surface roughness tester. 
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Figure.2. CNC machine for experimental machining 

Taguchi Method: The Taguchi method is widely used traditional tool to optimize the input parameters in turning 

operation. The well-defined rules in Taguchi method made it feasible for conducting the design of experiments 

without any complex approaches. The standard array paved way to minimise the number of experiments without any 

deviation in exposing the relationship among all the factors that affects the measured performance. So the levels of 

the input parameters and their combinations should be chosen very carefully for each experiment. 

Taguchi uses a special orthogonal array set. This experimental machining utilises L9 orthogonal array of 

Taguchi method for designing the proposed experimental machining. Taguchi orthogonal array is used to identify 

the effect with small number of runs by changing input parameter. The different cutting parameters and their chosen 

levels are shown in Table.2, below. 

Table.2. Cutting parameters and their levels 

Parameters level 1 level 2 level 3 

Spindle speed (RPM) 1000 2000 3000 

Feed (mm/rev) 0.05 0.125 0.2 

Depth of cut (mm) 0.5 1.25 2 

The output values are changed into signal-to-noise (S/N) ratio. S/N ratio analyses for three different type 

quality characteristics. The three distinct quality characteristics are larger is better, smaller is better, nominal is best. 

Based on S/N analysis, S/N ratio was calculated for each and every level of input process parameter. The optimisation 

of the input machining parameters was done using Taguchi method with the assistance of Minitab software. 

3. RESULTS AND DISCUSSION 

The below table.3, shows L9 orthogonal array with input parameters and their equivalent material removal 

rate (MRR), surface roughness (Ra) and machining time (TM) while turning the Martensitic SS 416 of length 30 mm 

and diameter 25 mm. The result shows mean values of material removal rate, average surface roughness (Ra) value 

and machining time from three different trial experiments. 

Table.3. Taguchi L9 OA with results of MRR, Ra and TM 

Spindle 

speed (rpm) 

Feed 

(mm/rev) 

Depth of 

cut (mm) 

MRR 

(kg/sec) 

Surface 

roughness (µm) 

Machining 

time (sec) 

1000 0.05 0.5 0.000125 1.9330 32 

1000 0.125 1.25 0.000353 1.385 32 

1000 0.2 2 0.000500 1.3510 36 

2000 0.05 0.5 0.000261 0.9245 46 

2000 0.125 1.25 0.000500 0.9070 36 

2000 0.2 2 0.000188 1.3635 32 

3000 0.05 0.5 0.000909 0.8270 22 

3000 0.125 1.25 0.000400 0.8005 15 

3000 0.2 2 0.000107 1.5910 13 

The workpiece after experimental turning in CNC machine is shown in the figure.3, below. 

 
Figure.3. Workpiece after Machining 

The table.4, below shows the delta and ranks for MRR, in which the depth of cut is ranked number one 

(Highest influencing factor) followed by the feed and spindle speed which is having least influence. The material 

removal rate (MRR) should always be maximum in machining and hence signal to noise (S/N) ratio of larger is better 

type quality characteristic is selected. 
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Table.4. Delta & Rank for MRR (Larger-is-Better) 

Levels Spindle speed Feed Depth of cut 

1 -71.04 -70.19 -73.51 

2 -70.73 -69.67 -73.31 

3 -69.40 -73.32 -64.29 

Delta 1.64 5.64 9.22 

Rank 3 2 1 

Similarly the table.5, below portrays the delta and ranks for surface roughness, in which the spindle speed is 

the most substantial parameter tailed by the feed and depth of cut. Here the smaller is better type signal to noise (S/N) 

ratio is selected as the desired roughness is always minimum.  

Table.5. Delta & Rank for Ra (Smaller-is-Better) 

Levels Spindle speed Feed Depth of cut 

1 -3.73164 -1.13096 -2.16166 

2 -0.38780 -0.02551 -2.06957 

3 -0.15025 -3.11320 -0.03845 

Delta 3.58139 3.08769 2.12320 

Rank 1 2 3 

The table.6, below has the delta and ranks for machining time. The spindle speed is the most substantial 

parameter and it is tailed by feed rate and depth of cut as least factor. Lesser machining time is always preferred and 

so smaller is better type selected. 

Table.6. Delta & Rank for TM (Smaller-is-Better) 

Levels Spindle speed Feed Depth of cut 

1 -30.62 -30.07 -27.91 

2 -31.49 -28.43 -28.72 

3 -24.22 -27.84 -29.70 

Delta 7.28 2/23 1.79 

Rank 1 2 3 

The delta value is used to rank the variables or factors. Higher the influence of input parameter on the output 

parameter higher the delta value and higher rank is assigned. The decrease in delta value decreases the rank and it 

was evident that the lesser influence was exhibited. Thus the delta and rank is very helpful to assess the influences. 

The below figure.4 and 5, shows the main effects plot for MRR and Ra respectively. From the figure.4, it is evident 

that increase of spindle speed increases MRR and medium level of feed is needed and higher depth of cut for higher 

MRR. Also from figure.5, the higher spindle speed gives finer surface finish and a nominal amount of feed, depth of 

cut for better surface finish. 
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Figure.4. Main effects plot (data means) for MRR 

The main effects plot graphs shows the response of the assigned input variables or factors on the output 

response. The levels of the each factor can be visualized in the graphical representation. It can also be used to 

determine whether the process is in right direction or not. The optimum level of the defined factor can be found out 

easily with the help of this mean graph.  

The level which is having higher point on the graph is the optimum level of the particular factor for attaining 

the assumed output response. Thus optimal set of parameter can be derived from one graph without any complicated 

calculation or derivations. 
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Figure.5. Main effects plot (data means) for Ra 

The below figure.6, shows the higher spindle speed, higher feed rate and lower depth of cut is ideal for better 

machining time. 
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Figure.6. Main effects plot (data means) for TM 

Regression Analysis Equation: The regression equation helps to predict the relationship between the input and 

output parameters mathematically. Also it reveals the important parameter and the influencing levels. The below 

equation.1, gives the regression equation for the surface roughness (Ra) as output versus spindle speed (SpS), feed 

(F) and depth of cut (DoC) as inputs, 

Ra =  1.83 −  0.000243 SpS +  1.38 F −  0.225 DoC                               [1] 

Regression equation for MRR (output) versus spindle speed, feed and depth of cut (inputs) is shown in the 

equation 2 below, 

MRR =  0.000032 +  0.000 SpS −  0.00111 F +  0.000266 DoC    [2] 

Regression equation for Machining time (TM) versus spindle speed, feed and depth of cut (inputs) is shown 

in the equation 3 below, 

TM =  48.0 −  0.00867 SpS −  42.2 F +  3.33 DoC      [3] 

These regression equations are very useful to assess the contribution of each factors for the output. The 

relationship among the factors can be visually seen very clearly. 

4. CONCLUSION 

On the basis of response table and graph, we can conclude the cutting speed is most impelling parameter for 

material removal rate (MRR). When the cutting speed is increased continuously material removal rate is found to be 

increased. The optimum input parameter for obtaining material removal rate (MRR) is cutting speed of 3000 RPM, 

feed 0.125 mm/rev, depth of cut 2 mm. The optimum input parameter for minimal surface roughness is cutting speed 

1000 RPM, feed 0.2 mm/rev, depth of cut 0.05 mm. The optimum input parameter for machining time is cutting 

speed 3000 RPM, feed 0.5 mm/rev, depth of cut 0.2mm. 

By adopting the above results we can firmly say that the CNC machine operators can avoid the trial and error 

method while machining Maternsitic Stainless Steel 416. Using the optimal cutting parameters for machining of 

martensitic stainless steel material gives better surface finish, reduce machining cost, machining time, material 

wastages etc. And also the reduced tool breakage, increased machine life, tool life and minimised downtimes were 

evident. So the overall productivity is raised subsequently to yield high profits and savings. 
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