
 

 

 

Abstract---The evolving concept of minimum quantity of 

lubrication (MQL) in machining is considered as one of the solutions 

to reduce the amount of lubricant to address the environmental, 

economical and ecological issues. This paper investigates the 

influence of cutting speed, feed rate and different amount of MQL on 

machining performance during turning of titanium alloy (Ti–6Al–4V)  

using poly crystalline diamond (PCD). The experiments have been 

planned as per Taguchi‘s orthogonal array and the second order 

surface roughness model in terms of machining parameters was 

developed using response surface methodology (RSM). The 

parametric analysis has been carried out to analyze the interaction 

effects of process parameters on surface roughness.  

 Keywords---Titanium alloy (Ti–6Al–4V), Taguchi technique, 

Minimum Quantity of Lubricant (MQL), Response Surface                          

Methodology (RSM), surface roughness, turning 

I. INTRODUCTION 

ITANIUM alloy (Ti-6Al-4V) has been broadly used in 

modern manufacturing processes due to high strength-to-

weight ratio at higher temperatures and superior corrosion 

resistance and thus find extensive applications in aerospace, 

automotive, nuclear, chemical, marine and biomedical 

industries. Titanium alloy with low density, high specific 

strength, corrosion resistance and good process performance is 

the ideal structural material especially for the aerospace 

engineering [1-3].However, titanium alloys have often been 

classified into difficult-to-machine materials because of low 

thermal conductivity. The lower modulus of elasticity of 

titanium leads to considerable spring back after deformation 

under cutting load; causing titanium parts to move away from 

cutting tool during machining which leads to high dimensional 

inaccuracies in work pieces. The lower hardness of titanium 

and higher chemical reactivity lead to a tendency for galling of 
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titanium with cutting tool and thus changing the tool 

geometry. Additionally, the favored surface quality is to be 

achieved for the functional behavior of mechanical parts. The 

surface roughness of the work piece is one of the important 

parameters, which influences the quality of components. The 

surface roughness is the estimate of technological quality of 

component and also indicator for evaluating the productivity 

of machine tools and machined parts. Desired value of surface 

roughness of a product is generally defined to achieve the 

required fatigue strength, corrosion resistance, precision fits, 

tribological and aesthetic requirements. Thus, measuring and 

characterizing the surface finish has been considered as the 

interpreter of machining performance. Surface roughness 

prediction model in terms of cutting speed, feed rate and depth 

of cut using response surface methodology has been widely 

reported in literature[4-10].They found that cutting speed and 

feed rate are significant machining parameters affecting 

surface roughness while, the effect of depth of cut is small. 

The use of higher cutting speed and lower feed rate produced a 

better surface finish, mainly due to high temperature [8-9]. 

They stated that the cutting conditions should be set at highest 

cutting speed, lowest feed and highest radial rake angle to 

achieve the minimal surface roughness. Selvakumar et al.[29] 

used cermet inserts for finish turning of titanium alloy and 

noticed that tool type and feed rate have remarkable effects on 

surface roughness. Ramesh et al.[30] conducted experiments 

on turning of titanium alloy (Grade-5) to study the effects of 

cutting parameters on surface roughness and found that the 

feed is the most influential factor affecting the surface 

roughness. 

Poor thermal conductivity of titanium causes concentration 

of extreme heat near the cutting edge, which in turn, leads to 

speedy damage of cutting tool. The situation, thus, demands 

application of an inventive cooling method that would cause 

successful removal of heat to make implementation of higher 

cutting speeds viable. Using cutting fluids in the cutting 

operations becomes a major problem due to the associated 

economical, environmental and health problems. The best 

approach to eliminate the effects of cutting fluids is to 

eliminate their usage completely which is known as dry 

cutting [11]. However dry cutting is not applicable in all 

machining operations mainly due to excessive tool wear or 

low surface quality. In order to improve machinability a 

minimum quantity lubricant (MQL) is preferred, which could 

be penetrated into the cutting zone. Minimal quantity 
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lubrication (MQL) or semi dry machining has been accepted 

as a successful near dry application because of its 

environmentally friendly characteristics, based on 

environmental preservation and the research for conformity 

with the ISO 14000 standard. This makes the minimum 

quantity of lubrication an interesting alternative because it 

combines the functionality of cooling with an extremely low 

consumption of fluids (usually <100 ml/h) [12].These minimal 

quantities of oil suffice, in many cases, to reduce the tool’s 

friction and to prevent the adherence of materials. The 

minimization of cutting fluids has gained increasing relevance 

in the past decade [12-15], [31].The limitations of dry 

operations can be overcome, in many cases, through the 

introduction of minimum quantity lubrication systems (near-

dry machining-MQL) that act based on the principle of total 

use, without residues, applying lubricant flows from 10 up to a 

maximum of 100 ml/h at a pressure from 4.0 to 6.5 bar (Silva 

LR et al., 2005). In this technology, the lubricating function is 

ensured by the oil, and the cooling function is provided mainly 

by the compressed air [12], [32]. This small amount of fluid 

suffices to reduce friction in cutting, diminishing the tendency 

of adhesion in materials with such characteristics. A 

comparison with conventional cooling revealed numerous 

advantages [1],[11],[15]. Dhar et al., 2006 investigated the 

role of MQL on cutting temperature; chip formation and 

product quality during turning of AISI-1040 steel with 

uncoated carbide insert and the experimental results were then 

compared with dry flooded machining. The MQL system has 

shown encouraging potentials for precision machining at low 

feed and high speed [15]. Their experimental results indicated 

that MQL enables considerable decrease in cutting 

temperature and dimensional inaccuracy depending upon the 

levels of cutting speed and feed rate. The results also showed 

that surface finish, chip thickness and force variation are all 

affected with low coolant volume when compared to flood 

cooling. Gaitonde et al., 2008[30] performed experiments on 

turning of brass with K10 carbide tool the work to estimate the 

optimum amount of MQL and the most appropriate cutting 

speed and feed rate. Khan et al., 2009 compared the effects of 

dry, wet and MQL machining of AISI 9310 alloy steel on 

chip–tool interface temperature, chip formation mode, tool 

wear and surface roughness. MQL machining was found to be 

much better when compared to dry and wet machining due to 

substantial reduction in cutting zone temperature enabling 

favorable chip formation and chip–tool interaction. Sharma et 

al., 2009 presented MQL, high pressure coolant (HPC), 

cryogenic cooling, compressed air cooling and use of solid 

lubricants/coolants techniques in turning. These techniques 

resulted in reduction in friction and heat at the cutting zone, 

consequently an improved productivity in the process. 

Venkata Ramana et al., 2011[31] evaluated the machining 

performance and optimized the process parameters in turning 

o f Ti-6Al-4V alloy using uncoated carbide tool with different 

coolant conditions for minimal surface roughness. Klocke and 

Eisennblatter 2000[11] reported that the machining efficiency 

with MQL could be enhanced when compared to dry and 

conventional flood machining. Evaporation of the coolant in 

MQL at the cutting zone eliminates the requirements for 

maintenance, circulation and disposal of the cutting fluid and 

the associated costs [17]. 

Minimum quantity lubrication systems employ mainly 

cutting fluids that are non soluble in water, especially mineral 

oils [12]. Vegetable based materials are being increasingly 

used. These oils, inhaled in the form of aerosol, reduce the 

health hazard factor and are also biodegradable 

[12],[19].Interest in vegetable oil-based metalworking fluids is 

growing due to environmental and safety issues. Mineral 

(petroleum-based) oil may cause more serious damage to the 

human body than vegetable oil [20]. All vegetable oils are 

biodegradable, which means they are less toxic and renewable. 

Vegetable oils are composed mostly of triacylglycerols and 

are associations of different fatty acid molecules attached to a 

single triglycerol structure. The triglyceride structure of 

vegetable oils provides desirable qualities in a lubricant [21]. 

Palm oil outperformed synthetic ester at all cutting speeds and 

feed rates in terms of microhardness, surface defects, sub-

surface deformation and surface roughness. It is believed that 

palm oil provides effective lubricating and cooling due to its 

high viscosity, thereby representing a more commercially 

viable lubricant for MQL application in the machining process 

[22]. Palm oil offers high viscosity indices, higher flash points 

and a comparable pour point as compared to minerals oils. 

Synthetic ester based fluids are not environment friendly and 

comparatively costly.  Because of their advantageous 

biodegradability features, vegetable oils especially palm oil 

have characteristically been used in MQL machining 

processes. 

From the above literature study, it is clear that the MQL 

technique suggests several advantages in various machining 

processes. But, most of the experimental studies are limited to 

the study of machining process under different lubrication 

modes namely flood lubrication, dry machining and MQL. In 

order to achieve good surface finish which plays a vital role as 

it influences fatigue strength, resistance to corrosion, 

coefficient of friction and wear rate on machined surfaces, the 

cutting conditions should be carefully selected with an 

optimum quantity of MQL.  It is also evident that statistical 

technique RSM is effective for study of machinability of 

various metals.                 

As per the knowledge of the authors, no systematic work 

has been reported in the literature to analyze the interaction 

effects of MQL and cutting conditions on surface roughness 

during turning of titanium alloy (Ti–6Al–4V) using PCD tool. 

Further, no attempt has been made to estimate the optimal 

MQL   using palm oil with appropriate cutting conditions for 

achieving a better surface finish within the chosen constraints. 

Keeping this consideration in view, this paper illustrates the 

application of response surface methodology (RSM) to 

analyze the interaction effects of MQL, cutting speed and feed 

rate on surface roughness in turning of titanium alloy (Ti–

6Al–4V)  using poly crystalline diamond. The second order 

surface roughness model has been developed on the basis of 

experimental results.  
 

II. RESPONSE SURFACE METHODOLOGY 

The response surface methodology (RSM) using design of 

experiments (DOE) has been proved to be an efficient 

modeling tool (Montgomery, 2003). The methodology not 
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only reduces cost and time, but also helps to gain the required 

information about the main and interaction effects of the 

parameters with minimum number of experiments. The RSM 

is a combination of mathematical and statistical techniques, 

which are useful in building the models and analyzing the 

problems. The mathematical model of the response to 

independent parameters can be predicted by employing the 

multiple regression analysis with reduced number of 

experiments planned through DOE. 

 In the present investigation, the second order RSM based 

mathematical model  has been developed to study the effect of 

three machining parameters, namely, quantity of lubricant (Q), 

cutting speed (v) and feed rate (f) on surface roughness (Ra). 

The non-linear response surface equation is given by: 

Y = b0 + b1Q + b2 v +b3 f + b12Qv + b13Qf + b23vf + b11Q
2
 + 

b22v
2
 + b33f 

2
 

Where, Y: response, i.e., Ra; bo. . . b33: regression 

coefficients of polynomial equation to be determined. The 

values of regression coefficients are determined by 

(Montgomery, 2003): 

b = (XTX)-1 XTY  

Where, b: matrix of parameter estimates; X: calculation 

matrix consisting of linear, interaction, and quadratic terms; 

X
T
: transpose of X; Y: matrix of response. 

III. EXPERIMENTAL DETAILS 

The planning for experimentation is necessary to develop 

the RSM based surface roughness model .Based on earlier 

experiments conducted by the authors, under various 

lubricating modes, namely, dry; MQL and flood lubrication 

employed for turning Ti-6Al-4V for better surface finish, 

MQL mode was selected.  In the current study, the quantity of 

lubricant (Q), cutting speed (v) and feed rate (f) are selected as 

the process parameters. The last stage machining is selected 

which represents the least amount of material removal, but 

also the highest surface quality demands. The range of depth 

of cut for finishing is typically between 0. 25 to 0.5 mm. The 

depth of cut was kept constant at 0.25mm and the nose radius 

of PCD insert at 0.6mm. Because the depth of cut is normally 

below the nose radius, the shape of the insert is not so crucial. 

More critical is the ratio between depth of cut and radius, as 

this changes the entry angle and hence the maximum chip 

thickness. Therefore for the higher productivity the largest 

nose radius of 0.6mm was selected. The ranges of the cutting 

conditions under MQL mode were determined from the 

previous investigations carried out by the author. The nozzle 

exit pressure is one of the significant factors which directly 

influence the machinability. High nozzle exit pressure of 0.6 

Mpa was selected because of the relative benefits of increasing 

the pressure. By increasing the pressure the cutting force is 

reduced [23], there will be decrease in the friction in the tool 

chip interface, thereby causing the cutting force contact length 

and the chip thickness to reduce [24] and decrease in droplet 

size leading to effective lubrication of contact zones [25].   

 

 

Fig. 1 CNC lathe and MQL setup used for turning experiments 

In the present work, the experiments are planned as per 

Taguchi‘s orthogonal array [27]. Each parameter was 

investigated at three levels to study the non-linearity effect of 

the process parameters. The identified parameters and their 

levels are given in Table 1. According to Taguchi design, L27 

(3
13

) orthogonal array [26-27] is employed for the 

experimentation, which requires 27 trials to be conducted.  

Table 2 shows the planning for experimental design 

considered for the current investigation. The first column, 

second column and third column of L27 (3
13

) array were 

assigned to quantity of lubricant (Q), cutting speed (v) and 

feed rate (f), respectively. 

TABLE I 
CONTROL FACTORS AND LEVELS 

Control Factors 

Levels 

1 2 3 

Lubricant (Q), ml/hr 50 100 150 

Speed(v) ,m/min 125 150 175 

Feed( f ) ,mm/rev 0.05 0.10 0.15 

25 mm diameter bars of titanium alloy (Ti-6Al-4V) were 

used as work materials .Ti-6Al-4V work material is an (α+β) 

of aerospace Grade 5. The poly crystalline diamond (PCD) 

insert with an ISO designation of CCMT09T304 was used to 

machine the Ti-6Al-4V work pieces. The turning tests were 

performed on ‗Ace Turn mill CNC Fanuc lathe‘ of 11 kW 

spindle power with a maximum spindle speed of 4000 rpm as 

shown in Fig.1. In the MQL type application, the experiments 

were conducted using a thin-pulsed jet nozzle that was 

developed in laboratory and controlled by a variable speed 

control drive. The MQL setup as shown in Fig. 2 and 

schematic diagram is represented by Fig.3 consists of a 

reservoir of 2 liters capacity and a pneumatic piston pump to 

inject oil in line. 

International Conference on Emerging Trends in Engineering and Technology (ICETET'2013) Dec. 7-8, 2013 Patong Beach, Phuket (Thailand)

http://dx.doi.org/10.15242/IIE.E1213074 80



 

 

.  

Fig. 2 Minimum Quantity Lubrication Set up 

 A filter regulator is fitted in air line to regulate air used in 

MQL set up and an oil filter cum air breather to filter oil with 

149 micron. A pressure switch is used to make sure that 

required air pressure is coming to system. The solenoid valve 

is used for working of pneumatic piston pump and an air 

regulator to control air pressure in both lines. The Electronic 

Timer B1DCA-X is a cyclic ON-OFF adjustable timer with 

time range from 0.6 sec to 60 Minutes (8 ranges) to control the 

frequency of oil piston pump. The discharge from the pump is 

at the rate of 0.40cc/stroke. The intervals between two strokes 

and duration of stroke can be adjusted to get the desired 

discharge. The nozzle is attached to a portable fixture at the 

machining center spindle. The flexible design allowed the 

injection nozzle to be located at any desired position without 

interfering with the tool or work piece during the machining 

process. The diameter of nozzle orifice is 1 mm and the 

delivery pressure is set at 0.6MPa. Palm oil (viscosity index of 

190) having density 0.91 gm/cm
3
 and viscosity of 40 mm

2
/s at 

40°C is used as lubricant. The direction of applying fluid 

nozzle in MQL system is set opposite to the feed direction. 

The MQL cutting is shown in Fig.4. 

 

 

Fig.3 Schematic diagram of MQL Set up 

 

TABLE II 

EXPERIMENTAL CONDITIONS AS PER L27 ORTHOGONAL 
ARRAY AND AVERAGE SURFACE ROUGHNESS (RA) 

Tr.No Levels 
Avg. 

Ra    (µ) 

 Q v f 
 

1 1 1 1 0.42 

2 1 1 2 0.61 

3 1 1 3 0.92 

4 1 2 1 0.55 

5 1 2 2 0.75 

6 1 2 3 0.95 

7 1 3 1 0.31 

8 1 3 2 0.48 

9 1 3 3 0.97 

10 2 1 1 0.57 

11 2 1 2 0.66 

12 2 1 3 0.87 

13 2 2 1 0.47 

14 2 2 2 0.62 

15 2 2 3 0.92 

16 2 3 1 0.45 

17 2 3 2 0.79 

18 2 3 3 0.86 

19 3 1 1 0.36 

20 3 1 2 0.56 

21 3 1 3 0.91 

22 3 2 1 0.39 

23 3 2 2 0.76 

24 3 2 3 0.88 

25 3 3 1 0.29 

26 3 3 2 0.64 

27 3 3 3 0.97 

To measure the machined work piece surface roughness, a 

portable surface roughness tester ‗Mitutoyo, Japan Surftest SJ- 

400‘ . was used with a cut off length of 0.8mm. The surface 

roughness values are measured at three to five different 

locations on the machined surface. The surface roughness used 
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in this study is the arithmetic mean average surface roughness 

(Ra). Each trial was repeated three times and an average 

reading was used for the analysis. The measured values of Ra 

are summarized in Table II.  

 

Fig.4 MQL Cutting 

IV. RESULTS AND DISCUSSION 

Machining is done under MQL condition shows a 

considerable reduction in surface roughness. This can be 

attributed to the uniform and gradual tool wear due to 

significant reduction in temperature at the cutting interface 

due to use of lubricant. From Figure 4, it can be also observed 

that the surface roughness of the machined component 

decreases with increase in cutting speed. In case of MQL 

under pulsed jet mode the cutting fluid is atomized into very 

fine tiny globules or particles whose size is inversely 

proportional to the pressure of injection of the cutting fluid. 

The high velocity particle of the cutting fluid penetrates into 

the tool-chip interface resulting in reduced friction. Moreover, 

micro channels present at the tool chip interface act as 

capillaries and hence cutting fluid can access cutting zone 

through capillary action. This phenomenon eventually results 

in reduction in temperature of cutting zone. Hence, the heat 

generated during cutting is transferred through evaporation. 

This mode of heat transfer is more effective than conduction 

heat transfer done by flood cooling. This phenomenon keeps 

chip-tool interface cool and hence tool maintains the cutting 

edge in MQL conditions which contributes to improved 

surface roughness. 

TABLE III 

SUMMARY OF ANOVA FOR RSM-BASED SURFACE ROUGHNESS 

MODEL 

Sum of squares 
Degrees of 

freedom 
Mean square 

F

-

ratio Regre

ssion 

Resi

dual 

Regre

ssion 

Resi

dual 

Regre

ssion 

Resi

dual 

1.146 
0.12

160 
9 17 

0.127

41 

0.00

715 

1

7.81 

 

 

A.RSM-Based Surface Roughness Model 

The multiple regression analysis has been performed to 

develop the RSM based, second order mathematical model of 

surface roughness by utilizing the experimental results of 

Table 3. The mathematical model to predict surface roughness 

in turning of titanium alloy (Ti–6Al–4V) using poly 

crystalline diamond (PCD) tool is given by: 

Ra = - 0.969259 - 0.000244Q + 0.0204v - 1.022222f -

0.000016 Q
2
 - 0.000084 v

2
 + 7.111111 f

2
 +0.000017Qv + 

0.005333Qf + 0.026667vf. 

 where, Q in ml/hr; v in m/s;f in mm/rev; Ra in microns. 

The statistical testing of the developed quadratic surface 

roughness model has been performed by Fisher‘s statistical 

test for ANOVA (Montgomery, 2003) at 95% confidence 

interval. The ANOVA table consists of sum of squares and 

degrees of freedom. The sum of squares is usually performed 

into contributions from regression model and residual error. 

The mean square is the ratio of sum of squares to degrees of 

freedom. F-ratio is the ratio of mean square of regression 

model to mean square of the residual error. As per this 

technique, the calculated value of F-ratio of the developed 

model should be more than tabulated value of table (F-table, 

see Table III) for the model to be adequate at 95% confidence 

interval. The results of ANOVA for surface roughness model 

is presented in Table III and is found to be adequate at 95% 

confidence level.  

The goodness of fit of the models was also tested by the 

coefficient of determination (R
2
) and adjusted coefficient of 

determination (R
2
adj). R

2 
provides a measure of variability in 

the observed response and can be explained by the process 

parameters along with their interactions.  On the other hand, 

R
2
adj is the coefficient of determination adjusted for the 

number of independent variables in the regression model. The 

R
2
 and R

2
adj values are found to be 0.904 and 0.853, which 

clearly indicate the significance of non-linear regression 

model. 

The developed surface roughness model is then used to test 

the accuracy and the % prediction error is calculated. The 

average prediction error of the developed models with the 

experimental data of an orthogonal array was found to be 

5.99%. The comparison of the predicted and experimental 

values as per orthogonal array is shown in Fig. 5  

 

Fig. 5 Experimental and RSM predicted values for surface 

roughness (Ra). 
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The analysis of parametric influences on surface roughness 

has been carried out through the developed RSM based model 

by generating 3D response surface plots (Fig 6-8). The 

response surface plots were generated using Minitab statistical 

software. 

 

Fig. 6 Response surface plot of quantity of lubricant (Q) and 

cutting speed (v) on surface roughness (Ra). 

 Fig.6 exhibits the interaction effect of quantity of lubricant 

(Q) and cutting speed (v) on surface roughness (Ra) with feed 

rate (f) held at 0.1mm/rev. At high values of Q, the sensitivity 

of Ra with variations in v is large as compared to low values 

of Q. The minimum Ra occurs at high value of Q with low 

cutting speed. The reason might be, the thinner chips produced 

at lower cutting speed are pushed by high MQL due to 

capillary effect, which enables it come closer to hot tool-chip 

zone to remove the heat more effectively and hence surface 

roughness decreases. 

 

Fig. 7   Response surface plot of quantity of lubricant (Q) and feed 

rate (f) on surface roughness (Ra) 

Fig.7 depicts the interaction effect due to Q and f on Ra 

with v held at 200m/min. It can be seen from Figure 3 that, the 

value of Ra sharply increases with f irrespective of Q. As the 

feed rate increases, the surface roughness also increases 

because of less available time to carry out the heat from the 

cutting zone, high amount material removal rate and 

accumulation of chip between tool-work piece zones. This 

may be due to the fact that, at higher feed rate more amount of 

heat is generated due to high MRR and hence increase in 

temperature at tool-chip interface. Due to rise in temperature 

at tool-chip interface, the tool wear increases and hence 

surface roughness increases. It is also seen from figure that, 

variations in Ra are minimal with the variations in Q at all 

values of f. 

 

Fig. 8   Response surface plot of cutting speed (v) and feed rate (f) 
on surface roughness (Ra) 

Fig.8 shows the variation of v and f on Ra with Q at 100 

ml/hr. The Ra increases with f irrespective of v and the 

variations in Ra with the variations in f are less at all values of 

v. This is due to the fact that, more amount of material has to 

be removed per revolution, which in turn requires more 

amount of energy leading to further increase in cutting forces 

and temperature. Due to the combined effect of increase in 

temperature and cutting forces, tool wear is very high, which 

ultimately leads to increase in surface roughness. 

V. CONCLUSIONS 

The second order surface roughness model based on RSM 

was developed using the experimental database obtained from 

Taguchi‘s orthogonal array. Three process parameters, 

namely, MQL, cutting speed and feed rate were considered for 

the model development. The developed model was then tested 

through ANOVA. .The following conclusions can be drawn 

from the present investigation within the ranges of the 

parameters selected: 

1. Second-order response surface model can be effectively 

used to predict the surface roughness on machining of titanium 

under different conditions of MQL, cutting speed and feed rate 

at 95% confidence interval. 

2. Response surface analysis indicates that high values of 

quantity of lubricant, the sensitivity of surface roughness with 

the variations in cutting speed is large as compared to low 

values.  

3. The surface roughness sharply increases with feed rate 

irrespective of the amount of quantity of lubricant. 
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