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Abstract 
 
This paper presents the findings of an experimental investigation into the effects of cutting speed, feed rate, 
depth of cut and approach angle in turning of titanium (Grade 5) alloy. A two-level factorial experiment has 
been used to accomplish the objective of the experimental study. The main cutting force, i.e. tangential force 
(Fc) and surface roughness (Ra) were the response variables investigated. The experimental results indicate 
that the proposed mathematical models suggested could adequately describe the performance indicators 
within the limits of the factors that are being investigated. The feed, cutting speed and depth of cut is the 
most significant factor that influences the surface roughness and the tangential force. However, there are 
other factors that provide secondary contributions to the performance indicators. 
 
Keywords: Titanium (Grade-5) Alloy, Full Factorial Experiment Design, Surface Roughness, Tangential 

Force, Turning Process 

1. Introduction 
 
Titanium and its alloys are an important class of aero-
space engineering materials due to their excellent com-
bination of strength and fracture toughness as well as low 
density [1-4]. However, these materials are regarded as 
difficult to machine because of their low thermal con-
ductivity and high chemical reactivity with cutting tool 
materials [5]. Moreover, the low thermal conductivity of 
Titanium inhibits dissipation of heat within the work 
piece causing a higher temperature at the cutting edge 
and generating for higher cutting speed a rapid chipping 
at the cutting edge which leads to catastrophic failure. In 
addition, chip morphology significantly influences the 
thermo-mechanical behavior at the work piece/tool in-
terface, which also affects the tool life [6]. In general, the 
machinability of material provides an indication of its 
adaptability to manufacturing by a machining process. 
Good machinability can be defined as an optimal com-
bination of factors such as low cutting force, good sur-
face finish, low power consumption, high material re-
moval rate, accurate and consistent work piece geome-
trical characteristics, low tool wear rate and good curl or 
chip breakdown of chips [7-8]. 

The force acting on a tool is an important aspect of 

machining. Knowledge of the cutting force is needed to 
estimate the power requirements and ensure that the ma-
chine tool elements, tool holder, and fixtures are ade-
quately rigid and free from vibrations. The cutting force 
vary with the tool angle, cutting speed, feed rate, depth 
of cut, approach angle, and accurate measurement of the 
tool forces are helpful in optimizing the tool design [9]. 
With regard to quantity characteristics of turning parts, 
some of the problems include surface roughness, burr, 
and tool wear etc. The machining parameters such as 
cutting speed, feed rate, depth of cut, approach angle, 
features of tools, work piece material and coolant condi-
tions will highly affect the response variables [10]. It is 
necessary to select the most appropriate machining set-
tings in order to improve cutting efficiency, process at 
low cost, and produce high-quality products.  

The optimization techniques of machining parameters 
through experimental methods and mathematical and 
statistical models have grown substantially over time to 
achieve a common goal of improving higher machining 
process efficiency [11]. To construct an approximation 
model that can capture interactions between n design 
variables, a full factorial approach may be necessary to 
investigate all possible combinations [12]. A factorial 
experiment is an experimental strategy in which design 
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variables are varied together, instead of one at a time. 
The lower and upper bounds of each of n design va-
riables in the optimization problem needs to be defined. 
The allowable range is then discredited at different levels. 
If each of the variables is defined at only the lower and 
upper bounds (two levels), the experimental design is 
called 2n full factorial [13]. Factorial designs can be used 
for fitting second-order models. A second-order model 
can significantly improve the optimization process when 
a first-order model suffers lack of fit due to interaction 
between variables and surface curvature. By careful de-
sign of experiments, the objective is to optimize a re-
sponse (output variable) which is influenced by several 
independent variables (input variables). The surface 
quality, which is measured in terms of surface roughness, 
is utilized to evaluate the performance of the turning op-
eration. The surface roughness is known to be signifi-
cantly affected by different cutting parameters, i.e., the 
depth of cut, spindle speed and feed rate [14]. 

The present work deals with the machinability study 
of titanium (grade-5) alloy using design of experiment 
technique. The experimentation was carried out with 
Cubic Boron Nitride (CBN) cutting tool insert. An at-
tempt has also been made to optimize the surface rough-
ness prediction model using Design of Expert Software 
(8.0.4.1) version is used to optimize the objective func-
tion. The surface quality, which is measured in terms of 
surface roughness (Ra), and tangential force (Fc), is uti-
lized to evaluate the performance of the turning opera-
tion. Therefore, the surface roughness and tangential 
force will be minimized if the appropriate cutting condi-
tions are selected. Experimental design methods, such as 
the two-level factorial (2k) design, are frequently utilized 
to model the surface roughness, and tangential force so 
the desired levels of machining parameters are achieved. 
M. Thomas [15] used a full factorial design involving six 
factors to investigate the effects of cutting and tool pa-
rameters on the resulting surface roughness and on 
built-up edge formation in the dry turning of carbon 
steel.  

Wang and Feng [16] utilized a factorial design to de-
velop an empirical model for surface quality in turning 
processes. The predicting model are based on work piece 
hardness, feed rate, cutting tool point angle, depth of cut, 
spindle speed and cutting time. Choudhury and El-Bara- 
die [17] had used RSM and 23 factorial designs for pre-
dicting surface roughness when turning high-strength 
steel. A full factorial experimental design was used to 
determine the effects of feed rate and cutting speed on 
surface finish. Arbizu and Luis Perez [18] deployed a 23 
factorial design to construct a first order model to predict 
the surface roughness in a turning process of test pieces 
which followed ISO 4287 norm. Ozel, Hsu and Zeren 

[19] studied the effects of work piece hardness, feed rate, 
cutting speed and cutting edge geometry on multi res-
ponses, surface roughness and resultant forces, in the 
finish hard turning of AISI H13 steel.  

Sahin and Motorcu [20] utilized RSM to construct a 
surface roughness model for the turning process of AISI 
1040 mild steel coated with TiN. Three machining para-
meters, depth of cut, cutting speed and feed rate, were 
included in the predicted model. The experiments were 
conducted using two-level fractional factorial experi-
ments while the statistical analysis was concluded in the 
form of analysis of variance (ANOVA). Other experi-
mental design approaches commonly utilized for model-
ing responses are the Taguchi technique and response 
surface methodology (RSM). 

In this reported work, we use design of experiment 
(DOE) technique to quantify the relationship between the 
machining parameters, machining parameters such as 
cutting speed, feed rate, depth of cut and approach angle 
are considered as independent variables. Based on the 
preliminary experiments the effect of these machining 
parameters on surface roughness (Ra) and cutting force 
or tangential force (Fc) have been investigated through 
the set of planned experiments based on the two-level 
factorial design. 
 
2. Methodology 
 
Factorial designs are the experiment in which all possible 
combinations of the levels of the factors are investigated. 
This design is one of the mostly used types of experi-
ment involving the study of the effects of two or more 
factors. As experimental results, the effect of primary 
factor or main effect is defined to be the change in re-
sponse caused by a change in the level of the factor. In 
some experiments, when the difference in response be-
tween the levels of one factor is not the same at all levels 
of the other factor, there is an interaction between the 
factors. The most important case of factorial design is the 
design for k factors, when the experiment is conducted at 
two levels for each factor, the high and low levels of a 
factor. In this case, a complete replicate of such a design 
requires (2k) observations or 2k factorial design. As 
shown in Figure 1, all treatment combinations can dis-
play geometrically as a cube. 

For- k = 3, the average main effects and interaction 
effects are: 

( )1 1
4

A a ab b ac c abc bc
n

= − + − + − + −    

( )1 1
4

B b ab bc abc a c ac
n

= + + + − − − −    
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Figure 1. Geometric view of (23) factorial design. 

 

( )1 1
4

C c ac bc abc a b bc
n

= + + + − − − −    

( )1 1
4

AB abc bc ab b ac c a
n

= − + − − + − +     

( )1 1
4

AC a b ab c ac bc abc
n

= − + − − + − +    

( )1 1
4

BC a b ab c ac bc abc
n

= + + − − + − +  

( )1 1
4

ABC abc bc ac c ab b a
n

= − − + − + + −    

 
3. Experimental Details 
 
The machining in turning experiments has been carried 
out in order to obtain experimental data in the dry condi-
tion on a SPRINT 16TC CNC Turning Centre. The turn-
ing center has spindle speed of 40 - 4000 rpm, maximum 
turning diameter of 225 mm and a maximum turning 
length of 325 mm and spindle nose of A 2-5. The cutting 
tool selected for machining titanium (Grade-5) alloy was 
cubic boron nitride (CBN) of Kennametal make (CCGW 
09T308 S01015MT B1610) having 0.8 nose radius. This 
material is suitable for a wide variety of aerospace, med-
ical and automotive-type applications. The surface hard-
ness of the sample is 36 HRC. The chemical composition 
of titanium (Grade-5) alloy is given in Table 1. 

The work piece material used has a dimension of 200 
mm in length and 15 mm in diameter. The experiments 
were conducted to analyze the effect of cutting speed, 
feed rate, depth of cut and approach angle on the surface 
roughness and tangential or cutting force. As a result 
(Table 2), each factor was set to the low (−1) and high 
(+1) levels. Two replications of each cutting conditions 
were conducted resulting in a total of 32 tests. A lathe  

Table 1. Chemical composition titanium (Grade-5) alloy 
wt%. 

Aluminum 
(Al) 

Vanadium 
(V) 

Iron 
(Fe) 

Oxygen 
(O) 

Titanium 
(Ti) 

6% 4% 0.25% 
(max.) 

0.2% 
(max.) 89.75% 

 
Table 2. Factors and levels of machining parameters. 

Factors Units Low level 
(−1) 

High 
level (+1) 

(A) Cutting speed (vc) m/min 30 70 

(B) Feed rate (f) mm/rev 0.05 0.15 

(C) Depth of cut (ap) Mm 0.15 0.25 

(D) Approach angle (aa) deg.(º) 60 90 

 
tool dynamometer in conjunction with XKM software 
and a computer were used to measure and record the 
experimental data. Surface roughness tester was used to 
measure the surface roughness of the machined surface. 
Input parameters of the models are cutting speed (vc), 
feed rate (f) and depth of cut (ap) and approach angle (aa). 
Output parameter of the models is the corresponding 
surface roughness (Ra), and tangential force (Fc). 

The relationship between the coded factors and the 
actual factors are shown in Equations (1) - (4). 

( )
( )1

low high 2
high low 2

c c c

c c

v v v
x

v v
−

=
−

           (1) 

( )
( )2

low high 2
high low 2

f f f
x

f f
−

=
−

          (2) 

( )
( )3
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p p p

p p

v v v
x

v v

−
=

−
          (3) 

( )
( )4

low high 2
high low 2

a a a

a a

a a a
x

a a e
−

=
−

          (4) 

where x1 is the coded factor that represents the cutting 
speed (vc), x2 is the coded variable that represents the 
feed rate (f), x3 is the coded variable that represents the 
depth of cut (vp) and x4 is the coded variable that 
represents the approach angle (aa). Due to the limited 
number of inserts available, each experimental run was 
repeated twice and each surface turned was measured at 
three different locations. As far as possible the run were 
performed in a short order fashion.  
 
4. Result and Discussion 
 
The selected experimental design is 23 full factorial de-

http://en.wikipedia.org/wiki/Iron�
http://en.wikipedia.org/wiki/Oxygen�
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signs with two replicates and the complete design matrix 
is shown in Table 3. The experimental results of surface 
roughness and tangential force are tabulated in the design 

matrix. The experimental plans were developed for es-
tablishing the quadric model of Ra and Fc. These results 
were input into the Design Expert software. Therefore, 

 
Table 3. Complete Design matrix and experimental results. 

Run Cutting Speed (m/min) Feed Rate (mm/rev) Depth of Cut (mm) Approach angle (º) 
Responses 

Ra (µm) Fc (N) 

1 30 0.15 0.15 60 3.07 103 

2 70 0.05 0.25 90 1.10 75 

3 70 0.05 0.25 90 1.40 79 

4 70 0.15 0.25 60 2.13 142 

5 70 0.05 0.25 60 2.42 97 

6 30 0.05 0.15 90 1.18 65 

7 30 0.15 0.25 90 2.58 125 

8 30 0.05 0.15 60 1.57 48 

9 70 0.15 0.15 60 2.61 107 

10 70 0.05 0.15 90 1.71 48 

11 70 0.05 0.15 90 2.51 54 

12 70 0.05 0.15 60 1.30 72 

13 70 0.15 0.25 90 3.44 137 

14 30 0.05 0.25 90 1.22 63 

15 30 0.15 0.25 60 3.25 103 

16 30 0.15 0.15 60 3.31 107 

17 70 0.15 0.15 60 2.77 112 

18 30 0.05 0.15 90 1.49 52 

19 30 0.05 0.15 60 1.45 53 

20 70 0.15 0.15 90 3.06 95 

21 30 0.15 0.25 60 3.49 109 

22 30 0.05 0.25 90 0.84 65 

23 30 0.15 0.25 90 2.21 129 

24 30 0.15 0.15 90 1.73 77 

25 70 0.05 0.15 60 1.07 75 

26 70 0.05 0.25 60 1.03 71 

27 30 0.05 0.25 60 1.76 70 

28 70 0.15 0.15 90 3.25 99 

29 30 0.15 0.15 90 1.57 86 

30 70 0.15 0.25 60 1.95 144 

31 30 0.05 0.25 60 1.69 77 

32 70 0.15 0.25 90 3.72 144 
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the test for significance of the regression model, for sig-
nificance on individual model coefficients and the test 
for lack-of-fit were performed to verify the goodness of 
fit of the obtained quadratic model.  

The analysis of variance (ANOVA) is usually applied 
to summarize the above tests performed. Without per-
forming any transformation on the response, examination 
of the Fit Summary output revealed that the quadratic 
model is statistically significant for both responses and 
therefore it will be used for further analysis. The value of 
model “P > F” for the model is less than 0.05, which 
indicates that the term in the model have a significant 
effect on the response. The value of P < 0.0001 indicates 
that there is only a 0.01% chance that a “model F- value” 
this large could occur due to the noise. Values greater 
than 0.1000 indicate the model term is not significant. 

According to the half-normal plot in Figure 2, (B) 
feed rate (f) contribute the highest effect on the surface 
roughness (Ra) and tangential force (Fc), followed by (A) 
cutting speed (vc), (C) depth of cut (ap)) in that order. 
This result is confirmed by the basis of the analysis of 
variance (ANOVA) which points out that all four main 
effects (A, B, C, D) are highly significant, since their 
p-values are much smaller than 0.05. 

4.1. ANOVA Analysis 
 
The statistical significance of the fitted quadratic model 
for the tangential force (Fc) and the surface roughness 
were evaluated by the F-test of the ANOVA, and shown 
in Tables 4 and 5. When the values of the “Prob. > F” in 
the Tables 4 and 5 for the term of models are less than 
0.05, indicates that the obtained models are considered to 
be statically significance, which is desirable, as it de-
monstrates that the terms in the model have a significant 
effect on the responses. 

The other important coefficient R2, which is called de-
termination coefficients in the resulting ANOVA table, is 
defined as the ratio of the explained variation to the total 
variation and is a measure of the degree of fit. When R2 
approaches to unity, the better the response model fits 
the actual data. It exists that the less is the difference 
between the predicted and actual values. 

From Table 4 the Model F-value of 12.60 implies the 
model is significant. There is only a 0.01% chance that a 
“Model F-Value” this large could occur due to noise. 
Values of “Prob > F” less than 0.0500 indicate model 
terms are significant. In this case B, AD, ABD, BCD are 
significant model terms. Values greater than 0.1000 in- 

 
Table 4. Analysis of variance (ANOVA) for surface roughness (Ra, µm). 

Source Sum of squares Degree of freedom (df) Mean square F value p-value Prob. > F  

Model 20.46 15 1.36 12.60 <0.0001 Significant 

(A) Cutting speed (vc) 0.18 1 0.18 1.63 0.2193  

(B) Feed rate (f) 12.15 1 12.15 112.20 <0.0001  

(C) Depth of cut (ap) 3.125E−004 1 3.125E−004 2.885E−003 0.9578  

(D) Approach angle (aa) 0.0444 1 0.0444 0.40 0.5351  

AB 0.035 1 0.035 0.32 0.5770  

AC 0.14 1 0.14 1.25 0.2809  

AD 3.78 1 3.78 34.91 <0.0001  

BC 0.26 1 0.26 2.43 0.1389  

BD 0.023 1 0.023 0.25 0.6503  

CD 0.048 1 0.048 0.44 0.5149  

ABC 0.20 1 0.20 1.83 0.1947  

ABD 1.57 1 1.57 14.86 0.0016  

ACD 1.25E−004 1 1.25E−004 1.039E−003 0.9747  

BCD 1.90 1 1.90 17.55 0.0007  

ABCD 0.14 1 0.14 1.27 0.2759  

Purer error 1.73 16 0.11    

Cor Total 22.20 31     
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Table 5. Analysis of variance (ANOVA) for tangential force (Fc, N). 

Source Sum of squares Degree of freedom (df) Mean square F value p-value Prob. > F  

Model 26307.47 15 26307.47 46.34 < 0.0001 Significant 

(A) Cutting speed (vc) 1554.03 1 1554.03 41.06 < 0.0001  

(B) Feed rate (f) 17625.03 1 17625.03 465.73 < 0.0001  

(C) Depth of cut (ap) 4536.28 1 4536.28 119.87 < 0.0001  

(D) Approach angle (aa) 270.28 1 270.28 7.14 0.0167  

AB 140.28 1 140.28 3.71 0.0722  

AC 166.53 1 166.53 4.40 0.0522  

AD 255.78 1 255.78 5.97 0.0266  

BC 457.53 1 457.53 12.09 0.0031  

BD 30.03 1 30.03 0.79 0.3862  

CD 318.78 1 318.78 8.42 0.0104  

ABC 52.53 1 52.53 1.39 0.2560  

ABD 22.78 1 22.78 0.60 0.4491  

ACD 0.031 1 0.031 8.258E−004 0.9774  

BCD 371.28 1 371.28 9.81 0.0064  

ABCD 536.28 1 536.28 14.17 0.0017  

Purer error 650.50 16 37.84    

Cor Total 26912.97 31     

 
dicate the model terms are not significant. The “Pred 
R-Squared” of 0.6877 is in reasonable agreement with 
the “Adj R-Squared” of 0.8487. “Adeq Precision” mea- 
sures the signal to noise ratio. A ratio greater than 4 is 
desirable. The ratio of 10.958 indicates an adequate 
signal. This model can be used to navigate the design 
space. 

Also from the Table 5 the Model F-value of 46.34 
implies the model is significant. There is only a 0.01% 
chance that a “Model F-Value” this large could occur 
due to noise. Values of “Prob > F” less than 0.0500 indi-
cate model terms are significant. In this case A, B, C, D, 
AD, BC, CD, BCD and ABCD are significant model 
terms. Values greater than 0.1000 indicate the model 
terms are not significant. The “Pred R-Squared” of 
0.9100 is in reasonable agreement with the “Adj R 
Squared” of 0.9564. “Adeq Precision” measures the sig-
nal to noise ratio. A ratio greater than 4 is desirable. The 
ratio of 21.265 indicates an adequate signal. This model 
can be used to navigate the design space. 

The value of the adequate precision (AP) in this model, 
which compares the range of predicted value at the de-
sign point to the average prediction error, is well above 4. 
The value of ratio is greater than 4 which present the 

adequate model discrimination. These obtained models 
present higher values of the determination coefficients 
(R2) and adequate precision (AP) at the same time. These 
values were obtained as shown in Tables 5 and 6. 

The regression model for surface roughness and tan-
gential force in terms of actual factors is shown as fol-
lows: 

Surface Roughness (Ra) = −2.63531 − 0.12653* Cutting 
speed + 77.54375* Feed rate + 11.03125* Depth of cut + 
0.069167* Approach angle + 0.55437* Cutting speed * 
Feed rate + 0.75812* Cutting speed* Depth of cut + 
1.44583E-003* Cutting speed* Approach angle − 
44.37500* Feed rate * Depth of cut − 1.19833* Feed rate 
* Approach angle - 0.25792* Depth of cut * Approach 
angle −8.13750* Cutting speed * Feed rate* Depth of cut 
− 2.75000E-00* Cutting speed * Feed rate * Approach 
angle - 8.87500E-003* Cutting speed* Depth of cut* 
Approach angle + 2.12500* Feed rate* Depth of cut* 
Approach angle + 0.087500* Cutting speed * Feed rate* 
Depth of cut ⃰  approach angle. 

Tangential force (Fc) = −498.25000 + 9.50000* Cut-
ting speed + 5888.75000 * Feed rate +2521.25000* 
Depth of cut + 6.85521* Approach angle − 89.12500* 
Cutting speed* Feed rate - 41.37500* Cutting speed*  
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Table 6. Statistics regarding developed model for surface 
roughness (Ra, µm). 

Statistics Value 

Sted. Dev. 0.33 

Mean 2.14 

Coefficient of variations 15.16 

R- Squared 0.9219 

Adj R-Squared 0.8487 

Pred R-Squared 0.6877 

(PRESS) 6.93 

 
Table 7. Statistics regarding developed model for tangential 
force (Fc, N). 

Statistics Value 

Sted. Dev. 6.15 

Mean 89.97 

Coefficient of variations 6.84 

R- Squared 0.9795 

Adj R-Squared 0.9564 

Pred R-Squared 0.9100 

(PRESS) 21.265 

 
Depth of cut − 0.12406* Cutting speed* Approach angle 
− 27050.00000* Feed rate* Depth of cut - 74.27083* 
Feed rate* Approach angle − 32.27083 * Depth of cut* 
Approach angle + 435.00000* Cutting speed* Feed rate* 
Depth of cut + 1.14792* Cutting speed* Feed rate* Ap-
proach angle + 0.54792* Cutting speed* Depth of cut* 
Approach angle + 363.75000* Feed rate* Depth of cut* 
Approach angle − 5.45833* Cutting speed * Feed rate* 
Depth of cut* Approach angle. 
 
4.2. Effects of Machining Parameters on the  

Performance Evaluation 
 
According to the half-normal plot in Figures 2, 3 feed 
rate (B) contribute the highest effect on the surface 
roughness and tangential force, followed by depth of cut 
(C), and cutting speed (A) in that order. This result is 
confirmed by the basis of the analysis of variance 
(ANOVA) in Table 4. 

After the regression model of surface roughness was 
developed, the model adequacy checking was performed 
in order to verify that the underlying assumption of re-
gression analysis is not violated. Figures 4 and 5 illu-
strates the normal probability plot of the residual for sur- 

 
Figure 2. Half-normal plot of effects for Tangential force 
(Fc, N). 
 

 
Figure 3. Half-normal plot of effects for Surface roughness 
(Ra, µm). 
 
face roughness and tangential force which shows no sign 
of the violation since each point in the plot follows a  
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Figure 4. Normal probability plot of residuals for surface 
roughness (Ra, µm). 
 

 
Figure 5. Normal probability plot of residuals for tangential 
force (Fc, N). 
 
straight line pattern. 

The above model obtained can be used to predict the 
surface roughness (Ra) and tangential force (Fc) within 

the limits of the factors studied. The differences between 
measured and predicted responses are illustrated in Fig-
ures 6 and 7. The results of comparison were proved to 
predict values of surface roughness (Ra) and tangential 
force (Fc) close to those readings recorded experimen-
tally with a 95% confident interval. 
 

 
Figure 6. The comparison between measured and predicted 
value for the surface roughness (Ra, µm). 
 

 
Figure 7. The comparison between measured and predicted 
value for the tangential force (Fc, N). 
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Figures 8-13 illustrate the contour plots of the interac-
tion AB, AC and AD for surface roughness (Ra) and tan-
gential force (Fc) respectively. These plots indicate that 
the surface roughness will be minimized if depth of cut 
(ap) is set to the high level while the cutting speed (vc) 
and feed rate (f) are low. Moreover, these results agree 
with the conclusions from the response plots in Figures 
14-19 respectively. 

Figures 20 and 21 represent the cube plot which de-
picts the three-factor interaction among cutting speed (vc), 
feed rate (f), depth of cut (ap). According to the plot, the 
surface roughness and the tangential force is significantly  
 

 
Figure 8. Contour plot of the interaction AB for surface 
roughness (Ra, µm). 
 

 
Figure 9. Contour plot of the interaction AB for tangential 
force (Fc, N).  

 
Figure 10. Contour plot of the interaction AC for surface 
roughness (Ra, µm). 
 

 
Figure 11. Contour plot of the interaction AC for tangential 
force (Fc, N). 
 
minimized (Ra = 1.3775 μm, and Fc = 54.5 N) when the 
depth of cut is set to the high level (0.25 mm) feed rate 
and cutting speed are low (0.05 mm/rev and 30 m/min 
respectively). 
 
4.3. Confirmation Test 
 
After the regression model and the optimal levels of each 
machining factor were achieved, the confirmation test 
was performed in order to validate the minimum surface 
roughness obtained from the optimization process. For 
this reason, the titanium (grade-5) alloy was tested by 
following the optimal conditions: depth of cut = 0.25 mm,  
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Figure 12. Contour plot of the interaction AD for surface 
roughness (Ra, µm). 
 

 
Figure 13. Contour plot of the interaction AD for tangential 
force (Fc, N). 
 
feed rate = 0.05 mm/rev and cutting speed = 30 m/min. 
According to the experiment, since the 95% confidence 
interval of the predicted surface roughness Ra is (1.2894 
μm, 1.3775 μm) includes the observed average (Ra = 
0.87 μm), and predicted tangential force Fc is (53.3 N, 
54.5 N) includes the observed average (Fc = 48 N) there 
is no much significant difference between these two val-
ues as shown in Tables 8 and 9. 
 
5. Conclusions 
 
The purpose of this research is to quantify the effect of  

 
Figure 14. Response plot of the interaction AB for surface 
roughness (Ra, µm). 
 

 
Figure 15. Response plot of the interaction AB for tangen-
tial force (Fc, N). 
 
cutting speed, feed rate, depth of cut and approach angle 
on surface roughness and tangential force of titanium 
(Grade-5) alloy. The factorial design was utilized to ob-
tain the best cutting condition which leads to the mini-
mization of the surface roughness and tangential force. 
The half normal plot and ANOVA indicate that the (B) 
feed rate (f) is the most significant factor followed by (C) 
depth of cut (ap) and (A) cutting speed (vc). Also it is  
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Figure 16. Response plot of the interaction AC for surface 
roughness (Ra, µm). 
 

 
Figure 17. Response plot of the interaction AC for tangen-
tial force (Fc, N). 
 
Table 8. Results of the confirmation test for surface rough-
ness (Ra, µm). 

Responses Predicted 
average (µm) 

C.I. of Predicted 
average (µm) Observed 

average (µm) 
95% low 95% high 

Ra 1.3775 1.2894 1.3775 0.87 

 
observed that the approach angle (aa) has very little af-
fect on the surface roughness. Moreover, it is interesting 
to note that there are interactions among these three fac- 

 
Figure 18. Response plot of the interaction AD for surface 
roughness (Ra,, µm). 
 

 
Figure 19. Response plot of the interaction AD for tangen-
tial force (Fc, N). 
 
Table 9. Results of the confirmation test for tangential force 
(Fc, N). 

Responses Predicted  
average (N) 

C.I. of Predicted 
average (N) Observed  

average (N) 
95% low 95% high 

Fc 54.5 53.3 54.5 48 

 
tors with the highest order term, ABC. Regarding the 
model validation, the regression model developed proves 
to be accuracy and has the capability to predict the value  
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Figure 20. Cube plot of the interaction ABC for surface 
roughness (Ra, µm). 
 

 
Figure 21. Cube plot of the interaction ABC for tangential 
force (Fc, N). 
 
of response within the limits of factors investigated. Af-
ter the optimal cutting condition is implemented, the 
surface roughness is significantly reduced about 13 per-
cent. 
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