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Abstract

This paper discusses the use of Box Behnken design approach to plan the
experiments for turning Inconel 718 alloy with an overall objective of optimizing the
process to yield higher metal removal, better surface quality and lower cutting forces.
Response Surface methodology (RSM) has been adopted to express the output parameters
(responses) that are decided by the input process parameters. RSM also quantifies the
relationship between the variable input parameters and the corresponding output parameters.
RSM designs allow us to estimate interaction and even the quadratic effects, and hence,
give us an idea of the shape of the response surface we are investigating. Box-Behnken
design is having the maximum efficiency for an experiment involving three factors and
three levels; further, the number of experiments conducted for this is much lesser compared
to a central composite design. The proposed Box-Behnken design requires 15 runs of
experiment for data acquisition and modeling the response surface. Design expert software
was used to design the experiment and randomize the runs. Regression model was
developed and its adequacy was verified to predict the output values at nearly all conditions.

Further the model was validated by performing experiments, taking three sets of random
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input values. The output parameters measured through experiments (actual) are in good
match with the predicted values using the model. Using ‘Design-expert’ software, 2D and
3D plots were generated for the RSM evolved. Such plots explicitely give an idea of the
dominating process variable over others and the order of dominance; further the plots

exhibit the trend of variables’ interaction in the process.

This work resulted in identifying the optimised set of turning parameters for Inconel
718 material using coated carbide tools, to achieve better surface roughness and higher
material removal. This work gains significance in the sense with minimum number of
experiments, reliable model has been generated, validated and further, the process has been

optimised with two objectives.
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1.0 Introduction

While machining a component, achieving fine surface finish is essential to provide
suitable condition for its long life due to wear resistance, fatigue resistance, functional
interchangeability and maximum service-efficiency, at minimum cost. Surface finish
generated on a work-piece in a machining operation has been considered as the sum of two
independent effects: the ‘ideal’ surface roughness and the ‘natural’ roughness. The ideal
surface roughness is the result of the geometry of the tool and the feed and natural
roughness is caused by the irregularities in the machining operation. Ideal surface roughness
is the best surface finish that can be obtained with a given tool-shape and feed-rate and can
be achieved if the effect of natural surface finish is eliminated [1]. Many researchers have
concurred that, it is a characteristic that could influence the performance of the mechanical
parts and the production costs. Better surface finish is possible by controlling the input

parameters involved in machining [2]. In other words, measuring and characterizing the
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roughness of machined surface is considered for evaluating the process performance [3],
[4].

Aerospace materials such as nickel-based alloys show poor machinability owing to
their excellent physical properties which include high strength and high hardness at elevated
temperatures, high dynamic shear strengths, high work hardening, and low thermal
diffusivity [5] [6]. These characteristics cause cutting temperature and resultant tool damage
to increase even at low cutting speeds and low feed rates [6][7]. For machining these
‘difficult-to-machine’ materials, development of new technologies in the area of cutting
tools has given a great relief to the researchers, in terms of achieving higher metal removal,
better machined-surface quality and longer tool-life[8]. Under the advent of latest cutting
tools, efforts have been made to conduct machining experiments and optimize the
parameters to achieve simultaneously higher productivity and better surface-quality.

Taguchi methods are widely used in research studies for experimental design to
efficiently optimize the manufacturing process [9, 10]. It is an iterative experimental
approach focused precisely on finding the role of individual process parameters and also the
effect of their interaction with each other in bringing out the responses. Taguchi design of
experiments (DOE) methods incorporate orthogonal arrays to minimize the number of
experiments required to determine the effect of process parameters upon the responses of
the process.

In this study the optimization approach provided by the Box-—Behnken design
(BBD), which is a response surface methodology (RSM) is proposed [11]. For applying the
approach, Design-Expert software (Version 7.0.0, Stat-Ease Inc., Minneapolis, USA), was
used. On the basis of the BBD, the process parameters (cutting speed, feed-rate and depth of

cut) in the turning process could be optimized with a minimum number of experimental
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runs with an objective of achieving higher material removal, better machined-surface
quality resulting in overall cost-advantage. As a collection of statistical and mathematical
techniques for developing, improving, and optimizing processes, RSM is specifically
applied in situations where several input variables potentially influence a performance
measure or quality characteristic of the product or process [12] [13] [14].

Obijective of this work is to develop a model for the prediction of surface roughness,
cutting forces while turning Inconel 718 alloy using coated carbide tools, based on the
experimental data; further the model was validated with different set of experimental values
and surface plots were generated to explain the trend of achievable surface-roughness,
under specific combination of process parameters. Ultimately this is useful in understanding
the influence of process parameters and the resulting output parameters; further enables in
determining the optimum set of machining parameters in terms of surface roughness and
material removal, for turning Inconel 718 alloy using coated carbide cutting tools.

2.0 Experiment Details

Work material: Inconel 718 cylindrical work piece of 60 mm diameter in the annealed

condition.

Cutting Tool used: Tool Inserts used for the experiments are of fine-grained tungsten
carbide 6% Cobalt substrate with a CVD Multilayer coating. The coating layers are
TIN/TICN/AI,O3 with a total thickness of 12um. Herein after this cutting tool is referred as
‘Cutting Tool — A’.

All the turning experiments were conducted in a CNC turning centre. Work-piece
was machined for a width of 12 mm (appears like a ring), for each set of machining

parameters and 15 such rings were machined and identified in the same order. Machining

was carried out with each set of parameters once and the cutting-forces’ and surface
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roughness values were measured as output for each experiment. Actual values of the input
Vs output parameters of the experiment are listed in Table - 3.
3.0 Methodology

It can be seen from the literatures [12] [13] [14] [15] that developments and current
practices in the area of process improvement recommend employing RSM for expressing

the output parameters (responses), in terms of input variables.

3.1 Response Surface Methodology (RSM)

RSM is a collection of statistical and mathematical methods that are useful for the
modeling and analyzing engineering problems. In this technique, the main objective is to
optimize the response surface that is influenced by various process parameters [16] [17]
[18]. RSM also quantifies the relationship between the controllable input parameters and the
obtained response surfaces. The design procedure of RSM is as follows

(1) Designing of a series of experiments for adequate and reliable measurement of the
response of interest.

(ii) Developing a mathematical model of the second order response surface with the best
fittings.

(fi)Finding the optimal set of experimental parameters that produce a maximum or
minimum value of response.

(iv)Representing the direct and interactive effects of process parameters through two

and three dimensional plots.

3.2 Design of Experiments for RSM
RSM designs allow us to estimate interaction and even quadratic effects, and
therefore give us an idea of the (local) shape of the response surface under investigation.

Box-Behnken designs and central composite designs are efficient designs for fitting second
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order polynomials to response surfaces, because they use relatively small number of
observations to estimate the parameters. Rotatability is a reasonable basis for the selection
of a response surface design. The purpose of RSM is optimization and the location of
optimum is unknown prior to running the experiment, it makes sense to use a design that
provides equal precision of estimation in all directions. For such purposes, Central
Composite Design (CCD) - spherical or face centered and Box — Behnken design are the

commonly used experimental design models for three level three factor experiments.

3.2.1 Box — Behnken design

Box and Behnken proposed three level designs for fitting response surfaces. These
designs are formed by combining 2% factorials with incomplete block designs. Figure-1

illustrates the three variable Box — Behnken design. It can be noticed that the Box-Behnken

design is a spherical design with all points lying on a sphere of radius /2 . Also the Box —
Behnken design does not contain any point at the vertices of the cubic region created by the

upper and lower limits for each variable.

Run ) X X

1 -1 -1 0

2 -1 1 0

3 1 -1 0

4 1 1 0

st 0 a0, AT

6 -1 0 '

T 1 0 -1 I o

8 1 0 1 ! | i

9 0 -1 -1 ._,J——--;/ﬂ x;[ ',
10 0 -1 1 gl -

11 0 1 -1 S i
12 0 1 1

13 0 0 0

14 0 0 0

15 0 0 0

Figure 1 (three factor Box-Behnken design)
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This could be advantageous when the points on the corners of the cube represent factor level
combinations that are impossible to test due to physical process constraints or prohibitively
expensive. Its "missing corners™ may be useful when the researcher should avoid combined

factor extremes. This property prevents a potential loss of data in those cases.

Box-Behnken designs require fewer treatment combinations than a CCD, in
problems involving 3 or 4 factors. The Box-Behnken design is rotatable (or nearly so) but it

contains regions of poor prediction quality like the CCD.

In this study, the experiments were planned and conducted according to a Box-

Behnken type response surface design.

3.3 Mathematical Modeling

The second order response surface representing the surface roughness can be
expressed as a function of cutting speed, feed and depth of cut, being the input variables of
machining (turning) process [19] [20] [21]. A regression model can also be employed for
this purpose [22, 23].
3.4 ANOVA

Analysis of variance, ANOVA, is a statistical decision making tool used for
detecting any differences in average performances of tested parameters [9]. It employs sum

of squares and F statistics to find out relative importance of the analyzed processing

parameters, measurement errors and uncontrolled parameters.

Analysis of variance (ANOVA) was used to check the adequacy of the model for the

responses in the experimentation.

4.0 Experiment Details

4.1 Selection of Process Parameters
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Process parameters for the study had three levels as given in Table 1. The levels
were fixed based on the preliminary experiment-trials, discussion with cutting tool

manufacturers and also the available literatures.

Table 1 - Process parameters with their values at 3 levels

Cutting speed Feed Depth of cut
(m/min) (mm/rev) (mm)
Level 1 40 0.20 1.0
Level 2 50 0.25 1.5
Level 3 60 0.30 2.0

4.2 Design of Experiment

RSM designs allow us to estimate interaction and even quadratic effects, and
hence give us the idea of the (local) shape of the response surface under investigation. Box-
Behnken design is having the maximum efficiency for an RSM problem involving three
factors and three levels. Also the number of runs required is less compared to a central

composite design.

The proposed Box-Behnken design requires 15 runs for modeling a response
surface. The process parameters for the experimental runs are selected based on the standard
design shown in Figure 1. Details of the experimental runs with the set of input parameters
that were conducted are given in Table 2. Design expert software was used to design the
experiment and randomize the runs. Randomization ensures that the conditions in one run
neither depend on the conditions of the previous runs nor predict the conditions in the
subsequent runs. Randomization is essential for drawing conclusions from the experiment,

in correct, unambiguous and defensible manner.
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Most importantly, parameters corresponding to the central point (0,0,0) are
repeated twice to establish that the experimental data is within the normal dispersion and

repeatability is ensured.

Table 2 Box-Behnken design for the experiment

wun |G| e | P
order (m/min) (mm/rev) (mm)
1 50 0.2 2
2 40 0.2 1.5
3 60 0.25 2
4 40 0.3 15
5 50 0.25 1.5
6 60 0.3 1.5
7 50 0.3 1
8 50 0.2 1
9 50 0.3 2
10 60 0.25 1
11 40 0.25 2
12 60 0.2 15
13 40 0.25 1
14 50 0.25 1.5
15 50 0.25 1.5

Runs 14 and 15 are repeat of run -5
5.0 Results and Discussions
Turning experiments were conducted on Inconel 718 in the annealed
condition with Cutting tool —A, for the set of input parameters under the 15 conditions given
by Box — Behnken design. Cutting forces were measured during the turning operation and
the Surface roughness of the machined surfaces was measured and the values were

recorded.

5.1 EXPERIMENTAL RESULTS

The cutting forces and surface roughness values measured as output parameters (responses)
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for the 15 runs are given in Table 3.

629

Table 3
Run C;;)te“en 9 Feed Eff:’ltjrt' Ra Fx Fy Fz MRR
(m/min.) (mm/rev.) (mm) (Mm) (N) (N) (N) (cm3/ min)
1 50 0.2 2.0 3.13 180 48 68 4900
2 40 0.2 1.5 3.15 178 45 70 2352
3 60 0.25 2.0 3.28 185 49 67 8820
4 40 0.3 1.5 3.71 222 71 89 3528
5 50 0.25 15 3.25 182 48 69 4594
6 60 0.3 15 3.60 199 57 71 7938
7 50 0.3 1.0 3.56 204 60 79 3675
8 50 0.2 1.0 2.98 160 36 59 2450
9 50 0.3 2.0 3.75 220 75 91 7350
10 60 0.25 1.0 3.15 170 40 58 4410
11 40 0.25 2.0 3.42 201 58 80 3920
12 50 0.25 1.5 3.24 182 48 68 4594
13 50 0.25 15 3.23 180 48 67 4594
14 60 0.2 1.5 3.01 160 39 60 5292
15 40 0.25 1.0 3.24 179 47 69 1960

5.2 Mathematical Models

Response surface methodology (RSM) involves mathematical and statistical

techniques that are used for modeling and analyzing the problems in which a process-

response is influenced by several input variables and the research-objective is to optimize

this response. For adopting RSM, selection of contributing parameters, their levels and

proper experimental design are essential. RSM consists of a group of techniques used in

establishing empirical study of the relationship between a response and several input

variables. The main advantage of using RSM is to understand and evaluate the effect of

multiple parameters and their interactions with each other in bringing out the response(s).
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Hence, it is considered as an appropriate approach to optimize a process with one or more

responses [13] [16].

The relationship between the factors and the performance measures are expressed by
multiple regression equations, which can be used to estimate the expected values of the

performance level for any factor levels [19] [20] [21].

If all variables are assumed to be measurable, the response surface can be expressed
as y=f (X1, X2, ....., Xx). The goal is to optimize the response variable y. It is assumed that the
independent variables are continuous and controllable by experiments with negligible
errors. Usually a second-order model is utilized to find a suitable approximation for the

functional relationship between independent variables and the response surface.

y =B, +iBiXi +Zk:BiiXi2 "‘ZZBinin >

where ¢ i1s a random error.

(1)

In matrix form,
Y=BX+¢g (2)

The solution of Eq. (2) can be obtained by the matrix approach.
B = (X"X)'X"Y (3)

The details of the solution by this matrix approach are explained in [10].
Second order RSM representing the relationship between each of the ouput parameters viz.
surface roughness, Cutting forces and MRR and the input process parameters, viz. cutting
speed, feed rate and depth of cut was generated using the values of the experimental data
and given below.
Ra =4.97 - .0235 v -15.475 f + 0.128 d + 0.015 vf - 2.5E-003 vd + 0.4 fd + 1.75E-004 V* +

40.0 £ +0.02 d? (4)
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Fx = 226.25+0.075v-897.5 f +27.75d - 2.50 vf-0.35 vd - 40.0 fd + 2.5 E-003 v* +
3000.0 * + 6.0 d? (5)

Fy = 82.38 +1.325v-732.5f- 4.25d- 4.0 vf - 0.1 vd +30.0 fd - 6.25 E-003 V* +
2250.0  + 4.5 d° (6)

Fz = 87.38 +1.625v-587.5f+0.25d-4.0vf-0.1vd +30.0fd - 0.011 v* +

1850.0 P+ 2.5 d? (7)
MRR =18750.0 - 375.0 v - 75000.0 f -12500.0 d +1500.0 vf +

250.0 vd + 50000.0 fd (8)

5.2 Analysis of Results

The analysis of variance (ANOVA) technique was used to check the adequacy of
the developed models at 95% confidence level [24] [25] [26]. The criteria followed in this
technique is that if the calculated value of the F-ratio of the regression model is more than
the standard value specified (F-table) for 95% confidence level, and then the model is
considered adequate within the confidence limit [27][28][29]. From Table - 4, it is observed

that all the models satisfy the adequacy conditions in non-linear form.

5.2.1 ANOVA for Response Surface Model

ANOVA results for the response surface quadratic models are given in Table- 4. The results

were obtained using Design Expert software.

Table- 4
Ra Fx Fy Fz
R-Squared 0.9977 0.9973 0.9884 0.9842
Adjusted R-Squared 0.9936 0.9924 0.9675 0.9558
Predicted R-Squared 0.9647 0.9586 0.8142 0.7543
Adequate Precision 46.756 44.482 20.890 19.048
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In all the responses, ‘Predicted R-squared’ values are in reasonable agreement with
the ‘Adjusted R-Squared’ values. ‘Adequate Precision’ indicates the signal to noise (S-N)
ratio. Normally the ratio greater than 4 is desirable, for the model to be used effectively;
obtained-ratios indicate adequacy for this model to be used to navigate the design space.
5.2.2 Surface plots

2-D and 3-D plots can be drawn for different combination of parameters which
exhibit the the trend of variation of response within the selected range of input parameters
and also influence of each parameter over the other parameters. Few such typical plots are
shown (Figure 2 to 5). The pattern of the contour plots is almost alike when the feed and

depth of cut are kept constant and when the cutting speed is kept constant, pattern of the

Ra (microns)

20

3.15
1.8 —

G Feed = 0.2 mmy/rev.

depth of cut (mum)

1.3 —

1.0

40

Cutting speed (m/min)

Figure -2
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contour lines is showing the reverse trend. It is observed that the region showing optimum
conditions for achieving surface roughness is almost same in all the three cases (when v, f
and d are kept constant) and are in agreement with each other. As the feed and the depth of
cut are approaching minimum, the cutting forces generated are minimum and the obtained

surface roughness is better

Fx @)

0.30

200

0.28 —

08— 180

feed (mm/rev.)

0.23 —

DOC=1.0 mm

0.20 T
40 45 50 55 60

Cutting speed (m/min)
Figure -3

Fz @)

20

(Cutting Speed = 60 m /min)

depth of cut (mm)

L T T T
0.20 023 0.25 028 030
feed (mm/rev.)
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20

5
depth of cut 13

1.0 020

Figure -5
5.2.2 Validation of the Models

In addition to verification through ANOVA technique, the Models were validated by
conducting experiments with new set of parameters and the multiple response values were
measured and compared with the predicted values using the Models [30] [31]. Details of the

experiments conducted, predicted and measured values of the output variables are given in

Table- 5.
Table 5
Predicted (P) vs. Experimental (M) values for validation data
Parameters Ra Fx Fy Fz
v f d A M P | M P M P (M

40 0.3 2 3.82 | 3.76 232 231 80 78 97 95
50 0.2 1.5 3.06 | 3.09 169 171 42 42 65 64
60 0.25 1.5 3.21 3.2 174 177 43 44 61 63

Deviation of the predicted values from the experimental values has been worked out to get
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the % error for the validation data. The same has been plotted and shown in Figure -6.

4 -
3
2 4

%Error in prediction

O Trial 1
. | @ Trial 2

% Error
o

-1 A
-2 1

-3 4

4 4

Ra

Fx Fy

Responses

O Trial 3

Fz

Figure - 6

For easy understanding and clarity, graphical representation of predicted values

using the Model together with the corresponding measured values of all the responses has

been made in Figures 7 — 10.
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Figure - 10

In the figures (7 -10), Ideal line is plotted taking the predicted value same as the
measured value and is considered as a reference line. Measured values of each response are
plotted and their closeness to the Ideal line depicts the accuracy (fitness) of the model. The
model developed for each response is considered accurate, where all the measured-values
are aligning or closer with the Ideal line. In most of the cases, predicted and the

experimental values follow close match and the extent of deviation is marginal.

5.2.3 Optimisation
Multi-objective optimisation was aimed at to achieve better quality coupled with higher
Table 6
Response Goal
Ra Minimise
Fx Minimise
Fy Minimise
Fz Minimise
MRR Maximise

Figure -10
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productivity. Accordingly optimisation criteria for each response were selected as given in

Table — 6.

Best Solution satisfying the above criteria was obtained using the ‘Design Expert’ software,

which is given below and it has the overall desirability of 0.82.

Cutting depth of
speed Feed cut MRR

(m/min)  (mm/rev) (mm) Ra (um) Fx (N) Fy (N) Fz (N) (cm3/min) Desirability

60 0.21 1.7 3.06 166.64 40.53 60.19 6297.48 0.82

Contour plot given in Figure - 11, shows the variation of Desirability with change in

cutting speed and feed when DOC is kept constant at optimum level of 1.7mm.

Desirability

0.28 —

125 —

feed (NIN/TeV.)

0.23 —

I I I
40 45 50 55

Cutting speed (In/min)

60
Figure -11

6.0 Conclusion

Box Behnken design was successfully adopted and the experiments were designed

choosing the input variables for the levels selected. With minimum number of experiments,
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data was collected and the models were developed. Response Surface Models evolved for
responses show the effect of each input parameter and its interaction with other parameters,
depicting the trend of response. Verification of the Fitness of each model using ANOVA
technique, shows that all the models can be used with confidence level of 0.95, for
navigating the design space. Further validation of the models done with the additional
experimental data collected demonstrates that the models have high reliability for adoption
within the chosen range of parameters.

Set of optimised input parameters could be identified taking into consideration of
surface roughness, cutting forces and material removal, for turning Inconel 718 with coated
carbide tools. Surface plots generated show the trend of different responses by varying the 2
input parameters keeping the 3™ parameter constant. With reduced number of experimental
runs, fairly convincing, logical and acceptable results have been obtained, which can be
followed for getting solution to the shop-floor requirements. This has resulted in saving of

considerable amount of time and money.
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