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Abstract: The demand for new class of specific materials is rising day by day. In this
context machining plays an vital role to finish the final product according to required
geometry. Lightweight material such as aluminum based metal matrix composites is
one of the most suitable material for most of the engineering and structural works. In
this research work, an effort is made to optimize the process parameters of 16-TC Botliboi CNC
machine to get desired output responses of MRR, surface roughness (SR) and tool flank wear
during the processing of previously developed aluminum hybrid composite A359/B4C/AlLOs.
Response surface methodology (RSM) has been applied to get the mathematical model of input
parameters to get the desired response. The results reveal the optimized value of feed rate,
rotational speed and depth of cut to experimentally find the outputs. Further confirmation
experiments are performed at optimum level of process parameter.

Keywords: Hybrid MMC, Conventional machining, Botliboi CNC, Material removal rate, Tool

wear rate, Surface Roughness

1. Introduction

The development of new class of composite materials
continuously changes the market of engineering
materials and extend its use in most of the engineering
applications'®. Nowadays, metal matrix composites
(MMCs) are attracting attention of the researchers due to
light weight and high strength to weight ratio >9. The
light weighted characteristics, improved mechanical and
thermal properties makes it more preferable over lots of
existing materials "'V, However, the challenges are still
open in its machining area'>'¥. The presence of hard
ceramic reinforcements increases the tool wear and
overall machining cost 19, Still the research is going on
in this field, while lot of work carried out in this field.
Processing of Al/SiC composites by CNC machining has
been done by Manna and Bhattacharyya'”. Taguchi’s
orthogonal array was used to find the desired surface
finish. The effect of process parameters was analyzed
during machining of aluminium MMCs reported by
Ozbenetal'®. The uncoated HX carbide and coated TiN
(K10) tools were used by Kok et al.'” during machining

of Al 2024/A1,03 composite to investigate the life of tool.

While increasing the cutting speed, tool life was reduced.
The processing of Al6061/SiC/Al,O3; hybrid composite

on lathe has been done by Sasimurugan and Palani
kumar 29, The performance measurement like surface
quality regarding process parameters of lathe machine
such as depth, cutting speed and feed was carried out.
They reported the decreasing trend of surface roughness
with the increased cutting speed. Srinivasan et al. 2"
studied the machining behavior of stir cast in-situ
LM25/A1,0; MMC. Response surface methodology
(RSM) technique with desirability approach was
implemented to find the optimized set of process
parameters like depth, feed and cutting speed to evaluate
the effect of surface roughness, cutting forces and tool
life.

Stir casting is preferred in conducting the experiment
due to its simplicity and low cost???%. Natural fibre is
used as reinforcement by few researchers®2%. Other
technique like FSP is also available to prepare the
composite?’??. Draw backs of FSP is given by various
researcher’®3) | Sticking of tool is a common problem
found in FSP technique. The optimization of machine
variables in CNC turning of composites is performed by
Butola et al. 32,

This research article deals with the effect of process
parameters of 16-TC Botliboi CNC machine to get
desired output responses such as MRR, tool flank wear
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and surface finish during the processing of previously
developed A359/B4C/Al,O3 hybrid MMCs. To minimize
the number of experiments response surface mythology
was used to design the experiments. The influence of
selected process parameters on machining is observed.
The novelty of this research work, lie in the fact that only
few studies have been performed related to machining of
hybrid metal matrix composite using these process
parameters.

2. Experimental Procedure

In the present work, CNC lathe SPRINT 16TC made
by BATLIBOI is used for the conventional turning
operation. Fig. 1 shows the SPRINT 16TC-CNC lathe
machine. The coated carbide tool inserts made of TNMG
standards from Kyocera are used for turning purpose.
The standard specification of the tool and its mechanical

i
|16 1]
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I\
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: CHUCK

Fig. 1:

properties are shown in Table 1. Three parameters
namely depth of cut (DC), spindle speed (SS) and feed
rate (FR) are selected as primary process parameters in
the present work. All other technological parameters are
kept constant (Table 2). There are three significant
outputs, been selected which are measured for study
purpose as well as to analyze the turning process for the
machining of hybrid MMCs. These output responses are
(a) surface roughness (SR) (b) material removal rate
(MRR), and (c) wear of cutting tool. To measure surface
roughness, Mitutoyomake (SJ-210) roughness tester was
used as shown in Fig 2. Four independent readings are
taken from equally offset lines parallel to the axis of
rotation. The measurements are done as per ISO 1997
standard while taking the sampling length 0.4 mm with
cut-off value 2.5 um. Mean value of all four readings is
taken for further analysis

CONTROL
PANNEL

TOOL POST -

Sprint 16-TC CNC lathe machine

Table 1. Tool specification

S. No. | Tool Range/Value S. No. | Properties Range/Value
Specification

l. Nose angle 60° 1. Young Modulus 530-700 GPa
2. Nose radius 0.80 mm 2. Shear Modulus 274 GPa
3. Width (S) 4.76 mm 3. Ultimate compressive strength 2.7 GPa
4. Flank (I) 16.50 mm 4. Ultimate tensile strength 344 MPa
5. Diameter (Di) 9.52 mm 5. Bulk modulus 630-655 GPa
6. Melting point 2,785-2,830 °C 6. Poisson’s ratio 0.31
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Fig. 2: Mitutoyomake (SJ-210) roughness tester

In turning operation, MRR was calculated by the
following Egs. (land 2):

_x e —=d=i Kl

MRk $xE

mn® fmin (1)
or

2= Initlal welght — tial welght
B marhining time

gm/min  (Z)

In Eq.1, MRR is the material removal rate in mm?>/min,
d is the final diameter in mm, D is the initial diameter in
mm, | is the machining length in mm, and t is the

machining time in a minute. In the present work, MRR is
intended by recording the machining time during each
experiment and then applying Eqs. (1and 2). Tool wear is
an undesirable phenomenon. In this work, an optical
microscope is used to analyse the flank wear after each
experiment. Table 3 shows the process parameter ranges
and their level of design considered during turning
operation. Three levels of machining parameters are
selected to cover the full range of machining. A
cylindrical rotating work piece of selected hybrid MMC
(A359 + 2% B4C + 2% AlO3) of diameter 20 mm is
used for turning purpose. In this experiment, turning
length (10 mm) is kept same, and 2 mm gap is provided
between each machining to distinguish and identify
different experiments. Fig 3 shows the turning operation.

Table 2. Parameters of CNC lathe turning

Parameters Values

Workpiece diameter (mm) 20

Coolant type Bizolgrenvo (German lubricants)
Tool insert carbide

Tool type TNMG (Kyocera)

Table 3. Process parameters used in CNC turning and their level of design

S. No. Parameters Symbol Level of design
-1 0 +1
1 Rotational speed (N) (rpm) A 200 400 600
2 Feed rate (f) (mm/rev) B 0.025 0.05 0.075
3 Depth of Cut (d) (mm) C 0.2 0.4 0.6
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Fig. 3: Turning mechanism and machining zone

The experimental work 1is based on RSM
Box-Behnken design performed by Minitab 17 software.
All three process parameters were analyzed separately to
evaluate the effect of process parameters.

3. Result and Discussion

Table 4 illustrates the experimental plan and the value
of observed responses. Analysis of variance (ANOVA)
was employed to get the effect of individual process
parameters, their percentage contribution and their
interaction effects. Through ANOVA results (Table 5), it
is clear that the p-values for all desired outputs namely
surface roughness, MRR and tool flank wear are less
than 0.05 and there is an insignificant lack of fit for each
response. ANOVA results depicted that the given set of

process parameters and their range are significantly
affected the out-put responses. While comparing the
calculated F-values with the standard table (F-table,
0.05), it is found that at the given set of degree of
freedom the standard F-values (6.61) is lower for that
process parameters which have p-values less than 0.05. It
is desirable for significant process parameters. From the
table, the R? value for surface roughness, MRR and tool
flank wear are 99.73%, 97.87% and 99.89% respectively
which are nearly equal to 1. It leads to an error-proof
regression equations. The developed regression equation
for the response variables viz., in terms of actual value of
the input variables for surface roughness, MRR and tool
flank wear are shown in the Eq. 3 to 5. Similar results
were obtained by other researchers 3339,

Table 4. Experimental design in CNC turning and output responses

Rotational Feed rate  Depth of cut Surface roughness
Run MRR Tool flank wear
speed (N) (Fr) (DO) (Ra)
Order (mm?3/min) (um)
(rpm) (mm/rev) (mm) (nm)
1 400 0.05 0.4 1.548 476.71 318.25
2 600 0.025 0.4 1.158 164.88 312.25
3 200 0.05 0.2 2.125 122.37 105.42
4 400 0.075 0.6 1.946 843.88 465.36
5 200 0.025 0.4 2.374 122.13 285.74
6 600 0.05 0.2 1.181 311.02 108.25
7 400 0.05 0.4 1.554 461.81 316.42
8 400 0.075 0.2 1.612 373.22 102.24
9 600 0.075 0.4 1.223 985.20 337.64
10 400 0.025 0.2 1.487 118.48 108.25
11 400 0.05 0.4 1.542 434.65 298.83
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12 400 0.025 0.6 1.754 219.60 422.25
13 600 0.05 0.6 1.229 1044.80 466.22
14 200 0.075 0.4 2.424 343.68 297.21
15 200 0.05 0.6 2.579 337.55 412.54

Table 5. ANOVA results in CNC lathe turning

F-Value
Source SS DOF MS F Value (std) p-value
Surface Roughness (SR)
Model 3.118140 9 0.346460  208.994 4.77 <0.0001
Rotational speed 2.774190 | 2.774190 1673.46 6.61 <0.0001
Feed Rate 0.023328 1 0.023328 14.072 6.61 0.0133
Depth of cut 0.152076 1 0.152076 91.736 6.61 0.0002
Rotational speed x Fr 0.000056 1 0.000056 0.034 6.61 0.8611
Rotational speed x DC 0.041209 1 0.041209 24.858 6.61 0.0042
FrxDC 0.001122 1 0.001122 0.677 6.61 0.4481
Residual 0.008289 5 0.001658
Lack of Fit 0.008217 3 0.002739 0.076 541 0.0130
Pure Error 0.000070 2 0.000036
Cor Total 3.126429 14
R-Sqr. =99.73% Adj R-Sqr. =99.26% Pred R-Sqr. 95.79%

Material Removal Rate (MRR)
Model 1266997.32 9 140777.48 25.497 4.77 0.0012
Rotational speed 312121.10 1 312121.10 56.529 6.61 0.0007
Feed Rate 461223.43 1  461223.43 83.533 6.61 0.0003
DC 289083.82 1 289083.82 52.357 6.61 0.0008
Rotational speed x Fr 89633.66 1 89633.66 16.234 6.61 0.0100
Rotational speed x DC 67236.97 1 67236.97 12.177 6.61 0.0175
Feed Rate x DC 34140.29 1 34140.29 6.183 6.61 0.0554
Residual 27607.11 5 5521.42
Lack of Fit 26697.39 3 8899.13 0.020 541 0.0490
Pure Error 909.72 2 454.86
Cor Total 1294604.43 14

R-Sqr. =97.87% Adj R-Sqr. = 94.03% Pred R-Sqr. 91.85%
Tool Flank Wear

Model 233844.46 9  25982.72  496.498 4.77 <0.0001
Rotational speed 1904.99 1 1904.99 36.402 6.61 0.0018
Fr 683.76 1 683.76 13.066 6.61 0.0153
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DC 225190.96 1 225190.96 4303.123 6.61 <0.0001
Rotational speed x Fr 48.44 1 48.44 0.926 6.61 0.3802
Rotational speed x DC 646.43 1 646.43 12.352 6.61 0.0170
Frx DC 603.19 1 603.19 11.526 6.61 0.0194
Residual 261.66 5 52.33

Lack of Fit 31.70 3 10.57 0.092 5.41 0.9578
Pure Error 229.96 2 114.98

Cor Total 234106.12 14

Pred R-Sqr. 99.56%
R-Sqr. = 99.89% Adj R-Sqr. =99.69%

Surface roughness (Ra) = 3.276 - 0.005222 Rotational speed - 12.92 Feed rate + 0.182 Depth of cut + 0.000004
Rotational speed? + 134.4 Feed rate? + 1.694 Depth of cut?+ 0.00075 Rotational speed x Fr + 0.002537 Rotational
speed x DC + 3.35 Fr x Depth of cut 3)

MRR (mm3/min)= 436 - 1.920 Rotational speed - 251 Feed rate -1080 Depth of cut + 0.000142 Rotational speed? -
95112 Feed rate?- 237 Depth of cut? + 29.94 Rotational speed x Feed rate + 3.241 Rotational speed x Depth of cut +
18477 Feed rate x Depth of cut 4)

TWR (um) = -115.2 - 0.0410 Rotational speed - 768 Feed rate +1306.4 Depth of cut - 0.000055 Rotational speed? -
1231 Feed rate? - 896.8 Depth of cut> + 0.696 Rotational speed x Feed rate + 0.3178 Rotational speed x Depth of cut

+ 2456 Feed rate x Depth of cut (5)

In Eq.4, MRR is the material removal rate in mm?>/min, However, the increasing trend of roughness is
in Eq. 5, TWR is the tool wear rate in micro-meter. It is observed with a further increment of the Fr but at a
shown in ANOVA results that all three process slower rate 9. The interaction plot between process
parameters had significantly influenced the SR. Through parameters shows the combined effect of roughness. Fig
response table, the minimum roughness of 1.158 pum is 4 (a) indicates the combined effect of rotational speed
found at rotational speed 600 rpm, Fr 0.025 mm/rev and and depth of cut while keeping feed rate at a constant
DC 0.4 mm. The maximum value of roughness is 2.579 value of 0.05 mm/rev. The response surface seems like

um at rotational speed 200 rpm, DC 0.6 mm and Fr 0.05 flat, which avoids any unusual change of reaction. Both
mm/rev. Fig 4 shows the 3D response graph of the rotational speed and depth of cut significantly affected

surface roughness with respect to process parameters. the rotational speed, while increasing the rotational speed,
Regarding individual process parameters, it was revealed surface roughness decreases. It seems from the response
that while increasing the rotational speed (Fig 4 a), surface that rotational speed changes the roughness value
surface roughness decreases. Usually, the increase of drastically compared to the depth of cut. Fig 4 (b)
rotational speed up to a critical value leads to better illustrates the 3D interaction plot of DC and Fr on the
surface finishing. It is due to the reduction in the size of roughness value at the constant rotational speed of 400
the built-up edge at higher rotational speed ¥ .A larger rpm. It is shown from the response curve that at constant
depth of cut (Fig 4 a) also leads to the reduced surface rotational speed with the increase of DC, roughness
finish because of the increment in the chip value also increases. The response surface also indicates
cross-sectional area and increased cutting forces over the that the middle range of feed rate provides the better
machined surface. The Higher depth of cut may also be surface finishing. Fig 4 (c) depicts that the interaction
accountable for chattering, which is undesirable and graph of rotational speed and feed rate at a constant
increases the roughness value *¥. Feed rate is also a depth of cut of 0.4 mm. It appears from the response
significant parameter. Increasing the feed rate makes surface that SR is influenced by both feed and rotational
helicoids on machined surface and hence increases the speed. Similar type of results were observed by the
roughness value 3%, Variation in feed rate shows (Fig 4b) researchers 33-3% working in this area.

that a small increment in the feed rate up to a critical
value decreases the roughness.
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Surface roughness (um)

200

A: Rotational speed soo

Surface roughness (um)

- 0.075
- 0.065
0.055
0.045
0.035 .
600 0.025 B: Feed rate
Fig. 4 (c)

Fig. 4: Response graph for Surface roughness V/s process

400
A: Rotational speed 500

parameters in CNC lathe turning

In all the experimental run, the maximum MRR of
1044.80 mm?®/min is observed at rotational speed 600
rpm, DC 0.6 mm and Fr 0.05 mm/rev. On the other
hand, minimum MRR of 118.48 mm?®/min is reported at
rotational speed 400 rpm, DC 0.2 mm and Fr 0.025
mm/rev. Fig 5 illustrates the effect of all process
parameters on the MRR. It is indicated from the graphs 5
(a, b, c) that while increasing the rotational speed, Fr and
DC, MRR is increased. It is attributed to the fact that at
higher rotational speed the machining time decreases.
Fig 5 (a) illustrates the influence of depth of cut and

rotational speed, while feed rate is fixed at medium range.

MMR increases with increasing depth of cut while the
impact of rotational speed also pursues the similar trend
but at the lower range of MRR. Fig 5 (b) demonstrates
the influence of depth of cut and feed rate, while keeping
the rotational speed at medium range 400 rpm. It is
observed a slightly curved surface of response between
the parameters. An increasing trend of MRR is seen at
increasing range of parameters. Fig 5 (c) illustrates the
effect of rotational speed and feed rate at a fixed depth of
cut 0.4 mm. The response surface shows the peak value
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0.065
0.4 0.055

C: Depth of cut 03

0.035

45
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Fig. 5 (a)

at a higher feed rate and rotational speed. The response
surface also shows that the rotational speed is more
significant than the feed rate and depth of cut.

Material removal rate

0.065 600

0.055

0.045
B: Feed rate 0.035

0
0,025 200 A: Rotational speed

Fig. 5 (b)
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The lowest tool flank wear of 102.24 pm is found at a
1000 rotational speed of 400 rpm, depth of cut 0.2 mm and
feed rate 0.075 mm/rev. Whereas, maximum flank wear
of 466.22 pm is found at a rotational speed of 600 rpm,
depth of cut 0.6 mm and feed rate 0.05 mm/rev. Fig 6
illustrates the 3D surface plots of the response variables
i.e. tool flank wear on process parameters. The influence
of individual process variables on tool flank wear
revealed that while increasing the rotational speed, depth
of cut and feed rate, flank wear also increases. It is
attributed because at high rotational speed, the tool is
subjected high contact stress and high temperature.
Another reason for tool flank wear is the presence of
hard reinforcement content in the MMC work piece
which increase the abrasive wear of tool. In the case of

Fig. 5 (¢) MMCs, the combined effect of thermal, mechanical and
Fig. 5: Response graph for MRR V/s process parameters in abrasive wear of tool leads to the more substantial flank

CNC lathe turning wear.

Material removal rate

600

0.045 400
B: Feed rate 0.035

300 .
0.025 200 A: Rotational speed

Tool flank wear

Tod flank wear
N
=}
o

0.025
0.6

0.045

0.055 0.4

B: Feed rate

0.4

C: Depthofcut 03 C: Depth of cut
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02”200 A: Rotational speed

Fig. 6 (a) Fig. 6 (b)

Tool flank wear
N
o
o
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0.035\
200
0.045

55
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0.0
B: Feed rate 400

Fig. 6 (¢)

Fig. 6: Response graph for tool flank wear Vs process parameters in CNC lathe turning
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Fig. 6 (a) shows the response surface plots between DC
and rotational speed at fixed value 0.05 mm/rev of feed
rate. It was noted from the graph that flank wear
increases by the increasing the DC. Fig. 6 (b) shows the
interaction response between Fr and DC at a fixed
rotational speed of 400 rpm. The response surfaces
shows that at fixed rotational speed, depth of cut and
feed rate both have a significant effect on tool flank wear.
Fig. 6 (c) shows the response surface between feed rate
and rotational speed at a fixed depth of cut. It can be
stated from the graph that rotational speed and feed rate
both have increasing trends of flank wear. However,
From the F values in ANOVA table, it can be states that
the contribution of rotational speed is more than feed rate.
Hence, the tool flank wear is profoundly affected by
rotational speed as well as DC and Fr. Fig. 7 (a, b) shows
the images of tool wear before and after turning
operation.

The combined optimum response of the machining is
still a difficult task. Here an attempt is applied to

investigate the suitable value of process variables to get
an overall optimized response using composite
desirability approach. In the present investigation, the
objective is to minimize SR, tool flank wear and
maximize the MRR. The optimum responses outcomes
regarding a set of process parameters are shown in Fig 8.
The graph shows that the composite attraction to get
optimized responses is model. The SR, MRR and tool
flank wear values were measured as 1.324 um, 619.018
mm?>/min and 176.73 um, 76.77%, and it can be found at
rotational speed 600 rpm, DC 0.2444 mm, and Fr 0.075
mm/rev. At this composite desirability value, the
minimum SR, maximum MRR and minimum tool flank
wear is predicted as 1.2633 um, 665.018 mm’/min and
164.73 um, respectively. The individual desirability of
surface roughness, MRR and tool flank wear are 92.59 %,
59.01% and 82.83%. The confirmation test was done to
ensure the validity of the forecasted values respectively.
Therefore, it can be stated that the results are almost
close enough to the desired values.

Flank Face

Rack Face

A wm

il sy AL

Fig. 7: Tool insert (a) before turning (b) after turning
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3.

1)

2)

Optimal Rotation
. High 600.0

== @777 Cur [600.0]

Predict Low 200.0

Composite
Desirability
D: 0.7677

Tool fla
Minimum
y = 164.7346
d = 0.82830

Feed rat Depth of
0.0750 0.60
[0.0750] [0.2444]
0.0250 0.20

MRR
Maximum
y = 665.0189
d = 0.59001

Surface
Minimum
y = 1.2633
d = 0.92590

Fig. 8: Composite desirability for optimized responses in CNC lathe turning

Conclusion

It has been concluded that the machining of hybrid
MMCs through CNC machined was successfully done.
The experimental results found that the values of
optimized SR and MRR are depends on the process
parameters and their suitable range of machining. The
lowest range of surface roughness lies between 1.15
pm to 2.58 um and is observed for CNC lathe turning.
However, it was required to change the tool insert in
each experiment to get the similar surface finish. It
may be noted that the depth of cut was kept low. At a
higher depth of cut (approx. 1 mm), tool insert is
subject to high cutting forces with high thermal and
mechanical loading which leads to the breakage or
rapid flank wear of the tool insert. The maximum and
minimum MRR in the case of CNC lathe turning is
found 11848 mm*min and 1044.8 mm’/min,
respectively. It is observed that CNC lathe provides
better surface finishing but at high tool wear. The tool
flank wear of 466.22 pum is observed at maximum
MMR (1044.8 mm?/min) and corresponding surface
roughness of 1.22pm.
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