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In this study the effect of feed rate, depth of cut and cooling system on surface roughness and cutting force
during machine turning of AISI 316L stainless steel is investigated. The Taguchi method was used for optimization
of machine turning. Furthermore, variance analysis was performed to determine the effect of each parameter on
the results. As a result of this analysis, the effect of feed rate, depth of cut and cooling system on surface roughness
and cutting force during machine turning of AISI 316L stainless steel was determined. Consequently, the ANOVA

method was used to determine optimal parameter levels.
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1. Introduction

The steel materials used in the manufacturing indus-
try is becoming more advanced day by day. Stainless
steel is commonly used in a wide range of applications in
the manufacturing sector with its high mechanical prop-
erties, corrosion resistance, and low thermal conductiv-
ity [1]. Although they are more expensive compared to
other forms of steel, stainless steel is becoming increas-
ingly popular for use in many fields ranging from food to
health, chemistry to electronics, from defense industry to
nuclear power plants and automotive to aerospace, due
to their high mechanical properties and unique corrosion
resistance [2-4]. Stainless steel is a type of steel which
contains 11-18% chromium in its composition [5].

Austenitic and ferritic stainless steel is used particu-
larly in machinery and manufacturing industry. These
forms of steel fall under the difficult to machine mate-
rials class with their low thermal conductivity proper-
ties. Low thermal conductivity leads to high shear force,
high cutting temperatures, rapid tool wear, produces dif-
ficult to break chips, causes chips to bond to the cutting
edge, and leads to poor surface quality [6]. Also, the en-
ergy used for plastic deformation of the workpiece dur-
ing machine turning is converted to heat and it is well
known that heat mostly occurs in the primary deforma-
tion zone. However, heat generated during deformation
is closely associated with friction and shear force in the
tool-chip interface which vary according to tool geom-
etry and cutting parameters. Tool-chip contact length
and therefore tool geometry directly affects tool life and
machining efficiency [7]. In recent years, it is possible to
come across many experimental studies investigating the
effects of cutting parameters on shear force and surface
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roughness occurring during machining of various forms
of stainless steel. In one of these studies, the machinabil-
ity of AISI 304 and AISI 316 stainless steel with coated
cemented carbide cutting tools was investigated and cut-
ting speed was reported as an important parameter for
surface roughness (R,) [8].

In another study, the F,. generated during the turn-
ing of AISI 304 austenitic stainless steel with titanium
carbide coated cutting tool, was theoretically and exper-
imentally evaluated and it was indicated that the theo-
retical approach could be used with 80% average accu-
racy [9]. R, is reported to decrease parallel to the de-
crease in cutting sound pressure level during the turning
of ATISI 304 stainless steel at low feed rate and high cut-
ting speeds [10]. In another study, the verification tests
conducted according to the optimum cutting parameters
for surface roughness and cutting force during turning
of austenitic stainless steel resulted in a 23.4% improve-
ment [11]. A variance analysis on the R, resulting from
the machining of AISI 304 stainless steel, revealed that
feed rate had a 51.84% effect on R, [12].

Time, volume, and efficiency of production are not the
only factors that should be taken into consideration in
the assessment of success of a production method. Other
important considerations must include the effect on the
environment and human health. Machine turning ap-
plications which use cooling techniques that respect hu-
man health and the environment have been developed.
The performance characteristics of the alternative cool-
ing technique were found to be superior to the conven-
tional cooling techniques [13-20]. The minimum quantity
librication (MQL) technique which delivers reduced tool
wear and improved surface quality thanks to a reduction
in the heat generated in the tool-chip and workpiece-chip
significant cutting zone are important results [21]. Also
liquid nitrogen, and carbon dioxide is also used as an
alternative cooling system for the cooling of the cutting
zone. A 55% reduction in edge wear was reported follow-
ing the use of liquid nitrogen cooling [22].
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In this study the effect of feed rate, depth of cut and
cooling system on surface roughness and cutting force
during machine turning of AISI 316L stainless steel is
investigated. The Taguchi technique was used in the op-
timization of the turning process. Furthermore, variance
analysis was conducted to determine the effect of each
parameter on the results. As a result of this analysis,
the effect of feed rate, depth of cut and cooling system
on surface roughness and cutting force during machine
turning of AISI 316L stainless steel was determined.

2. Materials and method

ATSI 316L was used as material for the purposes of this
study. The experiment samples were rod shaped 130 mm
in length and 25 mm in diameter. During the machining
process, CNMG 12 04 08 mm cutting tips produced by
Sandvik company were used. The Johnford TC 35 CNC
Fanuc OT, an x—2z axis CNC machine was used during
the experiment. A perhometer M1 type surface rough-
ness meter manufactured by Mahr was used in the exper-
iment. Surface roughness can be determined with various
parameters according to DIN; ISO, JIN, AISI standards.
Once the obtained value is displayed on the screen, it can
be printed out in any surface roughness parameter such
as Ry, R, etc. A KISTLER 9121 dynamometer with
KISTLER 5019b type load amplifier and the DynoWare
analysis soft-ware was used for power measurement dur-
ing the experiments.

3 levels were set between 0.1 and 0.3 mm/rev for the
feed rate parameter, and 0.5 and 1.5 mm for depth of
cut. Dry, MQL, and CO5 options were examined for the
cooling system factor. Table I shows cutting parameters.

Cutting parameters TABLEI
Factors Level 1 | Level 2 Level 3
feed rate [mm/rev] 0.1 0.2 0.3
depth of cut [mm] 0.5 1 1.5
cooling system dry MQL COq

2.1. Taguchi design

The Taguchi parametric design is a very effective de-
sign tool offering simple and systematic qualitative opti-
mal design at a relatively low cost. Taguchi proposed a
statistical measure of performance called signal to noise
ratio (S/N ratio), in order to obtain the optimum pro-
cess parameters setting. This ratio considers both the
mean and the variability. In addition to the S/N ratio,
ANOVA is used as an indicator of the influence of pro-
cess parameters on performance measures. Three cate-
gories of performance characteristics, were proposed by
Taguchi in the analysis of the S/N ratio, which are, the
smaller the better, the higher the better, and the nominal
the better [23]. The experiments performed according to
Taguchi Lg orthogonal array, levels of the set of param-
eters are given in Table II.

TABLE II

The orthogonal array L¢(3%) based on the Taguchi
method

Exp. no. Control factor levels
Feed Depth Cooling
rate [mm/rev] | of cut [mm] system
1 0,1 0,5 dry
2 0,1 1 MQL
3 0,1 15 CO-
4 0,2 0,5 MQL
5 0,2 1 CO2
6 0,2 1,5 dry
7 0,3 0,5 CO2
8 0,3 1 dry
9 0,3 1,5 MQL

3. Analysis and discussion

In order to specify both reactive and non-reactive ions
ANOVA effects of experimental reactor parameters can
be used. Tables IIT and IV indicate to the ANOVA con-
ducted for R, and cutting force, respectively. Whether a
parameter to find out the reaction of an interaction that
has an effect in the ANOVA analysis a P (importance /
probability) value is checked. If 95% reliability interval
is considered, then a P value of P <0.05 (5% importance
by value) indicates that the parameter is effective. Con-
tribution of every factor on the total [24-28].

3.1. Analysis of variance (ANOVA)

Variance analysis, a decision tool based on statis-
tics, was performed to demonstrate the differences be-
tween the factors affecting the performance of machin-
ing process. Variance analysis (the analysis of variance,
ANOVA) is used in order to determine the impact of the
different values of independent variable(s) on the depen-
dent variable.

Table IIT shows the results of the ANOVA analysis per-
formed for R,. When the results are evaluated, the feed
rate parameter stands out as the most influential factor
for the confidence interval of 95% with a P-value below
0.05 (Table III).
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Fig. 1. Pareto chart for parameters affecting surface.
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ANOVA analysis results for R, TABLE IIT
Factor Coeff SE T Seq SS Adj SS Adj MS F P
const 1.8508 0.1341 13.804 0.000
feed rate (A) 1.4777 0.1642 8.9985 13.101 13.101 13.101 80.974 0.001
depth of cut (B) -0.0207 0.1642 -0.1259 0.0026 0.0026 0.0026 0.0158 0.906
cooling (C) (ref = CO2) 0.0354 0.0354 0.0177 0.1094
dry 0.0696 0.1896 0.3668 0.732
MQL -0.0824 0.1896 -0.4348 0.686
total 13.786 regression 13.139 13.139 3.2847
R? 0.9531 Adj R* | 0.9061 | std error 0.4022 | F 20.302 Sig F 0.0064
ANOVA analysis results for cutting forces TABLE IIT
Factor Coeff SE T Seq SS Adj SS Adj MS F P
const 416.155 45.885 9.0694 282423 0.001
feed rate (A) 129.379 56.198 2.3022 100434 100434 100434 5.3001 0.083
depth of cut (B) 169.929 56.198 3.0238 173255 173255 173255 9.1431 0.039
cooling (C) (ref = CO2) 8735.27 8735.27 4367.64 0.2305
dry -12.459 64.892 -0.192 0.857
MQL -30.369 64.892 -0.468 0.664
regression 282423 282423 70605.8
total 358220
o error 75797.0 | 75797.0 | 18949.3
R? 0.7884 Adj R? 0.5768 | std error 137.656 | F 3.726 Sig F 0.1154

Cutting Force (N)

Depth Of Cut (8) Feed Rate (A) Cooling (C) - MQL

Factor

Cooling (C) - Ory

Fig. 2.
forces.

Pareto chart for parameters affecting cutting

As the significance value for the feed rate parameter is
found to be below 5% when the factors affecting surface
roughness is analysed with ANOVA, it was determined
as the most effective parameter. Cooling and depth of
cut parameters on the other hand does not show any
statistically significant difference.

Parameters that affect surface roughness and effect
rates are shown in the Pareto chart presented in Fig. 1
as feed rate, cooling MQL and dry cooling and depth of
cut, respectively. According to the regression equation
R? value is calculated as 0.9531 and F value was found
as 20.302.

As the depth of cut parameter is found to be below
0.05, in the ANOVA analysis for parameters affecting
cutting force, it was determined as the factor affecting
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Fig. 3. Interactive surface graphic for feed rate and
dept of cut as parameters affecting the cutting force.

cutting force the most. Despite being above the signifi-
cance value of 0.05, the feed rate parameter was found to
be quite close to the threshold value. No significant dif-
ference was determined between the dry and MQL values
for the cooling parameter. The results of ANOVA anal-
ysis for cutting forces are given in Table IV.

Parameters that affect cutting forces and effect rates
are shown in the Pareto chart below as depth of cut, feed
rate, MQL cooling and dry cooling, respectively. Accord-
ing to the regression equation R2 value is calculated as
0.7884, and F' value was found as 3.726.

Figure 2 shows the effect levels of the feed rate, depth
of cut, cooling parameters affecting cutting forces in the
form of a Pareto chart.
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Fig. 5. Interactive surface graphic for depth of cut and
cooling as parameters affecting surface roughness.
Fig. 4. Interactive surface graphic for feed rate and The depth of cut and feed rate parameters which affect

depth of cut as parameters affecting surface roughness.

surface roughness the most are shown in the figure below

An interactive graph of depth of cut and feed rate as (Fig. 4). According to this, although no significant dif-
factors affecting cutting forces is given in Fig. 3. Accord- ferences were found in terms of surface roughness when
ing to this graph, it is clearly seen that when both feed depth of cut is changed within the predetermined range,
rate and depth of cut values decrease, cutting forces also it is observed that surface roughness increases in direct
decrease and when both values increase cutting forces proportion when the value of the feed rate parameter is

also increase. increased.
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Fig. 6. Interactive surface graph for feed rate, depth of cut and cooling as parameters affecting surface roughness.
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When depth of cut and cooling parameters presented
in Fig. 5 as parameters affecting surface roughness are
evaluated separately, MQL appears as the most suitable
method for minimizing surface roughness, followed by
CO4 and dry methods.

The interaction between each of the three different lev-
els for feed rate, depth of cut and cooling parameters are
shown in Fig. 6. According to this, there was no sig-
nificant interaction between depth of cut and feed rate
and it can also be said that no significant interaction ex-
ists between cooling and feed rate. However, it is clearly
seen from the graph that there is an obvious interac-
tion between cooling and depth of cut parameters. While
dry machining increases R, level, the use of MQL gives
the best results for surface roughness. When depth of
cut takes the lowest value, surface roughness is also at
the lowest level and when feed rate is increased, surface
roughness also increases.

4. Conclusion

In this study, cutting force and surface roughness val-
ues are measured during the CNC machining of 316L
stainless steel (widely used in the defense industry, etc.)
and basic parameters affecting these values and their ef-
fect levels are determined using statistical methods.

First, the number of measurements to be performed
and parameter values for measuring surface roughness
with the Taguchi method, were determined. Then the
obtained values were analyzed using ANOVA and the
relational degree between parameters were determined.

Cutting forces must be minimized, in order to increase
the life span of the cutting tool. As a result of these
measurements and calculations, depth of cut and feed
rate were determined as factors that affect cutting forces
the most, as can be seen in the Pareto chart presented in
Fig. 3. The lowest values for cutting force were obtained
in experiment No. 1.
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