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Abstract—The influence of some turning variables and tool 
overhang on surface roughness parameters and residual stress 
induced due to machining 6061-T6 aluminum alloy is investigated 
in this paper. Four input parameters (cutting speed, feed rate, 
depth of cut and tool overhang) are considered. Tests are carried 
out by precision turning operation on a lathe. Design of 
experiment techniques, i.e. response surface methodology (RSM) 
and Taguchi's technique have been used to accomplish the 
objective of the experimental study. Surface roughness 
parameters are measured using a portable surface roughness 
device while residual stresses are measured employing deflection-
etching technique using electrochemical analysis. The results 
obtained reveal that feed and rotational speed play significant 
role in determining the average surface roughness. Furthermore, 
the depth of cut and tool overhang are less significant 
parameters, whereas tool overhang interacts with feed rate. The 
best result of surface roughness was obtained using low or 
medium values of overhang with low speed and /or feed rate. 
Minimum maximum tensile residual stress can be obtained with a 
combination of tool overhang of 37 mm with very low depth of 
cut, low rotational speed and feed rate of 0.188 mm/rev. 

Keywords-Al-6061-T; RS; surface roughness parameters; 
residual stress; turning parameters 

I. INTRODUCTION  

Aluminum alloys have high demand in many engineering 
applications because of their excellent mechanical properties. 
Any production activity is performed with main objectives of 
good surface quality and higher production rate. Metal 
machining process output is highly dependent on input 
variables, since small variations in one of the input variables 
results in a considerable change in the output variables. The 
integrity of the surface produced in machining (process output) 
is recognized to have a significant impact on product 
performance and life time. Surface integrity represents the 
nature of the surface condition of a workpiece after 
manufacturing/machining. There are two aspects of surface 
integrity: surface topography characteristics and subsurface 

layer characteristics. The surface topography comprises of 
surface roughness, waviness, form errors, and flaws whereas 
the subsurface layer characteristics that can change due to 
processing include plastic deformation, residual stresses, 
cracks, hardness, phase changes, re-crystallization and inter-
granular attack [1-3]. In addition to the longitudinal feed, 
cutting speed and depth of cut, geometry of the tool and 
stability of machine tool also influences the all surface integrity 
elements. Influence of cutting parameters on cutting force and 
surface finish was investigated in authors in [4]. Feed rate was 
found to have significant influence on cutting force as well as 
surface roughness. Depth of cut was found to have significant 
influence on cutting force, but has an insignificant influence on 
surface roughness. Authors in [5] studied the effects of tool 
overhang on selection of machining parameters and surface 
finish. They found that too large and very small tool overhangs 
result in poor surface finish. Further, optimum range of tool 
overhang with minimum tool vibrations was established. In [6], 
authors studied the effect of turning the aluminum with tools 
having different cutting edge materials and tool edges shapes 
on the surface roughness. Authors in [7] investigated the effect 
of high speed turning of Al 7075 which is a high strength 
aluminum alloy. Authors in [8] used Taguchi robust design 
principles to optimize the process parameters in turning Al6061 
alloy for MRR and surface roughness with single objective 
optimization.  

Residual stress generation cannot be avoided after 
machining processes. Residual stress is a major component of 
surface integrity and is identified as a key factor that influences 
fatigue life, dimension accuracy and corrosion resistance of 
machined components. Thus, the residual stress in a machined 
layer has been studied by many researchers. The majority of 
research work on residual stresses in metal cutting has been 
limited to experimental study [9-13]. Despite these efforts, the 
quantitative relationship between cutting conditions and 
residual stresses is still unknown due to the inherent 
complexity nature of the formation of residual stresses in metal 
cutting. A part of the recent research work in this field was 
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based on the finite element models while others used different 
approaches to tackle the problem ranging from mathematical 
modeling to metallurgical investigations. The results presented 
in [14] show that material hardness has a direct and significant 
influence on the value of residual stress resulted by machining. 
It was reported that since the method of machining hardened 
steel differs from that of machining soft steel, the machined 
surface of soft steel does not show any stage of phase 
transformation. Authors in [15] reported a case of deformation 
in machined surfaces of hardened steels and found that the 
residual stresses in soft steels are mostly tensile stresses while 
those remaining in hardened steels are mostly compressive 
stresses. Another research which was conducted on two types 
of steel which have been machined by turning reported that 
residual stresses are influenced, to a great extent, by feed rate 
and nose radius and, to a certain extent, by the cutting speed 
and the rake angle. The results of the experiments conducted in 
[16, 17] show that the residual stresses of the tensile type is 
generated at the surface of many materials machined by milling 
in the presence of coolants. It was also showed that maximum 
residual stress increases with an increase in feed rate, depth of 
cut and the tensile stress of the workpiece material. Authors in 
[18] investigated the effect of cutting variables (cutting speed, 
feed rate, depth of cut, geometry, and coating) on residual 
stresses in turning operations and reported that residual stresses 
on stainless steel components are due to plastic deformation 
and thermal effect on tool nose. The effect of high cutting 
speeds and feed rate on residual stresses on different hard steel 
materials has been investigated [19-21]. The residual stresses 
on the surface are of the compressive type and they increase 
downwards below the surface to the maximum at a certain 
depth, then decrease with further depth. Taguchi method is 
widely used for optimizing industrial/production processes. 
The Taguchi design optimization method can be divided into 
three stages: (a) system design, (b) parameter design and (c) 
tolerance design. Among the three stages, the parameter design 
stage is considered to be the important stage. The steps 
followed in the Taguchi parameter design are: selecting the 
proper orthogonal array (OA), running experiments based on 
the OA, analyzing data, identifying the optimum condition and 
conducting confirmation runs [22]. Many researchers have 
used the Taguchi method to optimize the various machining 
operations like turning, end milling, drilling, etc. in various 
alloys [23–28].  

One approach to determine the relationship between various 
input parameters (independent variables) and responses (output 
variables) is response surface methodology (RSM), which also 
ascertains the significance of these parameters on the responses 
[29]. The main objective of the this work is to study the effects 
of tool overhang in addition to some turning parameters such 
as speed, feed rate and depth of cut on some surface integrity 
phases, namely surface roughness parameters and residual 
stress. The experiments were carried out on 6061-T6 
aluminum alloy under dry conditions. Turning operations are 
conducted on a CNC turning machine. The Taguchi analysis is 
applied to obtain the optimal parameter combination using the 
experimental results. Furthermore, analysis of variance 
(ANOVA) was also carried out to examine the most 
significant factors for surface roughness parameters and 

residual stresses in the turning process. The RSM approach is 
applied to deduce mathematical models that relate the different 
input parameters to each response studied in this work.  

II. EXPERIMENTAL WORK 

A. Workpiece Material 

In this work, 6061-T6 aluminum alloy was used as 
workpieces material. This material was selected because of its 
importance and wide applications in industry. The chemical 
composition in weight percent and the mechanical properties 
are presented in Tables I and II.  

TABLE I.  THE CHEMICAL COMPOSITION OF 6061-T6 ALUMINUM ALLOY 
WORK MATERIAL 

Element Mg Si Fe Cu Mn 
Weight 
percent 

0.8-1.2 0.80-0.40 0.70 0.15-0.40 0.15 

Element Cr Zi Ti Al  
Weight 
percent 

0.04-
0.35 

0.25 0.15 Balance  

TABLE II.  THE MECHANICAL PROPERTIES OF 6061-T6 ALUMINUM ALLOY 
WORK MATERIAL 

Tensile Strength, MPa Yield Stress, MPa Elongation, % 
428 355 10 

B. Workpiece Preparation 

The materials were received in the form of bars with a 
diameter of 80 mm and were prepared into two groups. The 
first group (shown in Figure 1) was used to study the effect of 
input parameters on the surface profile parameters where the 
second group (shown in Figure 2) was used to study the input 
parameters on residual stresses. In the case of the first group, 
each workpiece was divided into five parts with four recesses 
for machining with different turning conditions whereas in the 
case of second group, the raw material was machined into ring 
shapes with the dimensions shown in Figure 2.  

 

 
Fig. 1.  Workpiece geometry of the first group 

 
Fig. 2.  Workpiece geometry of the second group 
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C. Experimental Procedure 

The experimental work was conducted on a CNC lathe 
(Model EDU VR1-Lathe). The main advantage of using such a 
machine is its flexibility. It enables the turning operations to be 
accomplished easily in a sequential order. Any change in the 
turning conditions can be easily adjusted. In order that the 
effect of each parameter on the surface characteristics of the 
workpiece can be well studied, only four turning parameters 
were chosen namely, turning speed n, feed rate f, depth of cut d 
and tool overhang t. The cutting tool overhang affects the 
surface quality, especially during the turning process, although 
this has not been reviewed much. Based on application and 
theoretical approaches, it is known that cutting tools need to be 
clamped as short as possible to achieve the desired surface 
quality of the workpiece. In this work, the speed was selected 
in the range of 165: 2000 rpm, turning feed rate was selected in 
the range of 0.068: 0.468 mm/rev, depth of cut was selected in 
the range of 100: 500 µm. The turning process parameters and 
their ranges are given in Table III. Dry machining is more 
popular in manufacturing as a means of reducing overhead 
costs and protecting the environment [30]. It has great 
significance for the factors of both economics and environment 
[31]. Hence, the experiments were carried out under dry 
(unlubricated) conditions. 

TABLE III.  TURNING PARAMETERS WITH RANGE AND VALUES AT FIVE 
LEVELS 

Code 1 2 3 4 5 
Tool 

overhang 
t, mm  

27 32 37 42 47 

Turning 
speed 

n, rpm  
165 300 550 1100 2000 

Feed rate 
f, mm /rev 

0.068 0.117 0.188 0.272 0.468 

Depth of cut 
d, µm 

100 200 300 400 500 

Cutting 
Conditions Unlubricated (Dry) 

 
The surface roughness parameters (Ra, Rp, Rt, Rz, and 

Rsm) of each turning specimen was measured with a TAYLOR 
HOPSON surface roughness tester. All the measurements were 
carried out with a cut off length of 0.8 mm and for each portion 
the average of three readings was used. The identification of 
residual stresses in the machined surface region was achieved 
by the Deflection Etching Technique method using 
electrochemical analysis. This method depends on the fact that 
the machined parts containing residual stresses will undergo 
shape variation due to removal of layers from the machined 
surface. The removal of external layers by electrochemical 
analysis results in elimination of part of the residual stresses 
which, in turn, leads to redistribution of the residual stresses to 
the equilibrium position which results in shape variation. This 
shape variation will be measured, and by then the angle of 
deviation of the residual stresses can be calculated. When the 
machining on the ring is finished, the test specimen is prepared 
by drawing (marking) two parallel lines on the surface of the 
ring 5 mm apart and perpendicular to the periphery of the ring, 
then a third line perpendicular to the parallel lines is marked. 

The distance between the parallel lines along the perpendicular 
line is then measured.  

By then the rings are cut or sheared in a position between 
the two parallel lines, this will result in elimination of a part of 
the residual stresses causing a change in ring circularity. The 
distance between the two parallel lines is measured once more, 
the change in reading of the distance can be either positive or 
negative, depending on the type of net residual stresses either 
being tensile or compressive stresses respectively. The ring is 
then sectioned into two parts in such a way that one of them is 
extended 5 mm beyond the line presenting the diameter of the 
ring. The three unmachined surfaces of the ring are coated with 
an isolating and corrosion resistance coating. The small section 
of the ring will be used for the determination of material 
removal rates. This is done by electrolytic analysis. The part is 
immersed in the electrolyte, as shown in Figure 3, which shows 
the set-up of the apparatus prepared for this purpose. The part 
will be electrolytically etched. Etching is done in intervals of 5 
minutes each. The decrease in the thickness is measured in 
each time, while the average thickness is found by weighing 
the specimen before and after etching. Etching can be done in a 
wide range of voltage and current, but the satisfactory 
conditions are achieved when 75 mg sodium chloride is 
dissolved in 1 liter of water at current density of 3.3 mA/mm. 
The bigger section is used for determining the average residual 
stresses distribution. A magnification arm is attached to this 
part with a small mirror at the end and a laser pointer is used to 
measure angular deflection of the specimen while being etched 
(Figure 3).  

 

 
Fig. 3.  Experimental set-up of the electrolytic dissolution of workpiece 

material for measurement angular deviation 

It is worth mentioning that ring deflection consists of 
displacement and rotation components, but the application of 
this method enables measurement of rotation components only. 
The residual stresses relieved due to the removal of a certain 
layer consists of three components: stresses relieved due to 
removal of nth layer of metal, stresses relieved due to removal 
of previous layer, and stresses relieved due to initial cut of the 
ring. These stresses can be calculated as follows: 

1) Stresses relieved due to removal of present layer: 

, 2 / 3n c Et pRdt     (1) 
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where E is modulus of elasticity, t is ring thickness, ε is angular 
rotation, R is ring radius. 

2) Stresses relieved due to removal of previous layers: 

   
,  

4 – 4 2 1 .... 1[
n p n o

A t n t t n           (2) 

where A is ring deflection due to removal of  n layers, to is 
initial ring thickness, Δt is change in thickness due to etching 

3) Stresses relieved due to initial sectioning of the ring: 

 2
, / 2 / 2n i oDE R z t      (3) 

where ΔD is the change in ring diameter due to initial 
sectioning, z is the remaining ring thickness, to is the initial ring 
thickness. 

The total residual stresses relieved are then: 

σn, t = σn, c + σn, p + σn, i  (4) 

It is worth to mention that the calculated residual stresses 
are the stresses towards the periphery of the circle; the axial 
and radial components of residual stresses are in fact small 
enough and can be ignored. More details about the Deflection 
Etching Technique are given in [32]. 

III. EXPERIMENTAL DESIGN 

To evaluate the effects of turning parameters on some 
performance characteristics (surface roughness parameters and 

maximum residual stress) and to identify the performance 
characteristics under the optimal turning parameters, a specially 
designed experimental procedure is required.  Classical 
experimental design methods are complex and difficult to use. 
Additionally, larger number of experiments has to be carried 
out when number of turning parameters increases. In this study, 
the main objective is to investigate the effect of the turning 
parameters (cutting conditions and tool overhang) on both 
surface roughness parameters and residual stresses generated in 
the work material. For the purpose of minimizing the 
experimental work, a simple and adequate experimental design 
named Taguchi design is used. The Taguchi method involves 
reducing the variation in a process through robust design of 
experiments. The overall objective of the method is to produce 
high quality product at a low cost. In this method, a loss 
function is used to calculate the deviation between the 
experimental value and the desired value. This loss function is 
further transformed into a signal-to-noise (S/N) ratio (η, dB). 
There are several S/N ratios available depending on the type of 
characteristics; lower is better (LB), nominal is better (NB) and 
higher is better (HB) [22]. The experimental program was 
planned in accordance with the principles of experimental 
design suggested by Taguchi technique with 4 input parameters 
each having 5 levels and involves 25 experimental 
observations. The scheme of experimentation adopted in the 
present study is given in Table IV.  

 

TABLE IV.  EXPERIMENTAL DESIGN ORTHOGONAL ARRAY OBSERVED VALUES AND S/N RATIOS 

Exp. 
No 

Input parameters Surface profile parameters 
Resid

ual 
stress 

 
S/N ratios 

 

t,
 

m
m

 

n
, 

rp
m

 

f,
  

m
m

/
re

v 

d
, 

μ
m

 Ra, 
μm 

Rp,
μm 

Rt, 
μm 

Rz, 
μm 

Rsm, 
μm 

RS, 
MPa 

Ra Rp Rt Rz Rsm RS 

1 27 165 0.068 100 1.41 3.800 10.45 8.300 67.50 130 -2.6 -11.1 -19.9 -17.8 -37.5 -41.4 
2 27 300 0.117 200 2.27 5.650 13.65 11.75 121.5 170 -7.9 -15.4 -23.2 -21.9 -40.5 -45.0 
3 27 550 0.188 300 4.49 10.84 28.42 14.00 180.4 160 -13.7 -21.5 -29.5 -24.6 -45.5 -44.4 
4 27 1100 0.272 400 7.71 18.70 45.54 37.33 246.0 140 -17.6 -25.3 -33.4 -30.7 -48.4 -42.6 
5 27 2000 0.498 500 11.6 26.20 57.90 51.10 395.0 110 -20.3 -27.8 -34.5 -33.3 -51.2 -41.3 
6 32 165 0.117 300 2.09 5.400 16.35 12.35 98.00 150 -5.9 -13.9 -23.3 -20.4 -39.8 -44.3 
7 32 300 0.188 400 4.04 8.700 21.70 18.35 153.5 170 -11.9 -19.1 -27.2 -25.6 -43.4 -44.2 
8 32 550 0.272 500 6.50 14.75 30.75 26.20 217.0 150 -16.4 -23.5 -29.7 -28.9 -46.7 -42.6 
9 32 1100 0.468 100 12.6 27.70 57.45 58.47 404.2 50 -22.5 -28.5 -35.3 -35.5 -51.6 -36.1 
10 32 2000 0.068 200 2.39 5.700 15.40 12.45 52.50 135 -7.6 -15.8 -24.6 -22.4 -35.3 41.0 
11 37 165 0.188 500 3.34 7.290 17.00 18.35 194.2 150 -10.4 -16.8 -30.3 24.1 -45.8 -43.8 
12 37 300 0.272 100 8.50 14.60 35.95 37.00 277.5 100 -18.3 -23.3 -35.3 -31.2 -49.1 -39.5 
13 37 550 0.468 200 13.4 27.10 55.70 52.60 400.0 110 -22.7 -28.7 -25.5 -34.1 -52.4 -40.7 
14 37 1100 0.068 300 2.90 6.200 16.80 11.00 106.0 125 -9.5 -16.7 -28.2 -22.2 -39.3 -41.4 
15 37 2000 0.11 400 3.94 10.15 27.00 19.90 99.00 120 -11.8 -19.6 -29.4 -26.2 -40.5 -42.4 
16 42 165 0.272 200 5.10 10.36 27.76 22.23 264.0 130 -14.2 -20.5 -34.3 -28.0 -47.8 -43.5 
17 42 300 0.468 300 11.2 22.00 55.00 45.00 360.0 160 -20.3 -26.2 -24.1 -32.0 -52.2 -42.9 
18 42 550 0.068 400 2.24 6.800 18.45 12.35 75.00 140 -6.6 -15.6 -24.1 -20.0 -36.8 -44.3 
19 42 1100 0.117 500 3.08 6.800 16.23 14.16 108.3 165 -10.2 -17.5 -24.8 -23.9 -41.4 -43 
20 42 2000 0.188 100 5.88 12.70 30.45 25.90 187.0 90 -16.1 -22.8 -30.4 -29.1 -44.9 -38.9 
21 47 165 0.468 400 5.60 13.00 40.65 25.65 390.0 200 -15.9 -23.8 -33.1 -30.2 -51.6 -44.6 
22 47 300 0.068 500 1.45 3.850 9.150 7.600 74.50 170 -3.4 -11.7 -19.4 -18.1 -37.5 -46.2 
23 47 550 0.117 100 3.28 7.650 17.65 14.70 117.5 140 -9.8 -17.7 -25.4 -23.2 -41.3 42.25 
24 47 1100 0.188 200 6.08 13.33 37.65 28.73 192.6 145 -14.6 -21.2 -29.8 -27.5 -46.1 43.24 
25 47 2000 0.272 300 8.03 19.33 54.20 37.50 264.3 140 -18.3 -25.5 -34.7 -30.8 -48.2 43.39 
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It should be pointed out here that the S/N ratio analysis is 
used to find out the optimum machining conditions. The 
ANOVA analysis is used to find the percentage contribution of 
each of the input parameters on surface roughness and 
maximum residual stress. Response surface methodology 
(RSM) quantifies the relationship between the controllable 
input parameters and the obtained response surfaces. Also, 
RSM is a collection of mathematical and statistical techniques 
useful for analyzing problems in which several  independent 
variables (parameters) influence a dependent variable 
(response-surface roughness and residual stress), and the goal 
is to optimize this response [33]. 

IV. RESULTS AND DISCUSSION 

A. Analysis of Signal to Noise (S/N) Ratio 

Taguchi uses S/N ratio to measure the quality characteristic 
deviating from the desired value. Typically a smaller value of 
surface roughness and/or residual stress is desirable to obtain 
high surface quality and overcome the fracture of the material. 
Thus, smaller-the-better for surface roughness and residual 
stress were selected during the present work. The mean S/N 
ratio for each level of the cutting parameters are computed and 
shown in Table V. Regardless of the lower-the-better or the 
higher-the better quality characteristic, the greater the S/N ratio 
corresponds to the smaller variance of the output characteristics 
around the desired value. Therefore, from Table V, it can be 
seen that the optimal turning performance for the average 
surface roughness (maximum signal to noise ratio value) was 
obtained at tool overhang 27 mm (Level 1), rotational speed of 
165 rpm (Level 1), feed rate of 0.068 mm/rev (Level 1) and 
500 μm as a depth of cut (Level 5) settings. The optimal 
turning performance for minimizing the maximum residual 
stress was obtained at tool overhang 37 mm (Level 3), 
rotational speed of 1100 rpm (Level 4), feed rate of 0.468 
mm/rev (Level 5) and 100 μm as a depth of cut (Level 1) 
settings.  

B. Analysis of Variance 

Analysis of variance (ANOVA) [22] was carried out for a 
level of significance of 5%, i.e. for 95% level of confidence. 
The purpose of ANOVA is to investigate which turning 
parameter significantly affects the performance characteristics 
[23]. Table VI shows the results of ANOVA for surface 
roughness Ra and maximum residual stress. From the analysis 
of the average surface roughness data (Table VI), it is observed 
that feed rate has the most significant effect on the surface 
roughness and its contribution is 82.21% followed by rotational 
speed (9.5% contribution), depth of cut (2.56% contribution) 

and tool overhang (1.97% contribution). From the analysis of 
the maximum residual stress data, it is observed that depth of 
cut (48.12% contribution) and tool overhang (25.2% 
contribution) play significant role in determining the maximum 
residual stress. Furthermore, the rotational speed (8.99% 
contribution) and feed rate (11.68% contribution) are less-
significant parameters.  

C. Mathematical Models 

Table IV shows the arrangement and the results of the 25 
experiments carried in this work based on the Taguchi 
technique. These results are used to deduce the 
mathematical models, according response surface 
methodology (RSM), which is one of the main objectives of 
this work. This section presents a study of the development 
of response models for external turning in terms of tool 
overhang (X1), in addition to cutting conditions, namely; 
rotational speed (X2), feed rate (X3), and depth of cut (X4). 
Three reading tests were made on the surface of each 
specimen and the mean value was calculated and presented 
in Table IV. Using these results, the response surface for 
five different profile parameters Ra, Rp, Rt, Rz, and Rsm as 
functions of the four parameters used in this work are 
deduced as the following models:  

Ra=-0.09556 + 1.3999X1 - 0.298X2 - 0.0736X3 + 0.1138X4 - 
0.2317X1

2 + 0.0865X2
2 + 0.6218X3

2 – 0.1135X4
2 + 

0.3753X1X2 - 0.426X1X3 + 0.0147X1X4 + 0.0518X2X4 

Rp= 2.003 + 0.4699X1 – 1.767X2 - 0.2159X3 + 1.923X4- 
0.096X1

2 + 0.041X2
2 + 1.383X3

2 – 0.410X4
2 + 0.924X1X2 – 

1.057X1X3 + 0.036X1X4 - 0.011X2X4 

Rt= 5.999 – 3.293X1 – 6.342X2 + 1.086X3 + 9.0515X4 + 
0.469X1

2 + 0.563X2
2 + 2.449X3

2 – 1.82X4
2 + 1.75X1X2 – 

1.63X1X3 + 0.168X1X4 + 0.216X2X4 

Rz= 6.092 + 4.969X1 – 7.0534X2 + 2.696X3 – 0.345X4 – 
0.762X1

2 + 0.588X2
2 + 2.44X3

2 – 0.481X4
2 + 1.737X1X2 – 

2.424X1X3 + 0.407X1X4 + 0.101X2X4 

Rsm= 59.132 + 5.7456X1 – 12.836X2 + 9.229X3 – 1.647X4 + 
0.552X1

2 + 2.231X2
2 + 13.95X3

2 – 1.293X4
2 + 0.475X1X2 – 

4.77X1X3 + 1.98X1X4 - 0.865X2X4 

Mathematical model combining machining parameters with 
the maximum residual stress (MRS) was also generated as 
follows: 

MRS= 134.3 – 51.45X1 + 43.56X2 - 18.5X3 + 28.2X4 + 
6.68X1

2 – 6.2X2
2 – 3.21X3

2 – 1.13X4
2– 3.38X1X2 + 

10.22X1X3 – 1.81X1X4 - 0.52X2X4 

 

TABLE V.  MEAN S/N RESPONSE TABLE FOR SURFACE ROUGHNESS AND RESIDUAL STRESS 

Factor Average surface roughness (Ra) by factor level (dB) Rank Maximum residual stress by factor level(dB) Rank 
  1 2 3 4 5   1 2 3 4 5   
t -12.436* -12.87 -14.56 -13.46 -12.45 3 -42.94 -41.65 -41.57* -42.54 -43.94 2 
n -9.79* -12.41 -13.84 -14.88 -14.85 2 -43.52 -43.58 -42.86 -41.28* -41.41 3 
f -6.007* -9.104 -13.34 -16.97 -20.35 1 -42.87 -43.40 -42.91 -42.33 41.15* 4 
d -13.86 -13.41 -13.55 -12.75 -12.20* 4 -39.65* -42.71 -43.31 -43.61 -43.37 1 
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TABLE VI.  ANALYSIS OF SURFACE ROUGHNESS RA AND MAXIMUM RESIDUAL STRESS RESULTS 

 Surface roughness, Ra Maximum residual stress 
Factor DF Seq SS Adj MS F-ratio Contribution % DF Seq SS Adj MS F-ratio Contribution % 

t 4 5.966 1.491 1.03 1.97 4 3980 995 2.29 17.46 
n 4 29.4 7.352 5.06 9.5 4 4930 1232.5 2.84 21.62 
f 4 252.7 63.186 43.48 82.14 4 1650 412.5 0.95 7.23 
d 4 7.892 1.973 1.36 2.56 4 8770 2192.5 5.05 38.46 

Error 8 11.627 1.453  3.78 8 3470 433.7  15.21 
Total 24 307.64   24 22800  

 

D. Effect of Turning Parameters on Surface Roughness 
Parameters 

In this investigation, the average surface roughness (Ra) is 
considered as the main factor of surface roughness parameters 
and maximum residual stress that are obviously presented and 
discussed through RSM methodology. Other surface roughness 
parameters can be discussed with the same manner followed in 
this investigation. Figure 4 shows the effects of tool overhang 
on the average surface roughness at various speeds, feeds and 
depth of cut, respectively. It can be seen from these figures that 
tool overhang effect on surface roughness at different speeds is 
not the same as shown in Figure 4a. At low speed, an increase 
in tool overhang leads to a slight increase in surface roughness. 
However, at high speed, an increase in tool overhang results in 
a considerable increase in the average surface roughness which 
means the quality of surface deteriorates. This may be due to 
instability (chatter) increases as the tool overhang length is 
increased specially at high turning speed. The second 

interaction is between tool overhang and feed, as shown in 
Figure 4b. At low feed rate, an increase in tool overhang leads 
to a slightly increase in average surface roughness, whereas at 
high speed average surface roughness decreases gradually as 
the tool overhang is increased. The lowest average surface 
roughness was obtained with a combination of a very low tool 
overhang and a very low feed rate. From Figure 4c, it can be 
realized that at any level of depth of cut the average surface 
roughness increases as the tool overhang is increased up to 
33mm, whereas the average surface roughness starts to 
decrease gradually with a further increase in tool overhang. 
There is a relationship between chatter and tool overhang, and 
this relationship is not as well appreciated. Changing the tool 
overhang length changes the overall system and therefore 
changes the signature frequencies. More experimental work 
should be carried out to investigate this relationship in detail 
and try to tune the system by selecting the precise tool 
overhang that causes a sweet spot to fall at the maximum speed 
of the spindle. 

 

 
Fig. 4.  Effects of different turning parameters on average surface roughness 

 

 
Fig. 5.  Residual stress distribution of some experiments carried out according to experimental design matrix 

(c) (b) (a) 
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E. Effect of Turning Parameters on Maximum Residual 
Stress 

It is known that compressive residual stresses are more 
favorable for fatigue life than tensile residual stresses. 
Furthermore, machining of most mechanical components, such 
as shafts, roller bearing and other mechanical components, is 
usually mad in a finishing operation and the residual stresses 
left behind by the machining process remain in the final 
product, which can be tensile or compressive depending on the 
used process parameters. Figure 5 shows the results of residual 
stress distribution for machined specimens, as examples, which 
have been made according to the experimental design matrix 
represented in Table IV. It should be pointed out here that the 
residual stress in most cases starts with very low tensile 
residual stress and increases to a maximum value at depth in 
the range from 15 to 45 μm. The residual stress then decreases 
gradually with a further increase in depth beneath the machined 
surface. Figure 6a shows the relationship between maximum 
residual stress and two different input parameters, tool 
overhang and rotational speed. Feed rate and depth of cut were 
kept constant at 0.188 mm/rev and 300 mm, respectively. It can 
be seen that an increase in tool overhang is associated with a 
decrease in the maximum tensile residual stresses, or a 
reversion into compressive stress till the compressive residual 
stresses reach the maximum. This can be attributed to the 
stability of tool overhang by increasing the tool overhang from 
27 to 37 mm. Further increase in tool overhang leads to a 
decrease in compressive residual stress or to reversion of 
compressive stresses to tensile stresses. Therefore, higher tool 
overhangs are more likely to decrease tensile residual stresses. 
i.e. they are favorable in this concern, since high tensile 

residual stresses are not desirable as they can lead to cracking 
and fatigue. 

Maximum residual stress is influenced by the change in 
feed rate coupled with changes in tool overhang. Figure 6b 
shows the effect of tool overhang on maximum residual stress 
at different feed rates with constant rotational speed and depth 
of cut, 550 rpm and 300 µm, respectively. It can be seen that 
there is an interaction between tool overhang and feed rate. At 
low tool overhang the maximum tensile residual stress 
decreases with an increase in feed rate and may be reversed 
into compressive residual stress at high feed rate as a result of 
the dominant of mechanical effect due to increasing of cutting 
forces. However, the tensile residual stress considerably 
increases with an increase in feed rate at high tool overhang as 
result of gradually decreasing in the stability of cutting tool by 
increasing tool overhang more that 37 mm. It is often favorable 
to have compressive stresses in mechanical parts rather than 
tensile stresses as the compressive stresses play an important 
role in the function and service life of these parts. Therefore, it 
is eminent to set up the cutting conditions in the range which 
tends to induce compressive stresses or very low tensile 
residual stress in the work material avoiding conditions 
inducing high tensile stresses as possible.  

The influence of tool overhang on the maximum residual 
stress at different depth of cut is shown in Figure 6c. All results 
of this figure, for different combinations of tool overhang and 
depth of cut at constant speed and feed, tend to be tensile 
residual stress. It can be seen that the maximum tensile residual 
stress decreases gradually with an increase in tool overhang up 
to 37 mm reaching to a minimum value. Further increase in 
tool overhang leads to a slightly increase in tensile residual 
stresses. The best result (low value of maximum tensile 
residual stress) is obtained at a combination of tool overhang of 
37 mm with very low depth of cut used in this work.  

 

 
Fig. 6.  Effect of turning parameters on maximum residual stress 

V. CONCLUSIONS 

The influence of turning variables and tool overhang on 
surface roughness parameters and residual stress induced to a 
6061-T6 aluminum alloy due to machining is discussed in this 
paper. Cutting speed, feed rate, depth of cut and tool overhang 

are considered. Surface roughness parameters and residual 
stresses are measured. Based on the analysis of experimental 
results, the following conclusions can be drawn: 

 Second-order surface roughness parameters and maximum 
residual stress prediction models have been developed. 

(a) (b) (c) 
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Analysis of variance has indicated that these models are 
adequate for the obtained experimental results. 

 Process parameters are optimized using Taguchi relation 
analysis and the optimum cutting conditions for minimizing 
surface roughness is t1n1f1d5 whereas for minimizing 
tensile residual stress is t3v4f5d1. 

 Tool overhang interacts with feed rate. The best result of 
surface roughness was obtained using low or medium 
values of tool overhang with low speed and/or feed rate. 

 Results of this study indicated that surface roughness 
parameters were most affected by feed rate. For different 
levels of tool overhang, speed and depth of cut, the average 
surface roughness considerably increases with an increase 
in feed rate. 

 In machining of 6061-T6 aluminum alloy, there is always a 
tendency of generation tensile residual stresses, depending 
on the cutting conditions. 

 Minimum tensile residual stress can be obtained with a 
combination of tool overhang of 37 mm with very low 
depth of cut, low rotational speed, and feed rate of 0.188 
mm/rev. 

VI.  NOMENCLATURE 
ANOVA Analysis of variance 

d  Depth of cut, μm 

DF  Degree of freedom 

F  Fisher’s number 

f  Feed rate, mm/rev 

MS Mean sum of squares 

n  Rotational speed, rpm 

Ra  Roughness Average 

Rp  Maximum Profile Peak Height 

Rsm Mean Spacing of Profile Irregularities 

RSM Response surface methodology 

Rt  Maximum Height of the Profile 

Rz  Average Maximum Height of the Profile 

S/N Signal-to-noise ratio 

SS  Sum of squares 

t  Tool overhang, mm 

X1  Code of tool overhang 

X2  Code of rotational speed 

X3  Code of feed rate 

X4  Code of depth 
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