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Abstract —in this study effect of cutting parameters on thrust force, surface roughness and circularity are investigated
during drilling of INCONEL 625 on VMC. For experiment cutting speed (10m/min,12.5 m/min and 17.5 m/min), feed rate
(0.05 mm/rev, 0.075mm/rev and 0.1 mm/rev) and different twist drill(HSS, Uncoated solid carbide tool and TiAIN coated
solid carbide tool) of 5mm diameter are used as parameter. For experiments full factorial experimental design is used.
ANOVA is employed to determine most significant control factor affecting the thrust force, surface roughness and
circularity. S/N ratio is employed to determine the optimum combination of the control factor. From the result it is
concluded that TiAIN coated tool lead all other tools for all responses.HSS gives better result than uncoated solid
carbide tool for surface roughness. It is observed that surface roughness and thrust force value improves with increase in
cutting speed and decrease in feed rate. Furthermore circularity deteriorates with increase in cutting speed and feed rate
both. For thrust force cutting speed is most significant parameter while for surface roughness and circularity tool and
feed rate is significant parameters respectively. The empirical relation between parameters and responses are developed
using multiple regression analysis.

Keywords-INCONEL 625, Full Factorial Design, S/N ratio, ANOVA, Multiple Regression Analysis

. INTRODUCTION

Nickel-base super alloy Inconel 625 is a high-temperature, precipitate-hardening super alloy. Alloy 625 is produced
by vacuum induction melting or by Argon Oxygen Decarburization (AOD) refining. It derive its strength from solution
hardening, work hardening and precipitate hardening. Because of its excellent mechanical properties at low and
intermediate temperatures (-250 to 7000C), it has been widely applied in recent years in aerospace, petroleum
and nuclear energy industries. The outstanding and versatile corrosion resistance of INCONEL alloy 625 under a wide
range of temperatures and pressures is a primary reason for its wide acceptance in the chemical processing field. The
alloy has outstanding strength and toughness at temperatures ranging from cryogenic to elevated temperatures in the
range of 2 000°F (1 093 °C). The properties of INCONEL alloy 625 that make it an excellent choice for sea-water
applications are freedom from local attack (pitting and crevice corrosion), high corrosion-fatigue strength, high tensile
strength, and resistance to chloride-ion stress-corrosion cracking[E1][18].

Drilling operation is the most important conventional machining process. Drilling problems can account to expensive
production waste because many drilling operation are usually among the final stages in manufacturing a part. With
regard to the quality characteristics of drilled parts, some of the problems encountered include temperature, Thrust force,
Torque, Surface roughness, Burr height, Power, Material removal rate, among these characteristics, surface roughness
and circularity play the most important roles in the performance of a drilled part. In order to improve machining
efficiency, reduce the machining cost, and improve the quality of machined parts, it is necessary to select the most
appropriate machining conditions. Cutting speed, feed rate, point angle, drill work piece material, drill tool type and
coolant conditions are the drilling parameters which highly affect the performance measures.

1. MATERIAL AND METHODS
Experimental Study
The experiment was conducted on three different INCONEL 625 plate of dimension 100 mm X 40 mm X 6mm at
CHANDUBHAI S PATEL INSTITUTE OF TECHNOLOGY, GUJARAT on JYOTI make VMC. The chemical
composition of Inconel 625 is shown in table-1.Twist drill used was of 5mm diameter having 135° point angle with
cutting fluid. The cutting parameters are shown in table-2.

Table 1 Chemical Composition of INCONEL 625[E1]
Ni Cr Fe Mo Nb C | Mn Si P S Al Ti Co
58.0 5.0 0.10 | 0.50 | 0.50 | 0.015 | 0.015 | 0.40 | 0.40 | 1.0
20.0-23.0 8.0-10.0 | 3.15-4.15
min max max | max | max [ max | max | max [ max | max
Table-2 Proposed Ranges of cutting parameter [14] [18] [E3] [E4] [E5] [E6]
SR. DRILL TOOL FEED RATE (mm/rev) [ CUTTING SPEED (m/min)
NO. A B C
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1 HSS drill tool 0.05 10
2 Uncoatedsolidcarbide drill tool 0.075 125
3 TiAIN coatedsolidcarbide drill tool 0.1 175

2.2 Measurement of thrust force
Thrust force is required to be measured due to it is having significant effect on surface roughness and circularity as well.
In order to measure thrust force KRISTLER make 4-COMPONENT DRILL DYNAMOMETER was mounted on VMC.

It had provided continuous reading of thrust force among which maximum value was used for analysis

Figure- 1 VM C and Dynamo meter

2.3 Measurement of surface roughness

Due to application of INCONEL 625 in aerospace industry fatigue life become matter of concern. Surface roughness has
significant effect on the fatigue life of component. So the surface roughness is quite important response to measure, in
order to investigate effect of the cutting parameters on the material of a machined surface. With this regard, the average
surface-roughness value(R) in pum was measured using SURFTEST SV-2100 HIGH PRECISION SURFACE
ROUGHNESS TESTER. The measurement was taken along the axis of hole.

Figure- 2 Surface Roughness Tester

2.4 Measurement of circularity
The drilling process is widely used to assemble and fixing parts of materials and making internal threads. The quality of

the hole is much affected by the machining setup, machining parameter and tool geometry. Circularity is the most
important characteristics of any drilled holes in drilling process. In order to investigate the effect of cutting parameter on
the quality of hole, circularity is measured using MITUTOYO make MANUAL VISION MEASURING SYSTEM (3D
microscope). To get good reading accuracy minimum 140 point were selected to calculate average circularity value.
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Figure-3 3D Microscope

. RESULT AND DISCUSSION
3.1 Analysis of Signal- to- Noise (S/N) ratio

The term signal represents the desirable value (mean) for the output characteristic and the term noise represents the
undesirable value (deviation, SD) for the output characteristic. Therefore the S/N ratio is the ratio of the mean to the SD.
The S/N ratio is used to measure the quality characteristic deviating from the desired value. Full-factorial design chooses
to calculate the signal-to-noise ratio for finding effective parameter for desire response value. The S/N ratio is useful in
identifying the significant factors. There are several S/N ratios available, depending on the type of the characteristic;
lower the better, nominal is best and higher the better. The lower the better characteristic is selected, since lowest value
for surface roughness, thrust force and circularity is desirable for product quality. The equation for smaller the better is
given below

1 oy 2
MsD = [ B ]
@)
Where the Y1, Y,... Yy are the response.
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Figure-4 Main effect plot for S/N ratio for Thrust Force Figure-5 Main effect plot for S/N ratio for Circularity

Figure 4,5,6 shows the main effect plot for S/N ration for thrust force, circularity and surface roughness. Table 3,4,5
shows total responses for S/N ration for thrust force, circularity and surface roughness.Highest sum of S/N ratio for
differnet level for factors gives the most significant level for concern factor. From ther graph it is evident that thrust force
increases with increase in feed rate from 0.05 mm/rev to 0.1 mm/rev whereas thrust force decreases with increase in
cutting speed from 10 m/min to 17.5 m/min.For surface roughnest, surface roughness value increases with increase in
feed rate from 0.05 mm/rev to 0.1 mm/rev whereas value decreases with increase in cuttting speed from 10 m/min to 17.5
m/min.For circularity, circularity value increases with increase in feed rate from 0.05 mm/rev to 0.1 mm/rev and cuttting
speed from 10 m/min to 17.5 m/min.From the graph it is observed that for all the responses TiAIN coated solid carbide
tool give better results than uncoated solid carbide tool and HSS tool.
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Main Effects Plot for SN ratios
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Figure-6 Main effect plot for S/N ratio for Surface Roughness

Table-3 Total Responses for Signal-to-Noise ratio for Thrust Force

Factor Drill Tool Feed Rate Cutting Speed
Level Sa Se Sc
1 -510.53 -506.96 -510.39
2 -509.07 -510.12 -509.39
3 -508.03 -510.55 -507.84
RANK 3 1 2
DELTA 2.5011 3.5901 2.5541

Table-4 Total Responses for Signal-to-Noise ratio

for Circularity

Factor Drill Tool Feed Rate Cutting S peed
Lewel Sa Sg Sc
1 181.5650 184.4961 186.0067
2 181.1142 181.5357 183.9056
3 182.25568 178.9031 175.0226
RANK 3.0000 2.0000 1.0000
DELTA 1.1415 5.5930 10.9841

Table-5 Total Responses for Signal-to-Noise ratio for Surface Roughness

Factor Drill Tool Feed Rate Cutting S peed
Lewel Sa Sg Sc
1 9.0280 16.1970 7.2678
2 6.6322 8.6975 9.9892
3 16.8929961 9.5834 16.1469
RANK 1 2 3
DELTA 10.2608 7.4995 8.8790

For thrust force highest sumof S/N ratio for different level is available at 0.05 mm/rev feed rate and 17.5 m/min cutting
speed with TIiAIN coated carbide tool combination. For circularity highest sumof S/N ratio for different level is available
at 0.05 mm/rev feed rate and 10 m/min cutting speed with TiAIN coated carbide tool and for surface roughness highest
sumof S/N ratio for different level is available at 0.05 mm/rev feed rate and 17.5 m/min cutting speed with TiAIN coated
carbide tool. As smaller-the-better was selected for thrust, surface roughness and circularity the lowest values at all levels
were evaluated to determine the optimal combination of cutting tool, cutting speed and feed rate. Therefore, the optimum
combination available for thrust force is As-B,-Cs, for surface roughness As-B;-C; and for circu larity As-B;-C;.
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3.2 ANOVA method

3.3

Analysis of variance will be the predominant statistical method used to interpret experimental data and make the
necessary decisions as this method is the most objective. The purpose of ANOVA was to investigate which drilling

parameters significantly affected the performance characteristics. The experimental plan undertaken was evaluated at
confidence level of 95%.

Table -6 % of contribution of factor towards response for Thrust Force

Factor S df \% F %
A 1947.11 2 973.55 0.244658 22.35648
B 2009.93 2 1004.97 0.252552 23.07782
C 4752.32 2 2376.16 0.597138 54.56568
Error 0 0 - - -
Total 8709.6444 8 4752.60 - -
Pooled 1947.11 2 973.55 - -
Table-7 % of contribution of factor towards response for Surface Roughness
Factor S df \Y% F %
A 0.059841 2 0.029920 1.319531 39.960386
B 0.046012 2 0.0230059 1.014597 30.725819
C 0.043897 2 0.0219487 0.967970 29.313795
Error 0 0 - - -
Total 0.149750 6 0.074875 - -
Pooled 0.043897 2 0.0219487 -
Table-8 % of contribution of factor towards response for circularity
Factor S df \Y, F %
A 0.0000103 2 0.0000051 0.019010 0.828541
B 0.0009980 2 0.0004990 1.846171 80.466061
C 0.0002320 2 0.0001160 0.429167 18.705398
Error 0 0 - - -
Total 0.0012402 6 0.0006201 - -
Pooled 0.0000103 2 0.0000051 - -

ANOVA values of experimental results for the surface roughness, thrust force and circularity are shown in table 6, 7, 8.
The significance of control factors in ANOVA is determined by comparing F values of each control factor. For thrust
force, control factors A, B and C have 22.35%, 23.07% and 54.56% contribution respectively. For surface roughness,
control factors A, B and C have 39.96%), 30.72% and 29.31% contribution respectively. For circularity, control factors A,
B and C have 0.82%, 80.46% and 18.70% contribution respectively. In general for thrust force cutting speed is most
significant factor whereas for surface roughness and circularity drill tool and feed rate is most significant parameters
respectively.

Multiple Regression Analysis

Mathematical models based on cutting parameters, such as drill tool, cutting speed and feed rate were obtained from
regression analysis using MINITAB 16.1 statistical software to predict surface roughness, thrust force and circularity.
The model equation is as follows for each response.
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Multiple Regression for Thrust Force
Model Equations Report

X1: Feed mm/rev X2: Cutting Spee X3: Drill tool

Drill tool Final Equations
HSS Thrust Force = 727.2 + 821 X1 - 10.08 X2 - 17887 X112 + 134.4 X1*X2
TiAIN Coated Solid C Thrust Force = 707.9 + 1928 X1 -16.01 X2 - 17887 X142 + 134.4 X1*X2
Uncoated Soldi Carbi Thrust Force = 689.5 + 1644 X1 -12.42 X2 - 17887 X142 + 134.4 X1*X2

Multiple Regression for Surface Roug
Model Equations Report

X1: Feed mmyrev X2: Cutting Spee X3: Drill tool

Drill tool Final Equations
HSS Surface Roughn = 0.9157 + 1.940 X1 - 0.01324 X2
TiAlN Coated Solid C  Surface Roughn = 0.8393 + 1.940 X1 - 0.01324 X2
Uncoated Soldi Carbi  Surface Roughn = 0.9523 + 1.940 X1 - 0.01324 X2

Multiple Regression for Circularity
Model Equations Report

X1: Feed mm/rev X2: Cutting Spee X3: Drill tool

Drill tool Final Equations
HSS Circularity = 0.0763 - 0.112 X1 + 0.000526 X2 + 0.02348 X1*X2
TiAIN Coated Solid C Circularity = 0.0852 + 0.006 X1 - 0.000944 X2 + 0.02348 X1*X2
Uncoated Soldi Carbi Circularity = 0.0950 - 0.288 X1 + 0.000235 X2 + 0.02348 X1*X2

Statistically obtained linear relationship between response and parameters are statistically significant. Theoretical value
obtained from this relationship varies only by 2 to 3% maximum.

V. CONCLUSION
Based on experiment conducted on INCONEL 625 and analysis done for the results obtained, following conclusion is
derived.
For Thrust Force TiAIN coated solid carbide tool was proved to be best while for feed it was increased with increase in
feed rate. On the contrary, for cutting speed it was decreased with increase in cutting speed.
For Surface Roughness TiAIN coated solid carbide tool was proved to be the best but HSS had provided better result than
uncoated solid carbide tool. Surface roughness improved with decrease in feed rate and increase in cutting speed.
For Circularity TiAIN coated solid carbide tool was proved to be best though tool material have very little contribution in
the result. Circularity value increases with increase in both feed rate and cutting speed. Feed has very high influence on
circularity.
Based on ANOVA, most significant factor for thrust force is Cutting Speed which has 54.56% contribution. For Surface
Roughness most significant factor is tool material which has contribution of 39.96% and for circularity feed rate is most
significant factor has highest contribution of 80.46%.
Based on S/N ratio, optimum parameter combination for thrust force is A3-B1-C3, For Surface Roughness optimum

parameter combination is A3-B1-C3 and for Circu larity optimum parameter combination is A3-B1-C1.

In general TiAIN coated solid carbide tool is leading the other tool material for all responses. Lowest level Feed rate
is leading the other levels for all responses. Whereas for cutting speed, highest level is lead ing the other levels for Thrust
Force and Surface Roughness while lowest level of cutting speed is leading the other levels for Circularity.
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