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Turning is one of the precise machining processes, which are widely used at present for many industrial applications. Titanium
alloy Ti6Al4V is widely implemented in the field of aerospace, structural, automotive and biomedical applications. In this
study, the most significant factor of Cutting Force, Cutting Temperature and Material Removal Rate is considered the most
responsible for determining the desirable input factors to the titanium Ti6Al4V alloy in the turning process. Initially, the design
of the experiment was conducted for speed, cutting feed, axial depth of cut and the environmental eco-friendly coolant oil
concentration of Multi-Walled Carbon Nanotubes nano-fluid are input parameters of machining process were studied in
turning of titanium Ti6Al4V alloy to achieve sustainable production. Desirability Function Analysis was used to predict the
mathematical model and ANOVA was used to analyze the contribution percentages of the machining parameters. Since the
influence of the machining parameters of the Cutting Force, Tool Temperature and Material Removal Rate are conflicting in
nature; the problem was considered a Multi-objective evaluator algorithm-based analysis of the problem. Hence, Desirability
Function Analysis was adapted to predict the optimal set of input parameters. The interactive plots reveal that MWCNT’s
nanofluid improves the result in terms of the maximum rate of removed material with minimum cutting force and cutting
temperature. Based on multi-objective optimizations of RSM based DFA the optimal results confirm that 1% of MWCNT’s
concentration reduces the cutting temperature and improves the removal of material when MWCNTs are used as cutting fluid.

Keywords: Ti-6Al-4V, MWCNT, RSM, MRR, DFA, ANOVA etc.

Introduction

Titanium and its alloys have a huge variety of immense

properties together with temperature resistance, light-

weight, high strength to weight ratio and corrosion

resistance [1, 2]. Due to its special and large properties

compare to different materials, atomic number 22 alloys

are abundantly utilized in many industrial applications

like automotive, aero and medical. Ti-6Al-4V is an

alloy (α + β) that is the most generally used titanium

alloy, with the α part stabilizing 6% metallic element

and β phase stabilizing 4% vanadium [2, 3]. Ti-6Al-4V

is the most essential used material, particularly within

the medical and aerospace industry. Although, Ti-6Al-

4V machining is incredibly tough because of heat

resistance, inherent chemical properties and impulsive

and dispensation time interval is high and production

costs are huge while exploitation typical strategies to

machine it [4]. It is suitable for use in an exceedingly

kind of applications and conditions. It had been noted

that causing of reduced tool yield strength by high

machining temperature together with continuous tool

surface result the pressure would guide to extend the

tool wear. Cutting of Titanium alloys and their Machining

are a complicated process, time challenging and

expensive [5].

Titanium alloys are tremendously hard and incredible

heat generation materials, which resulted in increased

tool wear [4, 5]. To improve the production rate and

good quality of the product needs a special cooling

system. This also helps to enhance tool life and to reduce

the tool life [6]. The variation in microstructure and or

phase transition causing deterioration of mechanical

properties was observed in heat generated between the

tool and work material of Titanium and its alloy material

because of its particular material properties [7]. Turning

is among the most preferable machining process due to

its precision in cutting, better surface finish and closure

tolerance [8]. A dry machining situation is one technique

of machining that even though environmentally pleasant

because no agent is used, regularly affects problems

because of the greater generated warmness in the device

or work piece interface. With the purpose to minimize

the greater generated temperature in the machining

system, coolant utilization is normally required. In

general, during dry machining of harder materials like

titanium, a huge amount of heat was produced and

dissipated at the edge of tool. Due to this observed heat
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tool gets depreciation or bluntness [9]. Even though

flood coolant carries a noticeable ability to lower the

warm temperature in the reducing zone, its poor

environmental effect and consequently the cost of the

quantity of reducing fluid used to construct it is an

unsustainable cooling approach. Therefore, a minimal

amount of lubrication (MQL) is taken into consideration

as an ability one of a kind cooling approach to

traditional flood cooling. As producers forever and ever

get to lower production expenses and material waste

and enhance fitness and safety, this MQL technique has

come to be a variety of desirable. Instead of victimization

MQL performance, nanoparticles may be accessorial to

nano primarily based on totally reducing fluid to help

use up warmness generated at some stage in the

machining system [10]. Due to their excellent properties,

nanoparticles provide the next heat conduction load

compared to inferior cooling lubricants. The choice of

machining process parameters is incredibly difficult to

solve with a mix of newer materials and cutting tools,

in this case, the method planner. Researchers have to

do several test runs to find the most favourable machining

parameters and their optimal level, which leads to a

high value and takes more time. Improvements are

needed to limit time and cost in selecting process

parameters for intelligent materials processing. The

process can be a widely used machining process in

recent days in the field of automotive, biomedical, die

and mould, and aerospace industries [11].
The development of chips produced curled or

buckled shapes during the high-speed machining process

due to physical effects. Therefore, here the cooling

system and fluid supply study were necessary part take

in the machining process, which can significantly improve

the productivity of machining operation, quality product

and surface finish of work along with enhancement of

tool life. In addition, it is preventing the cutting edges

and machine tools from heat dissipation. Due to

continuous usage of the lubricant, that tends to lose its

properties and hence it needs a change and maintenance

to sustain its properties for longer life. The nanoparticles

added to standard lubricant act as a solid lubricant,

because of their viscosity and thermal conductivity

[12].

In the view of work objectives, the experimental

investigation and analysis were carried out for deriving

effective interactive combination output from different

parametric inputs. Moreover, the referred literature

provides information on Ti6Al4V alloys most suitable

for emerging applications like medical and space in-

dustries due to their mechanical and chemical properties.

Materials and Methods

Present work carried out for cutting speed, cutting

feed, axial depth of cut and Nanoparticles MWCNTs

concentration was taken into the consideration because

the control parameter and cutting temperature, cutting

force and material removal rate as the output responses.

To reduce the variety of experimentation, experiments

were deliberate primarily based on the design of ex-

periments (DOE). Box-Behiken design with 27 experi-

ments was tabulated. Table 1 shows the process parameter

variable values taken from DOE software state-ease

version 12. The independent quadratic design factors

Box-Behnken design matrix was considered to develop

an experimental table. The CNC Turning centre was

used to conduct experimentations.

Fig. 1. Work flow chart.

Table 1. Cutting parameters and their limit level

Machining Parameters Units
Level

Low Medium High

A: Speed m/min 100 140 180

B: Cutting feed mm/rev 0.1 0.8 1.5

C: Axial depth of cut mm 0.5 1 1.5

D: MWCNT concentration wt% 0 1 2
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Nanofluid characterization
Nanofluid, which resulted from the suspension of

nano-concentration into the base fluid, may be expressed

through the usage of four basic design parameters, which

are Nano-particles, base fluid, nano additives and scale

size etc., the nanoparticles categories are metal particles,

non-metal particles and carbon tubes or graphene [11].

The Base fluid categories are water-based oil, natural

liquids, vegetable oil, and polymeric solutions. Other

nanoparticle additives are surfactants, anti-wear or

corrosion particles and fungicides. The scale size is the

percent of weight or extent concentration. During the

nano-fluid production process, those outlined design

parameters are decided on the desired thermal, tribo-

chemical, physical and rheological properties, which

want to be met with inside the resultant nano-fluid for

the reason that practical necessities for every nanofluid

type are different [12]. Dispersion of nanoparticles into

the base fluid is taken into consideration as a difficult

process because of the sturdy Van Der Waals interactions,

which bring about nanoparticles agglomeration, clogging,

and sedimentation. Consequently, the usage of physical

or chemical treatments, including surfactants is advised

with the purpose to obtain effective forces at the clustered

nano-particles that make certain enough dispersion

and reap a few upgrades in thermal conductivity and a

viscosity [11, 12]. Two ideas had been studied with the

purpose to set up an excessive suspension first for

nano-particles into the base oil, namely; diffusion and

zeta capability. The former guarantees the Nano-particles

are nicely scattered and dispersed into the liquid medium.

The latter is specifically centred on accomplishing a

better zeta capability value, which produces a repulsive

pressure on a number of the Nano-particles.

Nanoparticle dispersion into the base fluid is a

significant concentration that influences the thermal

conductivity in addition to the viscosity of the resultant

nano-sized fluid. Dispersion of nanoparticles into the

base fluid may be done with the usage of an ultrasonic

device observed with the aid of using a stirring process

that measures the usage of a magnetic stirrer to make

the complete desperation of nano-particles. Furthermore,

the processing time of every step relies upon the weight

fraction (wt.%) of the nano-particles. The Nano-additive

weight concentration in the base fluid may be decided

by the usage of equation (1). Alternate methods to the

dispersion of Nano-particles powder into the base fluid

had been obtained through chemical precipitation or

natural reduction [13].

Wt % concentration 

= Nano additive weight /Nano additive weight 

 + The base fluid (1)

Preparation of nanofluid
Nanofluid samples were prepared by adding base oil,

deionized water and percentage concentration of multi-

wall nano carbon tube (MWCNTs) additive. In this

work, Indian oil ‘S’ Servo cut oil was selected as a

base oil for dispersing with MWCNT. It was utilized

with a size of less than hundred-nanometer nanotubes

as powder and the base fluid is prepared with a mixture

of base oil plus deionized water known as Metal

Working Fluid standards (MWF) [13, 14]. The sample

of 100 ml MWCNT diffused cutting fluid consists of

95ml of deionized water and 5ml of ‘S’ Servo cut oil

shown in Table 3. In this study, three different samples

of cutting fluid (refer to Table 3) were used with normal

cutting fluid, 1 wt% of MWCNT diffused with cutting

fluid and 2 wt% of MWCNT diffused concentration. 

The effective cooling performance by nanoparticles

and cutting fluids was not done properly without their

cohesiveness hence, therefore to get a uniform colloidal

suspension of nanofluid was stirred up by utilizing a stirrer

kit for thirty minutes and subsequently ultrasonicated

by a vibrator which generate a pulse of 40 kHz and

80Watts for one hour to carry out the 

Diffusion process [11, 13]. This was continued until

the ‘S’ servo cut oil was diffused with MWCNT nano-

particles uniformly. The scanning electron microscopy

(SEM) analysis of three samples (refer to Fig. 2-4)

nano MWCNTs mixed with the based fluid of 0%, 1%

and 2% correspondingly.

Machining Operation
The titanium Ti6AlV alloy round rod/work piece

Table 2. Nano fluid characterization.

Characteristic Nano Fluids Normal Fluid

Nano-additives Carbon tube Soluble / emulsifiable oil

Base fluid water-based oil, organic liquids, vegetable oil and polymeric solutions Oil-based or straight oil

Other additives No surfactants added Synthetic

Scale percentage of weight concentration Flash 

Table 3. Cutting fluid ratio

Sample -1 Sample-2 Sample-3

95 ml of deionized water, 5 ml of 
‘S’ Servo cut oil

95 ml of deionized water, 5 ml of 
‘S’ Servo cut oil and l wt% of MWCNT

95 ml of deionized water, 5 ml of 
‘S’ Servo cut oil and 2 wt% of MWCNT
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length of 100 mm, a diameter of 12 mm was selected

to conduct the turning operation and the operation was

performed using insert S205, which was a new

Chemical Vapour Deposition (CVD) grade [14]. The

turning insert is used to prominent productivity without

compromising on tolerances and surface conformity.

The Benefits of the turning Insert S205 grade are 30-

50% higher cutting speeds than the other inserts without

compromising on tool life, higher cutting speed translates

to improved productivity and excellent resistance to

flank and adhesive wear resulting in longer tool life

[15].

The turning process was carried out in 27 trials

experimental on DX200 series CNC turning centre.

The two-component lathe tool dynamometer, Unitech

scales Bangalore was used to measure the cutting

forces. The TEL96-9001-k-type thermocouple is used

to measure the cutting temperature. The minimum

amount of nanofluid was supplied conventionally with

pressure in flood conditions. Though the atmosphere

affair that cutting fluid usages are minimized [18].

The material removal rate values were measured for

twenty-seven experimentations with the support of a

digital weighing scale setup. The material rate is direct

proportionality to productivity. The machined sample

(Sm) and non-machined sample (Snm) weights were

measured to calculate the estimated material removal

rate readings. Archimedes' principle was used to

calculate the density of the material and found density

is 4.5 g/cm3 for Ti-6Al-4V alloy. The equation is used

to measure the material removal rate in cc/min.[19]

Fig. 2. SEM for Normal Cutting fluid.

Fig. 3. SEM for 1 wt% of MWNCT diffused with cutting fluid.

Fig. 4. SEM for 2 wt% of MWNCT diffused with cutting fluid.

Fig. 5. Experimental setup – Lathe Tool Dynamometer, Thermo-
couple arrangement.
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Material Removal Rate

= (Sm – Snm)/(ρ * time) cc/min (2)

Mathematical Model Development
A statistical method surface response methodology is a

modelling and analyzing process that is recommended

to examine effective responses [20]. It also examines

the relationship between the input and output of effective

variables, which are not feasible in a traditional experi-

mental design. Further, few experimental studies or a

region of the factor are the benefits of this method of

design. Developing mathematical models are another

benefit of this method of design [21]. In this study, a

central composite design was used to build a second-

order model to determine the optimal parameter for the

machining speed, feed rate, and axial depth of cut with

nano-particles MWCNTs concentration [13]. The re-

gression equation was developed from the experimental

results given in the equations. The regression equations

3, 4 and 5 were helped to understand the relationship

between the control and response factor is as well used

to predict the optimal parameters.

Cutting force (CF): 

+370.33 +130.50 * Speed 40.67 * Feed 47.75 

* depth of cut 39.58 * MWCNTs +50.25 * speed 

* feed -98.75 * speed * depth of cut 57.50 * speed 

* MWCNTs -53.25 * feed * depth of cut +50.00 

* feed * MWCNTs +83.75 *depth of cut * MWCNTs 

Table 5. Experimental measurement values

Si. 
No

Cutting
Speed 

Cutting 
feed

Depth of 
cut

Nanoparticles 
MWCNTs Concentration 

Cutting 
Force

Material 
Removal Rate 

Cutting 
temperature 

A B C D CF MRR CT

m/min mm/rev mm wt% N gm/min oC

1 100 0.8 0.5 1 345 0.037 316

2 180 0.1 1 1 790 0.016 315

3 140 0.1 1 2 630 0.022 309

4 180 1.5 1 1 810 0.023 412

5 140 0.1 1.5 1 732 0.025 309

6 140 0.1 1 0 810 0.016 326

7 180 0.8 1 2 555 0.023 369

8 140 0.1 0.5 1 722 0.012 317

9 140 1.5 1 2 650 0.032 432

10 140 0.8 1.5 0 445 0.032 324

11 140 0.8 0.5 0 710 0.031 247

12 180 0.8 0.5 1 805 0.032 318

13 140 1.5 1.5 1 542 0.036 410

14 140 0.8 0.5 2 465 0.024 273

15 180 0.8 1 0 750 0.025 312

16 140 0.8 1 1 370 0.052 347

17 140 1.5 1 0 630 0.036 324

18 180 0.8 1.5 1 515 0.018 313

19 140 0.8 1.5 2 535 0.042 342

20 140 1.5 0.5 1 745 0.034 274

21 100 0.8 1 2 410 0.054 421

22 140 0.8 1 1 370 0.051 396

23 100 0.8 1 0 375 0.051 421

24 140 0.8 1 1 371 0.053 396

25 100 1.5 1 1 449 0.061 428

26 100 0.8 1.5 1 450 0.066 466

27 100 0.1 1 1 630 0.034 435

Table 4. Material Properties of Ti6Al4V

Properties Unit Range

Hardness HRC 36.0

Yield strength (Tensile) MPa 870

Fatigue strength MPa 510

Elongation % 14%

Thermal conductivity w/mk 6.70

Electrical resistivity (μΩm) 1.70

Density (g/cm3 ) 4.42

Ultimate strength (Tensile) (MPa) 923

Elastic modulus (GPa) 113.8

Poisson’s ratio  0.34

Specific heat (J/kg k) 560
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+ 71.17 * speed2 +228.17 * feed2 +87.04 * 

depth of cut2 +81.29 * MWCNTs2 (3)

MRR:

+0.0523 -0.0138 * speed +0.008 * Feed +0.0041 

* depth of cut +0.0006 * MWCNTs -0.0053 * speed 

* Feed -0.0106 * speed * depth of cut-0.0009 

* speed * MWCNTs -0.0028 * feed * depth of cut 

0.0024 *feed * MWCNTs +0.0043 * depth of cut

 * MWCNTs -0.0034 * speed2 -0.0151 * feed2 (4)

Cutting Temperature (CT): 

+379.67 -37.33 * speed +22.42 * feed +34.94 

* depth of cut +16 * MWCNTs +26 * speed * feed 

38.75 * speed * depth of cut +14.25 * speed 

* MWCNTs +36 * feed * depth of cut +31.25 * feed

* MWCNTs 2 * depth of cut * MWCNTs +25.37 

* speed2 
4 * feed2 

51.75 * depth of cut2 
27.87 

* MWCNTs2 (5)

The independency of data was checked from residual

plots. Fig. 6(a-c) depicts that there was no predictable

pattern present because all the residuals lie between

acceptable levels.

ANOVA for Cutting force
The statistical tool ANOVA was used to predict the

data systematic influence factor with the random set.

This splits as two parts of collected data with estimated

procedure an aggregately [22]. The P-value shown in

table 6 was “0.0001” which means that the effect of the

model second-order derivative control factor response

was significant. The P values of control parameters [22,

23]. This shows that the presence of a regression model

of all control parameters was significant since all input

parameters' P values were less than 0.05. If the P

values were greater than 0.05 meant that the quadratic

model was suitable. The lack of fit value was 0.1043 so

that test was insignificant. 

The cutting speed is the most significant factor

compared to the other process parameter. The difference

between the percentage level for Predicted R2 and

adjusted R2 is 0.2%. So that the model has a greater

agreement with curve fitting. The model has an

adequate signal since the signal to noise ratio was

389.104. 

ANOVA for Material Removal Rate
The P-value shown in Table 7 was “0.0001” which

means that the effect of the model second-order derivative

control factor response was significant. The P values of

control parameters [22, 23]. This shows that the presence

of a regression model of all control parameters was

significant since all input parameters' P values were

less than 0.05. If the P values were greater than 0.05

meant that the quadratic model was suitable. The lack

of fit value was 0.4638 so that test was insignificant. 

The cutting speed is the most significant factor

compared to the other process parameter. The difference

between the percentage level for Predicted R2 and

adjusted R2 is 0.2%. So that the model has a greater

agreement with curve fitting. The model has an adequate

signal since the signal to noise ratio was 81.11

Fig. 6. (a-c) Residual plots of cutting force, material removal rate a
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ANOVA for Cutting Temperature
The P-value shown in the table was “0.0001” which

means that the effect of the model second-order derivative

control factor response was significant. The P values of

control parameters [22, 23]. This shows that the presence

of a regression model of all control parameters was

significant since all input parameters' P values were

less than 0.05. If the P values were greater than 0.05

meant that the quadratic model was suitable. The lack

of fit value was 0.9881 so that test was insignificant. 

The cutting speed is the most significant factor

compared to the other process parameter. The difference

between the percentage level for Predicted R2 and

adjusted R2 is 0.2%. So that the model has a greater

agreement with curve fitting. The model has an adequate

signal since the signal to noise ratio was 19.336. 

Results and Discussion

Response Surface Methodology
Response Surface Methodology (RSM) tool is used

to examine the effective parameters in a response. The

RSM method is an efficient method for determining the

RMS factor. This method is a statistics-based approach;

It also examines the correlations between actual variables

that are not feasible in a traditional experimental design.

Also, some experimental studies are the advantages of

this design method [24]. Data analysis is carried out

using visual methods, examining all layer combinations

than the conventional experimental design with one

variable at a time (OVAT) [25]. Improving mathematical

models is another benefit of this design method. In this

investigation, an RSM-based Central Composite Face

Design (CCD) was used to determine the optimal con-

ditions for the rate of feed, cutting feed, cutting depth, and

MWCNT concentration of nanoparticles. The regression

equation was developed from the experimental measure-

ments given in the equations. The regression equation

is used to understand the relationship between the input

and output data and was also used to predict the

optimal parameters [26].

The output model three dimensional images shows

the interactive and influences curve between output

parameters and input parameters in Fig. 7(a-c). This

depicts that the machining speed was mainly influenced

by other factors for cutting force. An increase in the

rate of machining speed and rate of feed directly increases

the temperature of the cutting zone. The quality of the

machining surface would reduce due to the poor thermal

conductivity of the work piece. Hence controlling the

cutting temperature becomes a necessity during the

machining process. The higher cutting temperature

Table 6. Mathematical model ANOVA result for cutting force

Source SS dof MS F value P-value Remark

Model 6.610E+05 14 47211.39 18524.36 < 0.0001 Significant

Residual 30.58 12 2.55 - - -

Lack of fit 29.92 10 2.99 8.97 0.1043 not significant

Pure error 0.6667 2 0.3333

Corr. Total 6.610E+05 26

R2: 1.0000, Adj.R2: 0.9999 & Pre.R2: 0.9997 

Table 7. Mathematical model of ANOVA for MRR

Source SS Dof MS F value P value Remark

Model 0.0055 14 0.0004 472.58 < 0.0001 Significant

Residual 9.954E-06 12 8.295E-07 -

Lack of Fit 8.787E-06 10 8.787E-07 1.51 0.4638 not - Significant

Pure Error 1.167E-06 2 5.833E-07

Cor Total 0.0055 26

R2: 0.9982, Adj.R2: 0.9961 & Pre.R2: 0.9903 

Table 8. Mathematical model of ANOVA for Cutting Temperature

Source SS dof MS F value P-value Remark

Model 87481.92 14 6248.71 27.52 < 0.0001 Significant

Residual 2724.75 12 227.06 - - -

Lack of fit 1124.08 10 112.41 0.1405 0.9881 Not significant

Pure Error 1600.67 2 800.33

Cor Total 90206.67 26

R2: 0.9698, Adj.R2: 0.9346 & Pre.R2: 0.8883 
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directly affects the surface quality of the final product;

this owing to the reason that the selection of the higher

level of rate of machining speed and rate of feed

directly increases the heat friction between the work

material and tool material [13]. 

The response surface 3D plot shows the interactive

effect between Input parameters and output responses

in Fig. 8(a-c). The figure depicts that the machining

speed was an important parameter with other factors

for Material Removal Rate. It also reveals that a suitable

selection of depth of cut 0.5 to 0.7 positively increases

material removal rate and hence productivity was

Fig. 7. (a) 2D & 3D interaction plots for Speed, Feed Vs cutting force, (b) 2D & 3D interaction plots for Speed, Depth of cut Vs cutting
force, and (c) 2D & 3D interaction plots for Speed, MWCNTs Vs cutting force.
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improved. 

The response surface 3D plot depicts the correlation

between the output parameter and input control parameter

shown in Fig. 9(a-c). The figure depicts that the speed

was one of the considerable parameters compared with

other parameters for cutting temperature. Also reveal

that introducing the hybrid nano cutting fluid i.e. Nano

MWCNT diffused cutting fluid drastically reduces the

cutting temperature compare to the conventional cutting

fluid. Owing to the reason that Ti6Al4V alloy has poor

Fig. 8. (a) 2D & 3D interaction plots for Speed, Feed Vs Material removal rate, (b) 2D & 3D interaction plots for Speed, Depth of cut Vs
Material removal rate, (c) 2D & 3D interaction plots for Speed, MWCNTs Vs Material removal rate.
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conductivity of thermal. It was that appropriate selection

of nano MWCNT diffused cutting fluid ranges between

1% and 1.5 % positively improves the cooling action

and increases the efficiency of heat transfer in the

machining zone, hence controlling the higher cutting

temperature between the cutting tool and work piece

[13].

Multi-objective optimization of DFA analysis
For Multi-objective optimization, DFA is one of the

Fig. 9. (a) 2D & 3D interaction plots for Speed, Feed Vs Cutting Temperature, (b) 2D & 3D interaction plots for Speed, Depth of cut Vs
Cutting Temperature, and (c) 2D & 3D interaction plots for Speed, MWCNTs Vs Cutting Temperature.
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foremost widely used strategies in engineering appl-

ications. In the DFA method, every expected response

determined performance characteristics are regenerated

into a fascinating dimensionless value. The performance

values are between zero and one [27]. The Function

value of di will increase because the resulting answer

becomes a lot of desirable. During this study, a Smaller-

the-better quality characteristic was chosen to rework

the value of reducing the temperature and minimum

cutting force. Hence, eq. (6) was used. Here the function

value of the target is denoted as T of the ith response,

yi, Weight is denoted as W, the higher limit of

acceptable value is denoted as U, and the lower limit of

acceptable value is denoted as L, for this response [28].

(6)

Accordingly, to maximize the material removal rate

eq. (6) was modified with the range to attain desired

value. 

The desirability analysis was done using design

expert 12.0 software. Multi-objective optimization of

the DFA Analysis approach is one of the simple methods

and this method is widely used in most of the industry

for the analysis of multi-response optimization techniques

[29]. The variability of response is considered stable in

this method usually. This newly proposed desirability

approach is involved in investigating the posterior pre-

ference articulation approach. The desirability approach

followed as a fit response model of all responses by

conducting the experiments [30, 31]. The individual

desirability is determined and then find the overall

desirability with respect to the control factors refer to

Fig. 10.

The Fig. 11 desirability bar graph depicts the desir-

ability for individual responses and combined effects

for the response. The rap graph (Fig. 10) dot depicts a

clear picture of the prediction of the output to the input.

 

Fig. 10. DFA Solutions Ramp Graph.

Fig. 11. DFA Solutions Bar Graph.
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The analyses were made for 21 experiments with

different input parameters. The overlay plot Fig. 12

supports to choice of the highest overall desirability.

The general function of desirability has been observed

with help of a bar graph for all the responses. Usually,

the value between zeros to one is considered for

accuracy in DFA [32, 33] 

The weights have been assigned based on the importance

and quality requirement for responses [34]. The response

values predict from the highest desirability values of

the input parameters. The predicted optimal values

were chosen from the highest desirable value of the

input responses [35]. Table 11 shows the weights given

for the responses. The maximum weightage (W=5.0)

have been assigned for all the output responses i.e.,

axial force, material removal rate and temperature [36].

The desirability analysis optimum solution of axial

force, material removal rate and temperature are

377.496, 0.047, and 315.665 respectively. The table

shows that the overall desirability is 0.743 which

indicates the closeness of the target values.
Fig. 12. DFA Solutions Overlay plot.

Table 9. Constraints applied for desirability function analysis

Name Target Min. Limit Max. Limit Min. Weight Max. Weight Importance

Cutting speed Within limit 100 180 1.0 1.0 3.0

Cutting feed Within limit 0.1 1.5 1.0 1.0 3.0

Axial depth of cut Within limit 0.5 1.5 1.0 1.0 3.0

Nano MWCNT’s concentration Within limit 0 2 1.0 1.0 3.0

Axial force minimum 345 810 1.0 1.0 5.0

Material Removal Rate maximum 0.013 0.066 1.0 1.0 5.0

Cutting Temperature minimum 247 466 1.0 1.0 5.0

Table 10. DFA Optimized solution for highest desirability

Optimal Process Parameters Predicted responses

Desirability
No Speed

Cutting 
Feed

Depth of 
Cut

Nano MWCNT’s con-
centration

Cutting 
Force

Material 
Removal Rate

Cutting 
Temperature

1 102.361 1.121 0.570 0.762 377.469 0.047 315.665 0.743

Fig. 13. (a-b) Actual Vs Predicted value of Cutting forces & MRR.
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Validation
The confirmation experiment was conducted for

adequacy checked by regression equation of mathematical

models. The predicted and actual responses were measured

for confirmation. Fig. 13(a-b) reveals that the actual

versus the predicted value of cutting force and material

removal rate points were fall closer to the mean line;

thus multi-objective optimization results were highly

accurate and acceptable.

Fig. 14 reveals that the Actual Versus Predicted value

of Cutting temperature points fell closer to the mean

line; some of the values away from the mean line

indicate the causes of temperature rise; thus multi-

objective optimization results were highly accurate and

acceptable.

Conclusion

 In this work, the turning operation was carried out

on a CNC turning centre with the use of different con-

centrations of MWCNT nanofluid for various responses

of cutting forces, material removal rate and cutting

temperature were recorded during the experimentations.

The obtained analysis results in the following conclusion

have drawn. 

The percentage of added nano-fluid is a significant

variable in design influencing reduced cutting temperature

using ANOVA.

The R2 values for cutting temperature (93%), material

removal rate (99%) and cutting force (99%) show a good

relationship between the experimental and predicted

cutting conditions.

Multiwall carbon nano-tubes cutting fluid has been

reported to give better results in terms of cutting

temperature related to experiments conducted without

nano-additives. 

The capability of lubrication of the coolant, which was

used with MWCNT machining, compared to without

diffusion of MWCNT and lowering cutting temperature

was measured in 1% of MWCNT diffused cutting

fluids. 

DFA Multi-objective optimization results show the

better machining performance with the selection of

optimum machining condition range was 100 m/min,

1.0 mm/rev, 0.5 mm and 1% of speed, feed, depth of

cut and MWCNTs respectively.

The DFA optimal output responses were predicted as

the maximum cutting force was equal to 377N, the

material removal rate was 0.05 g/min and the minimum

temperature was 316 oC at a desirability value of D =

0.743. 
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