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Abstract

Over the years, machining has been one of the pivotal manufacturing processes used in industries to produce superior
products where multiple aspects regulate their efficacy. In this work, the motive is to study the effect of tool rake and
approach angle in turning of mild steel specimens while varying process parameters such as spindle speed, feed rate
and depth of cut. Experiments were designed using Taguchi L, orthogonal array. For every trail, cutting tool vibrations
were recorded using tri-axial accelerometer connected to a fast Fourier transform analyser after which surface rough-
ness tests were conducted. Analysis of variance was performed to obtain significant parameters. Results revealed that
spindle speed and feed rate predominantly affect surface roughness with approach angle contributing certain level of
influence. Spindle speed highly influences vibrations in the tangential and radial direction while depth of cut and rake
angle have significant effect on vibrations in the axial direction.
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1 Introduction

Machining is a term used to describe a variety of mate-
rial removal processes where a cutting tool removes
unwanted material from workpiece to produce the desired
shape. While machined parts are mostly metallic in nature,
almost all materials can be machined, including plastics,
composites and wood, making it the most common
and versatile of all manufacturing processes. In turning
operation, layers of material are removed from a rotating
workpiece with the aid of a single-point cutting tool [1].
Quiality of the finished component is the essence of sat-
isfaction which is influenced by process parameters that
manipulate response parameter [2], thereby requiring an
optimised combination of cutting parameters.
Ranganath et al. [3] aimed to investigate the effect of
rake angle on surface roughness in CNC turning of Al 6061
by varying three positive rake angles. Analysis of variance
(ANOVA) revealed that surface roughness decreases with

the increase in rake angle. Karim et al. [4] presented their
work that proposes the study of surface finish by varying
three tool rake angles in the positive and negative scale
during machining of Al 6061 and observed that higher the
rake angle used, better the surface finish generated. The
effect of approach angle and nose radius on surface finish
of Ni-Cr-Fe-based Inconel 718 super alloy was studied by
Kumar et al. [5]. They concluded by way of analysis of vari-
ance that tool nose radius was effective in altering surface
quality. Yaldiz et al. [6] studied the application of response
surface methodology on turning of AISI 1040 steel by vary-
ing three levels of tool nose radius, approach angle and
rake angle. It was observed that nose radius significantly
affected surface roughness while approach and rake angle
contributed almost similar influence on the same. Hard
turning of AISI 52100 with ceramic cutting tools was per-
formed by Boy et al. [7] to study the effect of approach
angle on cutting forces and surface roughness. Based

B< J. Ashish George, ashish.georgej@gmail.com | 'Department of Mechanical Engineering, M S Ramaiah Institute of Technology,

Bengaluru, India.

®

Check for
updates

SN Applied Sciences (2019) 1:1133 | https://doi.org/10.1007/s42452-019-1175-z

Received: 21 May 2019 / Accepted: 28 August 2019 / Published online: 31 August 2019

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1175-z&domain=pdf
http://orcid.org/0000-0001-7306-5129

Research Article

SN Applied Sciences (2019) 1:1133 | https://doi.org/10.1007/542452-019-1175-z

on ANOVA results, they concluded that cutting forces
decrease with the increase in approach angle.

The effect of spindle speed and depth of cut on tool
vibration was examined by Singh et al. [8] where dry turn-
ing was performed on mild steel, aluminium and PVC. Kho-
shnaw et al. [9] presented study based on the influence of
tool vibration on surface roughness in dry turning which
reveals that there is significant proportional effect. Com-
parison of optimising machining parameters for improved
surface roughness between full factorial and Taguchi
method was carried out by Athreya et al. [10].

Experiments were conducted on AlSI steel on CNC
lathe by Rao et al. [11] to describe the influence of pro-
cess parameters on surface roughness where analysis of
variances indicated that feed rate is exceptionally signifi-
cant. Kaladhar et al. [12] performed turning experiments
on stainless steel by varying tool cutting factors to analyse
surface roughness where it was determined that feed rate
influences remarkably. Aherwar [13] conducted experi-
mentation based on Taguchi Ly orthogonal array to deter-
mine tool vibrations during turning of EN24 steel. Results
revealed that axial vibration is less compared to tangential
vibration. Effect of process parameters on surface rough-
ness was studied by Makadia et al. [14] on full factorial DOE
by performing ANOVA only to reveal that feed rate is most
influential followed by tool nose radius.

Influence of tool rake angle on cutting vibration at dif-
ferent cutting speeds was investigated by Wang et al. [15]
where it was inferred that the amplitude of machining
vibration gradually decreases with increasing rake angle.
Kannan et al. [16] conducted research work aimed at stud-
ying the effect of tool nose radius on tool chatter in the
turning of EN19 steel where vibrational frequencies were
captured by vibration absorber. Results showed that fre-
quencies intensified with the increase in nose radius. Dif-
ferent controlled factors encapsulating single-point cut-
ting tool were studied by Patil et al. [17] based on vibration
amplitude where comparison of carbide and HSS tools was
done only to show that the former generated lesser vibra-
tions and produced better surface finish. Abdulhani et al.
[18] presented his research work on the study of vibration
relating to faults in turning centre CNC machine using FFT
analyser by machining aluminium and mild steel speci-
mens. It was concluded that the type of material directly
influences vibrations, with axial vibration being the largest.
Gandhi [19] carried out tests on a HMT lathe using four dif-
ferent rake angled tools to determine the vibration levels
using FFT analyser. With workpiece material as mild steel, it

was indicated that larger rake angle increases the stability
of vibration.

During turning, various cutting forces tend to be devel-
oped which in turn generate vibrations in different direc-
tions. Gunay et al. [20] investigated the influence of tool
rake angle on main cutting force which was measured
using eight different rake angles and observed a decreas-
ing cutting force trend with increasing rake angle. Mag-
dum [21] studied the effect of cutting forces generated in
the turning of EN 8 steel while varying the approach angle
and revealed that thrust force decreased while feed force
increased with the increase in approach angle. Rafeeq
et al. [22] focussed on optimisation of feed and radial
forces with respect to input parameters while machining
EN321B steel. They concluded that high cutting speed and
low feed generate lower forces.

In concordance with the research reviewed, the basic
purpose of this work is to study the combined effect of tool
geometry (rake angle and approach angle) and machin-
ing parameters (spindle speed, feed rate and depth of cut)
on surface roughness and cutting tool vibration. Taguchi
design of experiments [23] was employed to cultivate a
suitable relation between the parameters since the objec-
tive is to determine the right settings [24]. Significance of
parameters was depicted by analysis of variance, and opti-
mal levels of parameters were determined using Taguchi
signal-to-noise ratio technique.

2 Experimental details

The workpiece material selected for this study was mild
steel whose chemical composition is shown in Table 1.
Each test specimen, of hardness value 197 BHN, was
dimensioned at 20 mm diameter and 200 mm length.
Three tungsten carbide tool inserts having positive rake
angles 0°, 6° and 9° were utilised for performing turn-
ing operations. The general nomenclature for each of
the inserts is CCMT 09T304 with variation only in the
chipbreaker designation. In the increasing value of rake
angles, these inserts have their designations as MT, FA
and FG, respectively. Tool holder with nomenclature
SCLCR 1616H09 was selected to mount the tool inserts.
The experiments were carried out on HMT LT20 precision
centre lathe.

The approach angles selected in this study were 75°,
80° and 90°. These angles were achieved by swivelling
the degree graduated compound rest, such that the tool

Table 1 Chemical composition C Si Mn
of mild steel (wt%)

Mo P Ni S Cr

0.244 0.208

0.639

0.011 0.047 0.029 0.031 0.076
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Approach angle 75°

Fig. 1 Experimental arrangement for different approach angles

Approach angle 80°

Approach angle 90°

Fig.2 Vibration measurement setup

Table 2 Input parameters and their levels

Levels Spindle Feedrate, Depthof Rake Approach
speed, n, f,mm/rev cut,d, mm angle, angleaq,®
rpm v.°

1 420 0.05 0.25 0 75

2 710 0.1 0.50 6 80

3 1200 0.22 0.75 9 90

post can be positioned at the desired angles. Therefore,
movement of the carriage in the feed direction will cause
the cutting tool to be fed at the set angle. Figure 1 shows
the photographs of the tool inserts at different approach
angles. Tri-axial accelerometer was mounted on the tool
post and connected to the input of FFT analyser which
served as the means of vibration measurement (Fig. 2).
Post-turning operations and surface roughness of speci-
mens were measured with the help of Mitutoyo SJ-201
surface roughness instrument whose sampling length
is 2.5 mm. The levels of input parameters chosen for this
study are shown in Table 2.

The experiments were designed based on Taguchi Lg
orthogonal array which exhibits the combination of spin-
dle speed, feed rate, depth of cut and rake angle as the
standard L, design, being implemented for each approach
angle, thereby computing a total of 27 experiments for
conduction. Tabulated data include recorded values of
tool chatter in the three axes (X-, Y- and Z-axis) and surface
roughness (Ra) for each experimental run.

3 Results and discussion

Analysis of variance was conducted on the experimental
data obtained to determine factors that have significant
effect on the response parameters, i.e. tri-axial vibrations
and surface roughness Ra. The ANOVA tables for each
response parameter exhibit the degrees of freedom (df),
sum of squares (SS), mean of squares (MS), F-values, P val-
ues and the percentage contribution ratio (PCR) for every
factor. Confidence level for all intervals was taken as 95%
with the type of confidence being two-sided. Minitab 18.0
software was used to perform the test since it has in-built
ANOVA tool feature. The independent variables considered
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are the input process parameters while the dependent
variables are surface roughness and tool chatter.

ANOVA results for surface roughness shown in Table 3
portray spindle speed to be the most influential parameter
while feed rate also affects the same whose PCR values
are 57.70% and 26.43%, respectively. Figure 3 conveys that
as spindle speed increases, Ra values tend to decrease,
whereas it increases with the increase in feed rate. It can
also be seen that as approach angle is reduced, roughness
tends to lessen. Surface roughness mean variation with
respect to parameters varies to a maximum at low spindle
speed of 420 rpm, higher feed rate of 0.22 mm/rev, depth

of cutat 0.25 mm, tool rake angle of 0° and approach angle
of 90°.

The ANOVA results and mean effective plot for tool
vibrations in the three directions (tangential, axial and
radial) are discussed in the following segments.

Since F and P values are the ones that determine the
significant parameters from ANOVA results, it can be seen
from Table 4 that the most influential factor for tangen-
tial vibration is spindle speed contributing to 71.64% of
the total effect, whereas the approach angle shows the
least effect with PCR value of 1.02%. The mean effec-
tive plots in Fig. 4 show the variation of the mean of

Table 3 ANOVA results for

Source df SS MS F-value Pvalue PCR
surface roughness
n 2 48.9550 244775 38.49 0.000001 57.70
f 2 22.4269 11.2135 17.63 0.000092 26.43
d 2 1.2014 0.6007 0.94 0.409499 1.42
y 2 0.8148 0.4074 0.64 0.539948 0.96
a 2 1.2695 0.6347 1.00 0.390410 1.50
Error 16 10.1752 0.6360 11.99
Total 26 84.8428
Fig.3 Mean effective plot for Spindle Speed (rpm) | Feed Rate (mm/rev) Depth of cut (mm) Rake angle (deg) Approach angle (deg)

surface roughness
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Table 4 ,ANQVA r.esults for Source df SS MS F-value Pvalue PCR
tangential vibration
n 2 50.5882 25.2941 38.88 0.000001 71.64
f 2 2.2207 1.1104 1.71 0.212851 3.14
d 2 5.7750 2.8875 4.44 0.029274 8.18
1% 2 0.8992 0.4496 0.69 0.515359 1.27
a 2 0.7200 0.3600 0.55 0.585598 1.02
Error 16 10.4081 0.6505 14.74
Total 26 70.6111
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Fig.4 Mean effective plot for
tangential vibration

Mean of Tangential Vibration (g)

420 710 1200 0.05

tangential vibration with respect to change in process
parameters. According to the plots, it can be interpreted
that with increasing spindle speed, feed rate and depth
of cut values, vibrations in the tangential direction inten-
sify. The vibration values are maximum at spindle speed
of 1200 rpm, feed rate of 0.22 mm/rev, depth of cut of
0.75 mm and tool rake angle of 9° with the tool approach-
ing at 90°.

From the ANOVA results in Table 5 for axial vibration, it
can be seen that the F-value for depth of cut is maximum,
thus representing it to be the most significant parameter
influencing vibrations in the axial direction with a contri-
bution percentage of 51.36%. It should be noted that tool
rake angle and feed rate have a similar definitive level of
significance, providing 8.00% and 8.43%, respectively, of
the total effect while approach angle does not consider-
ably affect axial vibrations.

The variation in the mean of axial vibration with respect
to the process parameters is shown in Fig. 5. The plots
reveal that as depth of cut and spindle speed increase,
greater are the vibrations developed. It is also worth not-
ing that approaching the tool at an angle lesser than 90°
tends to produce more axial vibrations. The maximum
mean values of vibration as depicted by the plot can be

Spindle Speed (rpm) | Feed Rate (mm/rev)
5

Depth of cut (mm) Rake angle (deg) |Approach angle (deg)

B AN

011 022 025 050 075 0 6 9 75 80 90

observed to occur at spindle speed of 1200 rpm, feed rate
of 0.22 mm/rev with depth of cut of 0.75 mm, 6° tool rake
angle and 75° approach angle.

According to the ANOVA results for radial vibration
shown in Table 6, it is evident that the depth of cut is the
most influential factor which is closely followed by spin-
dle speed as it also majorly affects the vibrations in radial
direction. The percentage of contribution for both these
parameters is 39.12% and 36.50%, respectively. The mean
effective plot in Fig. 6 shows the variation of the mean
of radial vibration with respect to change in the levels of
process parameters. With every increasing value of spindle
speed and depth of cut, vibrations in the radial direction
are observed to be developed substantially. Also, these
vibrations are seen to be grown when tool rake angle is
changed from 0° to 9°. As for approach angle, radial vibra-
tions seem to have a reducing trend when the tool is
positioned from 75° to 90°. The maximum mean values
of vibration as depicted by the plot can be observed to
occur at spindle speed of 1200 rpm, feed rate of 0.22 mm/
rev with a depth of cut of 0.75 mm, tool rake angle of 9°
and approach angle of 80°.

Based on the values recorded for every experimen-
tal run, it was observed that vibrations in the tangential

Table 5 ANOVA results for axial

vibration Source df SS MS F-value Pvalue PCR
n 2 1.1599 0.5799 1.29 0.301368 4.46
f 2 2.1911 1.0955 244 0.118487 8.43
d 2 13.3515 6.6757 14.89 0.000222 51.36
1% 2 2.0758 1.0393 2.32 0.130522 8.00
a 2 0.0423 0.0211 0.05 0.954083 0.16
Error 16 7.1710 0.4482 27.59
Total 26 25.9943
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Fig. 5 Mean effective plot for Spindle Speed (rpm) | Feed Rate (mm/rev) Depth of cut (mm) Rake angle (deg) Approach angle (deg)
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Table 6 ANOVA results for Source df 5S Ms F-value Pvalue PCR
radial vibration
n 2 8.2771 4.1368 17.72 0.000088 36.50
f 2 1.2332 0.6166 2.64 0.102136 5.44
d 2 8.8709 44354 18.99 0.000060 39.12
y 2 0.3344 0.1672 0.72 0.503786 1.47
a 2 0.2228 0.1114 0.48 0.629206 0.98
Error 16 3.7369 0.2336 16.48
Total 26 22.6753
Fig. 6 Mean effective plot for 26 Spindle Speed (rpm) | Feed Rate (mm/rev) Depth of cut (mm) Rake angle (deg) Approach angle (deg)

radial vibration

24

Mean of Radial Vibration (g)
=

420 710 1200 0.05

direction were considerably greater compared to the
other directions. Measured surface roughness values
showed a declining trend when minimum feed rate and
depth of cut were maintained while increasing spindle
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speed and rake angle and with the tool approach angle
being reduced from 90° to 75°.

It should be noted that the values for the source of
error in the ANOVA results tabulated have considerable
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magnitude. The reason is that there could be different
interaction effects between the control factors for each
of the response parameter being considered in this study.
Since the present work primarily draws attention towards
the main effect of process parameters, the effects of inter-
action could be conducted in another study for a full facto-
rial set of experiments as this type of design is more suited
for interaction cases [25].

4 Optimisation of process parameters

For performing any operation in the most feasible manner
possible, it is required to have knowledge of the optimal
levels of the parameters being considered. In this present
work, Taguchi method of deriving optimal parameters is
utilised by generating the smaller the better type of signal-
to-noise (5/N) ratios [26] to determine the ideal levels of
parameters.

5/N=—10Iog<%ZYiz> )

i=1
where Y; is the determined value of the characteris-
tic response at the ith experiment for n number of
experiments.

Smaller the better technique has been chosen for the
purpose of study since the aim of this work is to minimise
the characteristic response [27], i.e. tool vibrations and sur-
face roughness based on the input parameters selected
and to yield the optimal level of each parameter thus pro-
moting favourable machining conditions.

This technique indicates optimal levels of parameters
by evaluating the S/N ratios corresponding to each level
and judging its nearness to the value zero. With emphasis
on this statement, it can be concluded, from the response
table of S/N ratios shown in Table 7, that the optimal lev-
els for surface roughness are 1200 rpm of spindle speed,
0.05 mm/rev of feed rate, 0.50 mm depth of cut, 9° tool
rake angle and 75° tool approach angle. Based on the
results obtained, it can be interpreted that with a high
value of spindle speed, rake angle along with minimum

Table 7 Response table of S/N ratios for surface roughness

feed rate, depth of cut and smaller approach angle, better
surface finished components can be manufactured.

The S/N ratio response table for tangential vibration
shown in Table 8 depicts the optimal levels of process
parameters. Spindle speed is the most influential param-
eter with 420 rpm as the optimal level and is followed by
depth of cut whose optimal level is 0.25 mm. The optimal
levels for the other parameters are 0.05 mm/rev of feed
rate, 6° tool rake angle and 80° tool approach angle. Fewer
vibrations are developed in tangential direction when the
levels of process parameters are within minimum range
while the tool is mounted at an angle slightly less than 90°.

From the response table shown in Table 9, it can be
observed that depth of cut influences axial vibration the
most and its optimal level is 0.25 mm. The next influential
parameter is tool rake angle with optimal level of 0° while
spindle speed follows it with an optimal level of 420 rpm.
The other parameters having optimal levels are 0.05 mm/
rev feed rate and 90° tool approach angle. The results show
that minimum levels of process parameters, with the tool
positioned conventionally, produce lesser vibrations in the
axial direction.

Based on the rank of process parameters from the
response table displayed in Table 10, it can be said that
spindle speed influences radial vibration the most, fol-
lowed by depth of cut and feed rate. The optimal levels
for each of the selected parameters are 420 rpm of spindle
speed, 0.11 mm/rev feed rate, 0.25 mm depth of cut, 0°
tool rake angle and 90° approach angle. Smaller values of
spindle speed, depth of cut and tool rake angle with the
tool placed traditionally at 90° generates lesser vibrations
in the radial direction.

Table 8 Response table of S/N ratios for tangential vibration

Level  n(rpm) f(mm/rev) d(mm) y() a(®)

1 -1.967 —6.902 -6.175 -8.430 -7.777
2 —-8.291 -7.359 —7.689 -6.488 -7.468
3 -13.191 -9.191 -9.584 -8.530 -8.204
Delta 11.224 2.289 3.409 2.042 0.736
Rank 1 3 2 4 5

Table 9 Response table of S/N ratios for axial vibration

Level n(rpm) f(mm/rev) d(mm) y(©) a(°) Level n (rpm) f(mm/rev) d (mm) y(©) al(9)
1 —-15452 -10.203 —-12.166 —-12226 -10.461 1 -5.442 -5.811 —3.080 -5.631 -6.752
2 —-10.993 -10.323 -11.288 -11.526 —12.569 2 -6.625 -6.063 —6.848 —7.887 -7.013
3 -8.636 —14.555 -11.626 -11.419 -11.391 3 -7.577 -7.770 -9.716 -6.126 -5.879
Delta 6.816 4352 0.877 0.717 2.108 Delta 2.135 1.959 6.636 2.256 1.134
Rank 1 2 4 5 3 Rank 3 4 1 2 5
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Table 10 Response table of S/N ratios for radial vibration

Level n(rpm)  f(mm/rev) d(mm) y () a(®)

1 0.3278 —3.5358 —-0.2003 -3.1889 —4.3889
2 -49114 -2.5091 —4.2374 —3.7896 -39174
3 —-6.8290 -5.3677 —-6.9750 —4.4340 -3.1063
Delta 7.1568 2.8586 6.7747 1.2451 1.2827
Rank 1 3 2 5 4

5 Conclusions

The present study illustrates the influence of process
parameters and tool geometry in turning operation by
considering surface roughness and tool vibration as the
response objective. Experiments were carried out on
mild steel specimen based on Taguchi L, orthogonal
array for which tool chatter and surface roughness were
recorded and measured, respectively. The findings that
can be condensed from this study are as follows:

Spindle speed and feed rate largely affect surface
roughness with tool approach angle having compara-
tively more influence than rake angle. Spindle speed also
majorly affects tangential vibration while tool approach
and rake angle have almost similar impact on the same.

Depth of cut and tool rake angle have a substantial
contribution for vibrations in the axial direction, but
approach angle has negligible effect. Radial vibration
is mainly influenced by spindle speed and depth of cut
while tool rake and approach angle have nearly the same
involvement towards affecting this parameter.

The optimal conditions for surface roughness are
observed at n3-f1-d2-y3-al (spindle speed =1200 rpm,
feed rate =0.05 mm/rev, depth of cut=0.50 mm, rake
angle=9° and approach angle=75°). Optimal conditions
of turning parameters for tangential and axial vibration
are inferred at n1-f1-d1-y2-a2 (spindle speed =420 rpm,
feed rate =0.05 mm/rev, depth of cut=0.25 mm, rake
angle=6° and approach angle=75°) and n1-f1-d1-
y1-a3 (spindle speed =420 rpm, feed rate =0.05 mm/rev,
depth of cut=0.25 mm, rake angle=0° and approach
angle=90°), respectively. For radial vibration, the opti-
mal instances are obtained at n1-f2-d1-y1-a3 (spindle
speed =420 rpm, feed rate=0.10 mm/rev, depth of
cut=0.25 mm, rake angle =0° and approach angle=90°).
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