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Abstract

CNC milling is a widely used material removal technology in the manufacturing industry. CNC
milling can be used for removing extra materials, profiling, slot making, and, in many cases, it
could also be used for drilling operations. There were various process parameters that were
involved during the milling operation, and these parameters can affect the surface quality of the
products as well as their production cost. The objective of this work is to perform parametric
optimization based on the different responses. The process parameters like spindle speed, cutting
velocity, tool path technology, and overlapping percentage of cutting tool, whereas the responses
such as surface roughness, flatness, parallelism, material removal rate (MRR) by weight, and
machining time have been taken for this work. The analysis result has been taken from 27
experiments designed using Box-Behnken Design under RSM, and the experiments have been
conducted on a micro-CNC milling machine. The results were used in RSM for the analysis and
were used by the RSM optimizer to determine the optimal cutting condition based on the responses.
The RSM optimizer predicted the optimal parameters condition (spindle speed, cutting velocity,
tool path technology, and overlapping percentage of cutting tool) for the best response. Surface
roughness 5.07%, flatness 2.5%, parallelism 12.12%, MRR 0.3%, and machining time 0.6% show
very close deviations from the predicted value in the validation test.



Sammendrag

CNC maskinering er en materiellfjernings teknologi som er brukt til stor grad 1 dagens
produksjonsindustri. CNC fresing kan bli brukt for a fjerne overskuddsmateriale, frese profiler og
spor, og i mange situasjoner drilling. Det var en rekke prosessparametere som var involvert i
maskineringen, og disse parameterne kan ha innvirkning pa kvaliteten av overflata til produktet,
samt den endelige produksjonskostnaden. Malet med dette prosjektet er a utfore parametrisk
optimalisering basert pd hvordan materialet svarer til ulike freseparametere. Parametere som
spindelhastighet, kutthastighet, verktaybaneteknologi og overlapp-prosent av freseverkteyet, hvor
responsen fra parametere som overflateujevnheter, flathet, parallellisme,
materialfjerningshastighet (MRR) i vekt, samt fresetid har vart fokus i dette prosjektet.
Analyseresultatene kommer fra malinger tatt fra 27 forsek designet ved hjelp av Box-Behnken
Design under RSM, og eksperimentene ble gjennomfert pd en mikro-CNC fres. Resultatene ble
brukt i «RSM» til analysen, samt i RSM optimalisering for & fastsla hvilke freseforhold som var
mest gunstig basert pd de gitte utfallene. RSM optimaliseringen foreslo parametertilstander
(spindelhastighet, kutthastighet, verktoybaneteknologi og mengde overlapp pa kutthodet) som
kunne gi beste mulige sluttresultat. Overflateruhet 5.07%, flathet 2.5%, parallellisme 12.12%,

MRR 0.3%, og fresetid 0.6% viser veldig sma avvik fra de spddde verdiene i valideringstesten.
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1. Introduction

One of the most popular machining processes, milling involves intricate interactions between the
workpiece and the cutting tools as well as patterns of chip generation. In order to avoid defects in
the end product such as surface flaws, profile errors, damage to the cutting tools, and even damage

to the milling machine itself, it is crucial to choose the milling process settings carefully [1].

Due to increased pressure from global competition, manufacturers must develop ways to boot bot
h efficiency and product quality [2], Efficiency in the use of machining has always been an issue,
and when CNC milling machines are employed, this issue becomes more complicated due to the
high number of process parameters and high initial investment costs [3]. Currently, a lot of work
is being done to increase productivity and machining by taking into account social factors like
worker safety as well as product quality and energy usage. One of the most widely employed
methods among all the efforts was parametric optimization, which involved conducting a task

using the optimal machining settings to produce a better-quality result.

Since milling is a material removal process, the product's surface quality always plays a significant
part in the milling operation since certain features may determine both the output of the machined
product and its production cost. Similarly, flatness and parallelism play a significant part when
higher precision is required in the finished product, MRR and machining time play a significant
role in milling operations because they affect the overall machining run time, which is directly

related to production costs.

There are various parameters used in milling operation but out of all these the parameters such as
cutting velocity, spindle speed, tool path technology and tool overlapping percentage act as a major

influencer on the surface quality of the products as well as its productivity and the production time.

In the past, the machining parameters were chosen by trial and error, which is time-consuming,
not very cost-efficient, and always requires highly competent and experienced operators. The
chosen parameters were also only effective for a limited number of operations. This demonstrates
the significance of optimizing the machining process parameters for improved product accuracy

and increased productivity.



To solve the problem of optimization several methods were proposed, the methods like factorial
design, Taguchi method, response surface methodology etc, were the most common methods that
were used. With the help of these methods, design of experiment was prepared by including the
different process parameters with their levels to conduct the experiment and further the prediction

and optimization of that process were carried out with respect to the response characteristic.

RSM is one of the most commonly used methods for the optimization of multiple response, it is a
synergy of statistical, mathematical and analytical which identify the synchronous effects of

several design variables on the overall system performance [4].

The present study includes studies of end milling process parameters to get better surface quality
with higher MRR by weight and less machining time to make the CNC end milling process more
sustainable. The responses, surface roughness, flatness, and parallelism are treated as quality
indicators, whereas the MRR and machining time are treated as indicators for productivity and
production cost. The product that has been machined is the mobile back cover. The product is used

in the CP factory for the process demonstration.

1.1. Thesis structure

There are 6 chapters in this thesis.

The first chapter is an introduction to the research, with a motivation for using various process
parameters and different response parameters to conduct multi-objective optimization of CNC

milling in order to make the milling process more sustainable.

The second chapter is for literature review, to get the state-of-the-art in the study area and to find

possible research gaps.

The third chapter presents the experimental procedure, which includes material, machining

process, process and response parameters, test methods, and analysis and optimization tools.

The fourth chapter is a result and discussion, which presents the result in the form of a response

and their analysis and optimization with validation.



The fifth chapter is where the conclusion of the overall thesis has been made.

The sixth chapter is for future scope, where the few new ideas related to this work have been

pointed out.

Literature Study

h J

Pointing Research Gap

!

Experiment Preparation

h 4

Conduct Experiment

h 4

Conduct Testing/ Data
Collection

h J

Analysis on Minitab Software

h 4

R SM Optimization on Minitab
Software

h 4

Validation of Result

Figure 1.1:1: Structure of thesis



2. Literature study

To get the proper insight and current development of the selected study area a small literature
search and review has been carried out by following some general literature review guidelines.
The time frame for the literature study has been kept between 2010 to January 2022. After
shortlisting the relevant studies, all the data were kept in data matrix so that the result from the
literature could be clearer to understand. The search of the articles has been caried out on Google
scholar database. The given below steps are the general steps that were taken in account to get

relevant source for the study:

Record Identified through Google Scholar Database search in the time frame
of (2010- January 2022)
N= 8160

Excluding the Duplicate Studies on
EndMote software
N=T23

¥

Screening

h

After Duplicate removed
N= 7437

Found irrelevant studies like CNC
Turning, Manual Milling, EDM after
Eligibility scanr]ing the title and abstr_act of the
# studies. and also few studies don't
have full access.

h

N=T174
Fully accessed studies for the eligibility
N= 263
Include Did not meet the proper
¥ inclusion criteria
N= 184
v

Total number of studies included
N=T9

Figure 1.1:1: Summary of data collection



2.1. Identification

This is the first stage, where the literature was searched on the Google Scholar database. While
searching, keywords such as "multi-objective optimization," "prediction model," "CNC," "CNC

Milling Machine," "Surface Roughness," have been used. The search gave a total of 8160 hits.

2.2. Screening and Eligibility

At this stage, first the duplicate papers were removed with the help of EndNote software, and then
a rapid study of the titles and abstracts of the articles was carried out. After this, a total of 263

articles were selected for further processing.

2.3. Final includes

At this stage, all the selected articles from the previous stage were studied thoroughly, focusing
more on the experimental part, the analysis part, and the model used for prediction and

optimization. After this, a total of 79 articles were included in the literature review study.
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2.5. Synthesis
2.5.1. Year wise study

The line chat below presents the record of the number of studies published in the respective
year. It can also show the trend of this study area showing significant growth between 2016 to
2019. In 2017, there were the highest number of studies done on the multi-objective parameter
optimization of CNC milling with 15 studies done out of 79, whereas there was no most

relevant study performed in 2012.

No. of articles published with respect to Year

15

= = = =
o N H D

No. of Article
(o)

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

Figure 2.5:1 year wise publication

2.5.2. Milling type

The type of milling used is also an important consideration in milling operations. There were
various types of milling done according to the requirements, but out of all these, end milling
and face milling are the most widely used milling techniques. And the synthesis of data from
the data matrix proves the same. In 60 out of 78 studies, the experiment was performed using
the end milling technique followed by face milling. In some studies, the authors used two
different techniques in their experiments. whereas disk milling has been used in just one study

out of 79 studies.
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Figure 2.5:2 Milling Type
2.5.3. Workpiece material

When it comes to the workpiece material, the majority of the studies were conducted on
aluminum alloy and steel. 29 studies had used aluminum alloy, while 26 studies had used steel.
Out of 79 studies, brass was used in one study. Brass has good machinability properties and is
widely used in the manufacturing domain. The very limited use of brass as a workpiece for the
CNC milling process has given one motivation to carry out the experiment for this study on

brass.

35

30 2 Materials
26

25
20
15 12

No. of Article

10 6

i :

Aluminium Alloy Steel Ti Alloy Brass composite and
other Alloy

(6]

EXPERIMENT MATERIAL

Figure 2.5:3 Material used in different literature

10



2.54. Process parameter

Process parameters are the parameters that can be controlled and manipulated while performing
the experiment. The majority of the studies have used three or four process parameters in their
experiments. 43 out of 79 studies used three process parameters. The most common parameters
that were found in almost all studies are feed rate, depth of cut, and spindle speed. This
demonstrates that these parameters have a significant impact on the response parameters. very
least, studies have used parameters such as tool path technology and overlapping percentage of
cutting tool (cutting width). From the data matrix, it can be found that only one study out of 79
studies has included cutting width in their process parameters, while two out of 79 studies have
used tool path technology as their process parameters. The small number of studies conducted
while using these two process parameters indicates a type of research gap, and this gap has

been solved in this study.

Process Parameters

50
45 43
40
35
30
25
20
15
10

30

No. of Articles

w
N

TWO THREE FOUR FIVE

No. of Process Parameters

Figure 2.5:4 No. of process parameters

2.5.5. Response parameters

The majority of the studies were conducted using 1 to 3 response parameters. 30 out of 79
studies used 3 different response parameters. And one of the widely used response parameters
was surface roughness. Various other parameters like MRR and cutting force have also been
used in most studies. But there is a lack of various other surface characteristic features in almost
every study. Almost 80.013% of the studies have used surface roughness to illustrate the

surface quality, but still there were various other surface features that could be taken into
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account when referring to the surface quality, features like the flatness of the surface, the
perpendicularity of the surface, as well as the parallelism of the machined surface. To solve
this gap, in this study, five different response parameters have been used: surface roughness,

MRR by weight, machining time, flatness, and parallelism.

No. of Responce parameters Used
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15
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Figure 2.5:5 No. of Response parameters
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3. Experiment Procedure

3.1. Material

The workpiece material used for the experiments is brass alloy. The brass alloy with 2% of

lead which gives a good chips removal as well as its allies with good machinability [84]. The

chemical, mechanical, and physical properties of the material are shown below:

Chemical Properties (%) [84]:

Material | Cu Pb Fe Ni Sn Al Zn Other
Value 58-60 | 1.6-2.5 | 0-0.3 |0-0.3 |0-0.3 |0-0.05 |remaining | 0-0.2

Table 3.1-1 Chemical Properties of Brass alloy

Mechanical Properties /84/:
Tensile strength Yield strength (Mpa) | Elastic modulus (Gpa) | Elongation in two
(Mpa) inches
360 140 108 45

Table 3.1-2 Mechanical Properties of Brass alloy

Physical Properties [84]:

Thermal Expansion
Coefficient [10-6/K]

Electrical Conductivity
[% IACS]

Thermal Conductivity
[W/ (m.K)]

Density [g/cm3]

20.9

24

110

8.46

Table 3.1-3 Physical Properties of Brass alloy

The dimension of the brass alloy plate used in the experiments is 160mm length* 80mm width*

15mm thickness.

Figure 3.1:1 Workpiece
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3.2. Process Parameters

Total 4 different parameters have been chosen to perform the machining. The parameters were
selected after finding some research gap from the literature studies. The parameters are spindle

speed, cutting velocity, overlapping percentage and tool path technology.
3.2.1. Spindle Speed

spindle speed is one of the important parameters used while milling operation. Either the
milling operation is conventional manual mill or CNC mill, spindle speed plays high impact
on the machining performance. It is the speed at which the spindle rotates. The cutting tool is
attached to the spindle, so typically spindle speed is the speed at which the tool rotates during

milling operation. The formula used to find the spindle speed is shown in equation below:

_ V %1000
)

Where, N is the spindle speed in rpm, V is the cutting velocity in meter/minute and D is the

diameter of the cutting tool in mm.
3.2.2. Cutting Velocity

The rate at which the cutting tools moves the material is known as cutting velocity. It is the

movement of cutting tool in X-direction and Y -direction on the workpiece.
3.2.3. Overlapping Percentage

It is a machining parameter in which the milling tool overlap with the mentioned percentage
on the initial machined area. For example, if the diameter of the tool is 12mm and the
overlapping percentage is 50%, then when the tool starts machining, going from X-positive
direction to X-negative direction, at first the tool removes the material according to its real
diameter which is 12mm, but again while returning the tool act like 6mm, the tool only removes
6mm width of material. Figure 3.2:1, illustrate the tool path generated with different
overlapping percentage. Higher the overlapping percentage will be, less the no. of tool path

will be for that respective design.
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3.24. Tool Path Technology

It is a set of coordinates positions which the milling tool can follow throughout the machining
operation [85]. There were various types of different tool path technologies used for specific
machining, but the most common tool path technology used is counter tool path technology.
The various other tool path technology are zigzag, helical, spiral etc. In the figure-3.2:1 , were

the example of different tool path technology that has been used in the experiment.

ZigZag (30% ovelapping) Counter (30% overlapping)

Zigzag (10%
overlapping) Counter (10% overlapping) Spiral (10% overlapping)

sSpiral (30% overlapping)

Figure 3.2:1 Tool Path with Overlapping Percentage

3.3. Specimen 3d design

3.3.1. 3D design
O O
N %
L. —4
— 4

S5

Figure 3.3:1 SolidWorks 3D Design of Specimen

The 3D model used in this study has been provided by the Festo. The product is a mobile

cover which is used in cyber physical factory for the process demonstration.
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3.3.2. SolidCam

This software is used as a post processor. The reason behind using SolidCam is because it gives
flexibility to modify the parameters, such as overlapping percentage and tool path technology.
The G-code is also generated on the SolidCam software. But the G-code generated from
SolidCam needed to be modified so that it can run on NCCAD 9. The G-code for each

experiment is presented in appendix-A.
3.4. Response Surface Methodology (RSM)

Box and Wilson created the Response Surface Methodology (RSM), which is a group of
mathematical and statistical tools whose goal is to evaluate situations using an empirical model
and aims to relate a response to the amount of various input variables or factors that influence
it through suitable experiment design and analysis [86] [87]. The flow chart of step used in
RSM(Box-Behnken design) is presented in the figure 3.4:2

3.4.1. Box-Behnken Design

The experiment for this study was performed using Box-Behnken Design as a response surface
method. The Box-Behnken design (BBD) model is more appropriate for many scientific
applications among the several types of RSM models that have so far been developed because
of its improved accuracy, resilience, dependability, and need for less computing. The BBD
model also has the advantage of maintaining all design points inside the parameters set by the
designer for the chosen design elements. The most general version of the regression equation
that was created during the development of the BBD model to correlate the inputs and outputs
involves individual inputs, an interaction between the inputs, and the square of inputs to
increase the precision of the projected outcomes [88]. These layouts don't rely on full or partial
factorial layouts. The design points are located in the center of the dimension k-1 subareas. For
instance, in the case of three factors, the points are situated at the center of the experimental

domain's edges [89]. Figure 3.4:1 is the example of 3 factor Box-Behnken Design [90].
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Figure 3.4:1 Graphical Representation of 3-factor Box-Behnken Design

The Box-Behnken design required three level for each factor. The three level of each factor for
this current work has been shown in the table 3.4-1. If the nature of relationship between the
response parameter(Y) and the process parameters(X) is known the model is written in the

simple equation [91]:
Y=+ X, + X3+ X, ..+ X,) + €
Where, € is the error related with the response(Y).
Similarly, if we present the response like the below equation [91]:
EV) =X +X, + X3+ X, ...+ X)) +1
Then the representation of the surface will be [91]:
n=WX1+X2+X3+X4...Xn)

And 7, here is the surface response. But in general, the surface response uses the second-order

model which is presented below in the form of equation [91] [92]:

K K
Y= 0+ ZﬁiXH‘ ZﬁiiXi2+ ZZﬁinin‘F €
i=1 i=1 T

Where, Y is the predicted response, [, is the constant coefficient, f; is the linear coefficient,
Bi; is the quadratic coefficient, f5;; is the interaction coefficient whereas, X; and X; is the factors.

The Box-Behnken design for the four factors with three level is given in the table below.
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Run | Block A B C D

1 1 -1 -1 0 0

2 1 1 -1 0 0

3 1 -1 1 0 0

4 1 1 1 0 0

5 1 0 0 -1 -1

6 1 0 0 1 -1

7 1 0 0 -1 1

8 1 0 0 1 1

9 1 -1 0 0 -1

10 1 1 0 0 -1

11 1 -1 0 0 1

12 1 1 0 0 1

13 1 0 -1 -1 0

14 1 0 1 -1 0

15 1 0 -1 1 0

16 1 0 1 1 0

17 1 -1 0 -1 0

18 1 1 0 -1 0

19 1 -1 0 1 0

20 1 1 0 1 0

21 1 0 -1 0 -1

22 1 0 1 0 -1

23 1 0 -1 0 1

24 1 0 1 0 1

25 1 0 0 0 0

26 1 0 0 0 0

27 1 0 0 0 0

Table 3.4-1 Box-Behnken Design
Parameter Lower Range Middle Range Upper Range
(-1 0) (1
Overlapping 10 30 50
percentage (%)
Spindle 1800 2150 2500
speed(rpm)
Cutting velocity 70 80 90
(m/min)
Toolpath Counter Zig-zag Spiral

Table 3.4-2 Parameters with their Range (Level)
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Identifying the important machining parameters and their upper limit and
lower limit

'

Experiment design using Box-Behnken Design on Minitab [€—

l

Performing the experiment as per the design

l

Recording the Experiment result as response parameters

l

Developing the model and calculating the
coefficient

Screening the Variable
Adequacy checking

Obtain the model

l

Confirm the model

Figure 3.4:2 Flow chart of working of Box-Behnken Design

3.4.2. Design of Experiment

Total 27 experiment were performed. With the Minitab software and following Response
Surface methodology (RSM) strategy all the 27 experiments with above mentioned parameters
were generated. The process parameters are arranged like A= Overlapping percentage, B=

Spindle speed, C= Cutting velocity and D= Tool path. The experiments list is presented below:

19



Run No. Overlapping Spindle Speed Cutting Tool Path
percentage Velocity Technology
1 10 1800 80 ZIG-ZAG
2 50 1800 80 ZIG-ZAG
3 10 2500 80 ZIG-ZAG
4 50 2500 80 ZIG-ZAG
5 30 2150 70 COUNTER
6 30 2150 90 COUNTER
7 30 2150 70 SPIRAL
8 30 2150 90 SPIRAL
9 10 2150 80 COUNTER
10 50 2150 80 COUNTER
11 10 2150 80 SPIRAL
12 50 2150 80 SPIRAL
13 30 1800 70 ZIG-ZAG
14 30 2500 70 ZIG-ZAG
15 30 1800 90 ZIG-ZAG
16 30 2500 90 ZIG-ZAG
17 10 2150 70 ZIG-ZAG
18 50 2150 70 ZIG-ZAG
19 10 2150 90 ZIG-ZAG
20 50 2150 90 ZIG-ZAG
21 30 1800 80 COUNTER
22 30 2500 80 COUNTER
23 30 1800 80 SPIRAL
24 30 2500 80 SPIRAL
25 30 2150 80 ZIG-ZAG
26 30 2150 80 ZIG-ZAG
27 30 2150 80 ZIG-ZAG

Table 3.4-3 Experiment Design

3.5. Machining

CNC milling is one of the most common materials removing process used nowadays. This

experiment is performed on a micro milling machine. The general specification of the CNC

milling machine used in this project is given below:

20




Parameters Value

Machine Tag Name Proxxon FF500 CNC
Country of origin Germany

Number of axis 3-axis (X, Y and Z)
Working table dimension 290mm*100mm
Peak Spindle speed 4000 RPM

Software used for controller NCCAD 9 Mill

Table 3.5-1 Specification of micro-CNC milling machine

End milling tool with 12mm tool diameter has been used to machine the flat surface (the surface
that being studied) while 4 mm tool is used to make the extra profile in all 27 experiments. The
machining is carried out to make a mobile back cover. The machining setup is shown in the

figure 3.5:1.

Figure 3.5:1 Machining Setup

The milling bed is of T-slots type and the clamp used for holding the workpiece is step clamps.
The clamp used to hold the tool in the milling machine head is a precision spring collect clamp
for 12mm diameter tool. Milling of brass alloy generally required very less amount of
lubricant/coolant and all the experiment were performed without any lubricant/coolant. The

depth of cut has been kept constant to 0.6mm throughout all the experiments.
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Figure 3.5:2 Machined Specimen

The above image is the surface of mobile back cover which has been studied in this work.

3.6. Response and their Testing
3.6.1. Material Removal Rate (MRR)

To calculate the Material Removal Rate (MRR) by weight. The Initial Weight of the material
and the weight of the material after milling has been noted. The material removal rate by weight

is thus calculated using given formula:

MMR= (Initial weight of workpiece- weight of material after milling)/ Total time taken for
milling
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Experiment No. Initial Weight (gm) Final Weight (gm)
1 1665 1368
2 1648 1366
3 1668 1384
4 1645 1362
5 1642 1368
6 1646 1372
7 1644 1362
8 1640 1356
9 1644 1378
10 1646 1360
11 1638 1360
12 1642 1344
13 1648 1368
14 1656 1376
15 1650 1366
16 1656 1370
17 1654 1372
18 1646 1358
19 1646 1360
20 1642 1358
21 1646 1370
22 1660 1380
23 1642 1362
24 1644 1364
25 1650 1365
26 1654 1370
27 1650 1362

Table 3.6-1 weight of material before and after experiment

3.6.2. Surface Roughness

The arithmetic mean deviation of a profile (Ra) was the most commonly used
parameter, and it was accepted by the majority of standards organizations. Ra is
the arithmetic mean of the absolute value of the distance between the profile and
the baseline within the specific length [92]. A contract profilometer was used to

measure the surface roughness. The profilometer is from a company called Zeiss
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with the tag name of Handysurf E-35B. Figure 3.6:2 portray the measurement

setup of surface roughness using handysurf.

Z 4 Roughness curve f (x) Mean line (phase correct)
\ Center line (2RC)

Ra \

Sampling length (L)

Figure 3.6:1 arithmetic average deviation representation /93]

The handysurf is a contract-based measurement system where the stylus used to travel on the
measuring profile surface. The stylus tip is made up of diamond and the radius if the tip is Sum
with the measuring resolution of 0.0007um [94]. This profilometer only measure the surface
roughness of very small area, but the sample size used for the experiment is large, so to get the
overall surface roughness of the sample, five randomly points was selected and at every point,
consecutive 3 measurement were carried out and then the overall all mean of all the recorded

value of surface roughness was kept as the final surface roughness value of the sample

Figure 3.6:2 Handysurf doing surface measurement

3.6.3. Flatness

Flatness lies under form geometric tolerance, which is the uniformity of the surface, or the
medium plane as required. Flatness cannot be measured by simply placing some gauge or
instrument over the surface. To find the flatness we must have to compare it with a reference

feature parallel to the sample that is to be measure.
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Figure 3.6:3 Reference symbol for flatness /95]. Figure 3.6:4 CMM and its prob

To measure the flatness, Coordinate Measuring Machine (CMM). A virtual reference feature
was created with the help of 3D design of the sample and then with the help of CMM the
sample surface was compared with the 3D design. This gave the variation recorded by the prob

of the CMM and this variation came in the form of tolerance.

Two parallel planes l

/ ’;_1-{«-_- ) T

F

F

#
-

o

Figure 3.6:5 Two parallel planes for comparison [95].

The Coordinate Measuring Machine used in this experiment is from a company named Zeiss,
and the model’s name of the machine is DuraMax. The CMM had been fully calibrated before
the measurement. The calibration was conducted by the Zeiss company’s representative on
May 17th, 2022, and the measurements were performed on May 24th, 2020. The radius of the
probe used in this experiment is 1.5mm. A measurement plan for the flatness was programmed
on the Zeiss Calypso software with a total of 1932 measurement points and an automatically
generated plot. Figure 3.6:6 is the representation of the plot, and the measurements result from
the flatness of Experiment-1. The plots diagram of rest all experiment has been kept in

AppendixB.
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Part name Measurement plan 8
Drawing number

ZEISX
ZEISS CALY Pso Order number 1 Partident 4
BE1E Company NTNU - Gjevik Time/Date  5/24/2022 8:56 AM
Department Additive manufacturing Operator Master
CMM No. 146660 Text

—— Positive peaks
—— Segment 1
Segment 2

O Exireme pont

WWW

Name Measured value  Upper limit Points  Filter type Lc upr  Proberadius  Vmess[mm/sec] Evaluation method

5.6_15) PlatPromea

Q

Flatness1 0.122 0.000 1932 No Filter - - 1.500 15.000 Minimum Feature

Figure 3.6:6 Plot diagram for flatness of experiment 1

3.6.4. Parallelism
parallelism is one of the terms used in geometrical dimensioning and tolerancing which
controls the requirement for two planes or features to be geometric parallel with each other’s,

within some acceptable tolerance. It always required some geometry or reference features to

compare the parallelism with each other’s.

/— // | 0.001 A

Y

A

Figure 3.6:7 Reference symbol of parallelism /96/
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The measurement of parallelism has been carried out by following the same procedures that
were used while measuring the flatness on the CMM. To parallelism in these experiments were

measured by comparing the casted plane and the plane obtained after the machining.

Part name Measurement plan 8
ZEISS CALYPSO Ot :
Order number 1 Partident 4
81 Company NTNU - Gjevik Time/Date  5/24/2022 8:56 AM
Department Additive manufacturing Operator Master
CMM No. 146660 Text

—— Positive peaks
—— Segment |

(i

it
hL ]

6550 o
—
X
8
2 Name Measured value  Upper limit Points  Filter type Le upr  Proberadius  Vmess[mmisec] Evaluation method
i
-]
'-; // Parallelism 1 0.244 0.000 1832 No Filter - - 1500 15.000 LSQ Feature
o
H

Figure 3.6:8 Plot diagram for parallelism for experiment 1

3.6.5. Machining Time

Machining time is the total run time of the CNC milling machine while machining the
workpiece. The time was measure in two different ways. The first way is by using mobile

stopwatch and the second way is to see the machine run time on the controller software.
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4. Result and Discussion

4.1. Material Removal Rate (MRR)

Run No. | Overlapping Spindle Cutting Tool Path MRR
percentage Speed Velocity Technology
1 10 1800 80 ZIG-ZAG 0.2072
2 50 1800 80 ZIG-ZAG 0.1222
3 10 2500 80 ZIG-ZAG 0.2039
4 50 2500 80 ZIG-ZAG 0.1224
5 30 2150 70 COUNTER 0.1363
6 30 2150 90 COUNTER 0.1667
7 30 2150 70 SPIRAL 0.1715
8 30 2150 90 SPIRAL 0.1646
9 10 2150 80 COUNTER 0.1612
10 50 2150 80 COUNTER 0.1133
11 10 2150 80 SPIRAL 0.1764
12 50 2150 80 SPIRAL 0.1137
13 30 1800 70 Z1G-ZAG 0.1471
14 30 2500 70 ZIG-ZAG 0.1473
15 30 1800 90 Z1G-ZAG 0.1865
16 30 2500 90 ZIG-ZAG 0.1876
17 10 2150 70 Z1G-ZAG 0.1802
18 50 2150 70 Z1G-ZAG 0.1114
19 10 2150 90 Z1G-ZAG 0.2281
20 50 2150 90 ZIG-ZAG 0.1382
21 30 1800 80 COUNTER 0.1538
22 30 2500 80 COUNTER 0.1562
23 30 1800 80 SPIRAL 0.1439
24 30 2500 80 SPIRAL 0.144
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25 30 2150 80 Z1G-ZAG 0.1644
26 30 2150 80 ZIG-ZAG 0.1636
27 30 2150 80 Z1G-ZAG 0.1661
Table 4.1-1 Material Removal Rate (gm/sec) for the 27 experiments
4.2. Surface Roughness and Machining Time
Exp. | Overlapping | Spindle | Cutting Tool Path Surface Machining

No. percentage speed Velocity | Technology | Roughness (Ra) Time
(Sec.)
1 10 1800 80 Z1G-ZAG 1.864 1385
2 50 1800 80 ZIG-ZAG 1.62 2308
3 10 2500 80 ZIG-ZAG 1.43 1393
4 50 2500 80 ZIG-ZAG 0.996 2312
5 30 2150 70 COUNTER 1.576 2010
6 30 2150 90 COUNTER 1.316 1644
7 30 2150 70 SPIRAL 1.564 2284
8 30 2150 90 SPIRAL 1.632 1725
9 10 2150 80 COUNTER 1.552 1650
10 50 2150 80 COUNTER 1.436 2525
11 10 2150 80 SPIRAL 1.47 1576
12 50 2150 80 SPIRAL 1.96 2620
13 30 1800 70 ZIG-ZAG 1.008 1904
14 30 2500 70 ZIG-ZAG 0.938 1900
15 30 1800 90 Z1G-ZAG 1.44 1523
16 30 2500 90 Z1G-ZAG 2.402 1524
17 10 2150 70 ZIG-ZAG 1.848 1665
18 50 2150 70 ZIG-ZAG 1.494 2586
19 10 2150 90 Z1G-ZAG 2.106 1254
20 50 2150 90 Z1G-ZAG 1.9 2055
21 30 1800 80 COUNTER 1.608 1795
22 30 2500 80 COUNTER 1.376 1793
23 30 1800 80 SPIRAL 2.21 1945
24 30 2500 80 SPIRAL 1.6 1944
25 30 2150 80 ZIG-ZAG 2.008 1734
26 30 2150 80 ZIG-ZAG 2.015 1736
27 30 2150 80 ZIG-ZAG 1.992 1734

Table 4.2-1 Surface Roughness and Total Machining Time for 27 experiments
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4.3.

Flatness and Parallelism

Exp. | Overlapping | Spindle | Cutting Tool Path Flatness | Parallelism
No. | percentage speed Velocity Technology

1 10 1800 80 Z1G-ZAG 0.122 0.244
2 50 1800 80 ZIG-ZAG 0.072 0.096
3 10 2500 80 ZIG-ZAG 0.104 0.11
4 50 2500 80 ZIG-ZAG 0.053 0.054
5 30 2150 70 COUNTER 0.095 0.118
6 30 2150 90 COUNTER 0.106 0.205
7 30 2150 70 SPIRAL 0.097 0.156
8 30 2150 90 SPIRAL 0.1 0.171
9 10 2150 80 COUNTER 0.134 0.145
10 50 2150 80 COUNTER 0.066 0.114
11 10 2150 80 SPIRAL 0.124 0.217
12 50 2150 80 SPIRAL 0.084 0.236
13 30 1800 70 Z1G-ZAG 0.05 0.06
14 30 2500 70 Z1G-ZAG 0.77 150
15 30 1800 90 Z1G-ZAG 0.061 0.098
16 30 2500 90 ZIG-ZAG 0.058 0.2
17 10 2150 70 ZIG-ZAG 0.082 0.225
18 50 2150 70 Z1G-ZAG 0.052 0.206
19 10 2150 90 Z1G-ZAG 0.083 0.219
20 50 2150 90 Z1G-ZAG 0.057 0.095
21 30 1800 80 COUNTER 0.096 0.131
22 30 2500 80 COUNTER 0.098 0.203
23 30 1800 80 SPIRAL 0.097 0.217
24 30 2500 80 SPIRAL 0.102 0.231
25 30 2150 80 Z1G-ZAG 0.058 0.237
26 30 2150 80 ZIG-ZAG 0.059 0.238
27 30 2150 80 ZIG-ZAG 0.058 0.24

Table 4.3-1 Flatness and Parallelism for 27 experiments




4.4. Surface roughness Vs Overlapping percentage, Spindle speed, cutting
velocity and tool path

The model summary:

S R-sq R-sq(adj) R-sq(pred)
0.373567 51.66% 0.00% 0.00%

Table 4.4-1 Model summary for surface roughness

The value of R-sq is 51.66% which shows the response surface roughness fits 51.66% in the

model. 55.66% of the variability can be observed by the surface roughness.
The ANOVA analysis for surface roughness against process parameters are given below:

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Model 14 1.78949 0.127821 0.92 0.567
Linear 4 0.82010 0.205024 1.47 0.272
overlapping percentage 1 0.06221 0.062208 0.45 0.517
spindle speed 1 0.08467 0.084672 0.61 0.451
cutting velocity 1 0.46729 0.467285 3.35 0.092
tool path 1 0.20593 0.205932 1.48 0.248
Square 4 0.53421 0.133553 0.96 0.465
overlapping percentage*overlapping 1 0.10566 0.105656 0.76 0.401
percentage
spindle speed*spindle speed 1 0.44468 0.444675 3.19 0.100
cutting velocity*cutting velocity 1 0.20751 0.207507 1.49 0.246
tool path*tool path 1 0.18800 0.188000 1.35 0.268
2-Way Interaction 6 0.43518 0.072531 0.52 0.783
overlapping percentage*spindle speed 1 0.00902 0.009025 0.06 0.804
overlapping percentage*cutting velocity 1 0.00548 0.005476 0.04 0.846
overlapping percentage*tool path 1 0.09181 0.091809 0.66 0.433
spindle speed*cutting velocity 1 0.26626 0.266256 1.91 0.192
spindle speed*tool path 1 0.03572 0.035721 0.26 0.622
cutting velocity*tool path 1 0.02690 0.026896 0.19 0.668
Error 12 1.67463 0.139553
Lack-of-Fit 10 1.67435 0.167435 1204.57 0.001
Pure Error 2 0.00028 0.000139
Total 26 3.46412

Table 4.4-2 ANOVA between Surface Roughness and process parameters

According to the model, the Lake-of-fit of overall model after conducting ANOV A analysis is
0.001, which is less than 0.05. This suggests that the model is not statically significant at 95%
of the confidence interval. The overall model is 43.3% true out of 95%, but when going through
the individual parameters' interaction with the surface roughness, the overlapping percentage
is 48.3% true instead of being 95% true, the spindle speed is 54.9% true instead of being 95%
true, the cutting velocity is 90.8% true instead of being 95% true, and the tool path is 75.2%
true instead of being 95% true. This means that the parameters, cutting velocity and tool path,

have higher interaction on the response surface roughness compared to the other two process
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parameters, i.e., overlapping percentage and spindle speed. But going through the square factor,
the ANOV A results show that the square factor of spindle speed (spindle speed* spindle speed)
has a p-value of 0.100 which is 90% true instead of 95% true, which means that the square
factor of spindle speed has a lot of variance over surface roughness when compared to other

process parameter’s square factors.

Similarly, the two-way interaction suggests that the interaction between overlapping
percentage and cutting velocity has more impact on the surface roughness, with the P-value of
0.04 making this interaction statistically significant, followed by the two-way interaction
between overlapping percentage and spindle speed with a P-value of 0.06 (94% true instead of

95%).

The empirical relation between surface roughness (Ra,um) and process parameters is expressed

as follows:

Roughness =-10.1 + 0.0173 overlapping percentage + 0.00420 spindle speed + 0.171 cutting
velocity - 0.17 tool path - 0.000352 overlapping percentage*overlapping percentage -
0.000002 spindle speed*spindle speed - 0.00197 cutting velocity *cutting velocity - 0.188 tool
path*tool path - 0.000007 overlapping percentage*spindle speed + 0.000185 overlapping
percentage*cutting velocity + 0.00758 overlapping percentage*tool path + 0.000074 spindle
speed*cutting velocity - 0.000270 spindle speed*tool path + 0.0082 cutting velocity*tool path

The residual plots shown in the figure4.4:1, state that the residuals follow approximately a
straight line with high number of residuals very close to the line, indicates the normal
distribution of the residual. The residual vs observation plot shows no obvious pattern therefor

there is no violation of the uncorrelated variance in the model.
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Residual Plots for roughness
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Figure 4.4:1 Residual Plots for surface roughness

Pareto Chart of the Standardized Effects
(response is roughness, o = 0.05)
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Figure 4.4:2 Pareto Chart for surface roughness

According to the pareto chart for the response surface roughness, at alpha= 0.05, there is no
any effect that are influencing the surface roughness much because of the process parameters,
but according to the chart, the factor cutting velocity, the square factor of spindle speed and
square factor of spindle speed and cutting velocity have the tendency to cause effect on the

surface roughness.
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4.5.
and tool path

The value of R-sq is 89.33% which shows the response flatness fits 89.33% in the model.

Flatness Vs Overlapping percentage, Spindle speed, cutting velocity

89.33% of the variability can be observed by the flatness.

The Model summary:
S R-sq R-sq(adj) R-sq(pred)
0.0116872 89.33% 76.88% 38.56%

Table 4.5-1 4.5:1 Model summary for Flatness

The ANOVA analysis for surface roughness against process parameters are given below:

Source DF AdjSS AdjMS F-Value P-Value
Model 14 0.013722 0.000980 7.18 0.001
Linear 4 0.005874 0.001468 10.75 0.001
overlapping percentage 1 0.005852 0.005852 42.84 0.000
spindle speed 1 0.000003 0.000003 0.02 0.885
cutting velocity 1.0.000012 0.000012 0.09 0.772
tool path 1 0.000007 0.000007 0.05 0.828
Square 4 0.007405 0.001851 13.55 0.000
overlapping percentage*overlapping 10.001002 0.001002 7.34 0.019
percentage
spindle speed*spindle speed 1 0.000370 0.000370 2.71 0.126
cutting velocity*cutting velocity 1 0.000002 0.000002 0.02 0.897
tool path*tool path 1 0.006333 0.006333 46.36 0.000
2-Way Interaction 6 0.000444 0.000074 0.54 0.768
overlapping percentage*spindle speed 1 0.000000 0.000000 0.00 0.967
overlapping percentage*cutting velocity 1 0.000004 0.000004 0.03 0.867
overlapping percentage*tool path 1 0.000196 0.000196 1.43 0.254
spindle speed*cutting velocity 1 0.000225 0.000225 1.65 0.224
spindle speed*tool path 1 0.000002 0.000002 0.02 0.900
cutting velocity*tool path 1 0.000016 0.000016 0.12 0.738
Error 12 0.001639 0.000137
Lack-of-Fit 10 0.001638 0.000164  491.53 0.002
Pure Error 2 0.000001 0.000000
Total 26 0.015361

Table 4.5-2 ANOVA between the flatness and process parameters

The ANOVA analysis between the flatness and the process parameters shows that the overall
model is statistically significant with a P-value equal to 0.01. Whereas going through the
individual parameters, the overlapping percentage is the most influencing factor for the
flatness, while spindle speed has the least impact on the flatness of the workpiece. The two-

way interaction of the process parameters has very little impact on the flatness. The maximum
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variation in flatness caused by the spindle speed*cutting velocity interaction is 77.6% out of a

95% confidence interval.

The empirical relation between flatness and process parameters is expressed as follows:

Flatness = 0.030 - 0.00348 overlapping percentage - 0.000121 spindle speed + 0.00562 cutting
velocity + 0.0016 tool path + 0.000034 overlapping percentage*overlapping percentage +
0.000000 spindle speed*spindle speed - 0.000007 cutting velocity*cutting velocity + 0.03446
tool path*tool path - 0.000000 overlapping percentage *spindle speed + 0.000005 overlapping
percentage *cutting velocity + 0.000350 overlapping percentage*tool path - 0.000002 spindle
speed*cutting velocity + 0.000002 spindle speed*tool path - 0.000200 cutting velocity*tool

path
Residual Plots for flatness
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Figure 4.5:1 Residual Plots for Flatness

The residual plots shown in the figure 4.5:1, state that the residuals follow approximately a

straight line with high number of residual very close to the line, indicates the normal
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distribution of the residual. The residual vs observation plot shows no obvious pattern therefor

there is no violation of the uncorrelated variance in the model.

Pareto Chart of the Standardized Effects
(response is flatness, a = 0.05)

Term 2179
I
DD | | Factor MName
A overlapping percentage
A | B spindle spead
AA C cutting velocity
T D tool path
BE 1
I
BC !
AD - !
D !
C i
1
D i
1
AC A 1
1
B i
cC i
I
BD i
I
AB i
1
0 1 2 3 4 5 6 7

Standardized Effect

Figure 4.5:2 Pareto Chart for Flatness

According to the pareto chart for the response flatness, at alpha= 0.05, is highly influence by
the square factor of tool path, followed by overlapping percentage and square factor of

overlapping percentage.

4.6. Parallelism Vs Overlapping percentage, Spindle speed, cutting
velocity and tool path

The Model summary:

The value of R-sq is 53.37% which shows the response parallelism fits 53.37% in the model.
53.37% of the variability can be observed by the parallelism.

S R-sq R-sq(adj) R-sq(pred)

0.0610530 53.37% 0.00% 0.00%

Table 4.6-1 Model summary for Parallelism
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The ANOVA analysis for parallelism against process parameters are given below:

Source DF AdjSS AdjMS F-Value P-Value
Model 14 0.051189 0.003656 0.98 0.519
Linear 4 0.020163 0.005041 1.35 0.307
overlapping percentage 1 0.010740 0.010740 2.88 0.115
spindle speed 1 0.000867 0.000867 0.23 0.638
cutting velocity 1 0.000444 0.000444 0.12 0.736
tool path 1 0.008112 0.008112 2.18 0.166
Square 4 0.023356 0.005839 1.57 0.246
overlapping percentage*overlapping 1 0.007138 0.007138 1.91 0.192
percentage
spindle speed*spindle speed 1 0.017608 0.017608 4.72 0.050
cutting velocity*cutting velocity 10.010247 0.010247 2.75 0.123
tool path*tool path 10.001002 0.001002 0.27 0.614
2-Way Interaction 6 0.007670 0.001278 0.34 0.901
overlapping percentage*spindle speed 10.002116 0.002116 0.57 0.466

0.002756 0.002756 0.74 0.407
0.000625 0.000625 0.17 0.689
0.000036 0.000036 0.01 0.923

overlapping percentage*cutting velocity
overlapping percentage*tool path
spindle speed*cutting velocity

[N

spindle speed*tool path 0.000841 0.000841 0.23 0.643
cutting velocity*tool path 1.0.001296 0.001296 0.35 0.566
Error 12 0.044730 0.003727
Lack-of-Fit 10 0.044725 0.004472 1916.78 0.001
Pure Error 2 0.000005 0.000002
Total 26 0.095919

Table 4.6-2 ANOVA between Parallelism and the process parameters

The ANOVA analysis between the parallelism and the process parameters shows that the
overall model is not statistically significant with a P-value equal to 0.519, in other word, the

model is 48.1% true instead of being 95% true.

but when going through the individual parameter’s interaction with the parallelism, the
overlapping percentage is 88.5% true instead of being 95% true, the spindle speed is 36.2%
true instead of being 95% true, the cutting velocity is 26.4% true instead of being 95% true and
the tool path is 83.4% true instead of being 95% true. This signify that the parameter,
overlapping percentage and the tool path has higher interaction on the response parallelism in
compared to the other two process parameters, i.e., cutting velocity and spindle speed. But
going through the square factor, the ANOVA results shows that the square factor of spindle
speed (spindle speed* spindle speed) has the p-value of 0.050 which is 95% true, which portray
that the square factor of spindle speed has lot variance over parallelism when compared to other

process parameter’s square factors.
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The empirical relation between parallelism and process parameters is expressed as follows:

Parallelism = -4.83 + 0.0074 overlapping percentage + 0.00187 spindle speed + 0.0728
cutting velocity + 0.240 tool path - 0.000091 overlapping percentage *overlapping percentage
- 0.000000 spindle speed*spindle speed - 0.000438 cutting velocity *cutting velocity - 0.0137
tool path*tool path + 0.000003 overlapping percentage*spindle speed - 0.000131 overlapping
percentage*cutting velocity + 0.00062 overlapping percentage*tool path + 0.000001 spindle
speed*cutting velocity - 0.000041 spindle speed*tool path - 0.00180 cutting velocity*tool path

Residual Plots for parallelism
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Figure 4.6:1 Residual Plots for Parallelism

The residual plots shown in the figure4.6:1, state that the residuals follow approximately a
straight line with high number of residuals very close to the line, indicates the normal
distribution of the residual. The residual vs observation plot shows no obvious pattern therefor

there is no violation of the uncorrelated variance in the model.
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Term

Pareto Chart of the Standardized Effects
(response is parallelism, a = 0.05)
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Figure 4.6:2 Pareto Chart for Parallelism

According to the pareto chart for the response parallelism, at alpha= 0.05, the square factor of
spindle speed causes some influence in the parallelism, while the other process did not show

any noticeable impact on the response parallelism.

4.7. MMR Vs Overlapping percentage, Spindle speed, cutting velocity and

tool path

The Model summary:

The value of R-sq is 92.96% which shows the response MRR fits 92.96% in the model. 92.96%

of the variability can be observed by the MRR.

2.5

Name

overlapping percentage
spindle speed

cutting velocity

tool path

S

R-sq

R-sq(adj)

R-sq(pred)

0.0115144

92.96%

84.75%

59.50%

Table 4.7-1 Model summary for Material Removal Rate
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The ANOVA analysis for MRR against process parameters are given below:

Source DF AdjSS AdjMS F-Value P-Value
Model 14 0.021008 0.001501 11.32 0.000
Linear 4 0.018523 0.004631 34.93 0.000
overlapping percentage 1 0.015827 0.015827 119.38 0.000
spindle speed 1 0.000000 0.000000 0.00 0.986
cutting velocity 1 0.002637 0.002637 19.89 0.001
tool path 1 0.000059 0.000059 0.44 0.517
Square 4 0.001966 0.000492 3.71 0.035
overlapping percentage*overlapping 1 0.000146 0.000146 1.10 0.315
percentage
spindle speed*spindle speed 1 0.000000 0.000000 0.00 0.960
cutting velocity*cutting velocity 1 0.000172 0.000172 1.30 0.277
tool path*tool path 1 0.001169 0.001169 8.82 0.012
2-Way Interaction 6 0.000518 0.000086 0.65 0.689
overlapping percentage*spindle speed 1 0.000003 0.000003 0.02 0.882
overlapping percentage*cutting velocity 1.0.000111 0.000111 0.84 0.378
overlapping percentage*tool path 1 0.000055 0.000055 0.41 0.533
spindle speed*cutting velocity 1 0.000000 0.000000 0.00 0.969
spindle speed*tool path 1 0.000001 0.000001 0.01 0.922
cutting velocity*tool path 1 0.000348 0.000348 2.62 0.131
Error 12 0.001591 0.000133
Lack-of-Fit 10 0.001588 0.000159 97.41 0.010
Pure Error 2 0.000003 0.000002
Total 26 0.022599

Table 4.7-2 ANOVA between MRR and process parameters

The ANOVA analysis between the MRR and the process parameters shows that the overall
model is statistically significant with a P-value equal to 0.00. whereas going through the
individual parameters, the overlapping percentage and the cutting velocity are the most
influencing factor for the MRR while spindle speed is creating least impact on the MRR of the
workpiece with a p-value of 0.986. The tool path is also not statistically significant for this
model with a p-value of 0.517, which is 48.2% true instead of 100% but square factor of tool
path has high impact on the MRR with a p-value of 0.012.

The empirical relation between MRR and process parameters is expressed as follows:

MRR=0.418 + 0.00081 overlapping percentage - 0.000018 spindle speed - 0.00696 cutting
velocity + 0.0859 tool path - 0.000013 overlapping percentage*overlapping percentage ~+
0.000000 spindle speed*spindle speed + 0.000057 cutting velocity*cutting velocity - 0.01480
tool path*tool path + 0.000000 overlapping percentage *spindle speed - 0.000026 overlapping
percentage *cutting velocity - 0.000185 overlapping percentage*tool path + 0.000000 spindle
speed*cutting velocity - 0.000002 spindle speed*tool path - 0.000932 cutting velocity*tool
path
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Residual Plots for MRR
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Figure 4.7:1 Residual Plots for Material Removal Rate

The residual plots shown in the figure 4.7:1, state that the residuals follow approximately a
straight line with high number of residuals very close to the line, indicates the normal
distribution of the residual. The residual vs observation plot shows no obvious pattern therefor

there is no violation of the uncorrelated variance in the model.

Pareto Chart of the Standardized Effects
(response is MRR, a = 0.05)
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Figure 4.7:2 Pareto Chart for Material Removal Rate
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According to the pareto chart for the response MRR, at alpha= 0.05, the maximum impact on
MRR is cause by Overlapping percentage followed by cutting velocity. The chart also portray

that the square factor of tool path has some influence on the MRR.

4.8. Machining Time Vs Overlapping percentage, Spindle speed, cutting
velocity and tool path

The Model summary:

The value of R-sq is 99.27% which shows the response machining time fits 99.27% in the
model. 99.27% of the variability can be observed by the machining time.

S R-sq R-sq(adj) R-sq(pred)

46.5990 99.27% 98.42% 95.81%

Table 4.8-1 Model summary for Machining Time

The ANOVA analysis for Machining time against process parameters are given below:

Source DF AdjSS AdjMS F-Value P-Value
Model 14 3552347 253739  116.85 0.000
Linear 43166569 791642  364.57 0.000
overlapping percentage 12597491 2597491 1196.19 0.000
spindle speed 1 3 3 0.00 0.971

cutting velocity 1 530881 530881  244.48 0.000
tool path 1 38194 38194 17.59 0.001
Square 4 357215 89304 41.13 0.000
overlapping percentage*overlapping 1 123424 123424 56.84 0.000
percentage
spindle speed*spindle speed
cutting velocity*cutting velocity

1 6816 6816 3.14 0.102
1 120 120 0.06 0.818
tool path*tool path 1 187250 187250 86.23 0.000
2-Way Interaction 6 28563 4760 2.19 0.116
overlapping percentage*spindle speed 1 4 4 0.00 0.966
overlapping percentage*cutting velocity 1 12100 12100 5.57 0.036
overlapping percentage*tool path 1 7140 7140 3.29 0.095
spindle speed*cutting velocity 1 6 6 0.00 0.958
1
1

spindle speed*tool path 0 0 0.00 0.992
cutting velocity*tool path 9312 9312 4.29 0.061
Error 12 26058 2171
Lack-of-Fit 10 26055 2605 1954.12 0.001
Pure Error 2 3 1
Total 26 3578405

Table 4.8-2 ANOVA between Machining time and process parameters
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The ANOVA analysis between the machining time and the process parameters shows that the
overall model is statistically significant with a P-value equal to 0.01. whereas going through
the individual parameters, the spindle speed is the one of the very less influencing factors on

the machining time with a p-value of 0.971 which is just 2.9% instead of being 95%%.

The empirical relation between Machining Time and process parameters is expressed as

follows:

Time = 798 + 22.8 overlapping percentage + 1.232 spindle speed - 6.0 cutting velocity + 378
tool path + 0.3803 overlapping percentage*overlapping percentage - 0.000292 spindle
speed*spindle speed - 0.048 cutting velocity*cutting velocity + 187.4 tool path*tool path -
0.00014 overlapping percentage*spindle speed - 0.275 overlapping percentage*cutting
velocity + 2.11 overlapping percentage*tool path + 0.00036 spindle speed*cutting velocity +
0.0007 spindle speed*tool path - 4.82 cutting velocity*tool path

Residual Plots for Time
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Figure 4.8:1 Residual Plots for Machining Time

The residual plots shown in the figure 4.8:1, state that the residuals follow approximately a
straight line with high number of residuals very close to the line with some residual bit away

from the normal line, indicates the normal distribution of the residual. The residual vs

43



observation plot shows no obvious pattern therefor there is no violation of the uncorrelated

variance in the model.

Pareto Chart of the Standardized Effects
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Figure 4.8:2 Pareto Chart for Machining Time

According to the pareto chart for the response Machining time, at alpha= 0.05, there is not any
effect that are influencing the machining time because of the spindle speed whereas the
maximum impact is due to overlapping percentage. Cutting velocity and tool path also shows
good amount of impact on the machining time. There were some noticeable impact causes due
to the square factor of tool path and the square factor of overlapping percentage. The two-way
intersection of overlapping percentage- cutting velocity and cutting velocity and tool path are

also causing some impact on the response MRR.

From the overall RSM analysis, it has been noticed that the models of the responses, flatness,
MRR, and machining time are statistically significant, whereas the models for the responses,
surface roughness, and parallelism are not statistically significant. For this, more experiments
needed to be performed in order to conclude the behavior. Because it is a fact that with the
variation of process parameters, the surface roughness will be influenced, but as per the model,
there is a good amount of variation on the response but not as much to make the model

statistically significant.
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4.9. Optimization in Response Surface Methodology (RSM)

The optimization of this model is conducted on the same Minitab software, using RSM
optimizer. The result from the optimizer is given below:

The predicted settings of the parameters for the optimum solution is portray in the table 4.9-1

Multiple Response Prediction

Variable Setting
Overlapping 26.5657
percentage

Spindle Speed 1800
Cutting Velocity 90
Tool path -0.0505

Table 4.9-1 Predicted parameters settings

The optimum setting for overlapping percentage is 26.56%, spindle speed is 1800 which is the
minimum spindle speed used in the experiment whereas the setting for the cutting velocity is

90 which is the maximum cutting speed used in the experiment whereas the tool path it is -

0.0505.

Response Value Composite Desirability
Parallelism 0.1650 0.57137
Flatness 0.07923 0.66201
Machining time 1409.6 0.88609
Surface roughness 1.521 0.60154
MRR 0.19258 0.69664

Table 4.9-2 Optimization result obtains for predicted parameter setting

The optimization is carried out by keeping parallelism, flatness, machining time, surface
roughness as minimum is better because minimum the value of these responses, better the
surface quality will be, on the other hand for the response MRR, the setting was kept as
maximum, because maximum the material removal rate will be, less machining and less power

consumption will be utilized.
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Figure 4.9:1 Optimization Plot

4.10. Validation test

To validate the results obtained from the RSM optimizer, a new experiment is performed with
the exact parameters value obtained as predicted parameters setting given in table (). When
going through the parameter setting, an issue with the tool path parameter arises because while
forming the design of experiment, the three level of the tool path is -1,0 and 1 which is Counter,
Zigzag and Spiral respectively, but the predicted value for the tool path is -0.0505 which is
very closer to 0, so Zig-zag tool path technology is taken into account. To cross verify it a new
experiment for validation with counter tool path was conducted but the result from this
experiment causes higher deviation with the result obtained by considering zig-zag tool path.

The results of validation test are given in the table4.10-1

Result
Response RSM optimizer Validation test value Deviation
value

Surface Roughness 1.521 1.601 5.07%
Flatness 0.07923 0.077 2.5%

Parallelism 0.1650 0.146 12.12%
MRR 0.19258 0.19336 0.3%
Machining time 1409.6 1417 0.6%

Table 4.10-1 Validation test result
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Validation shows that roughness has 5.07% deviation from predicted values whereas Flatness,
parallelism, MRR and Machining time have 2.5%, 12.12%, 0.3% and 0.6% deviations from
predicted results. This also confirms that the result obtained using RSM are very close to the

actual machining results.
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5. Conclusion

CNC milling of Brass alloy has been performed successfully based on the Box-Behnken Design

on the 160mm*80mm* 15mm sample with the total of 27 experiments. Four different process

parameter such as Spindle speed, cutting velocity, overlapping percentage of tool and tool path

technology were chosen, whereas five different response parameter such as, surface roughness,

flatness, parallelism, material removal rate by weight and machining time was kept for this

study. Based on the result obtained from the experiment and the RSM the following conclusion

can be made:

1.

The analysis of variance result shows that the model for flatness, MRR and Machining
time are statistically significant whereas the model for surface roughness and
parallelism are not statistically significant at the confidence interval of 95% but in both
case, there are good amount of variation caused by some of the individual process
parameters.

The RSM optimizer shows that the optimum parameter combination, which are
Overlapping Percentage = 26.57%, spindle speed = 1800 rpm, cutting velocity = 90 and
tool path = zigzag and the predicted response values are surface roughness= 1.521-
micron, flatness = 0.07923, parallelism = 0.1650, MRR = 0.19258 gm/sec and
machining time = 1409.6 seconds.

The validation test results are surface roughness = 1.601-micron, flatness = 0.077,
parallelism = 0.146, MRR = 0.19336 gm/sec and machining time = 1417 seconds. The
result of flatness, parallelism and MRR are even better than the predicted value.

The deviation of validation test result against predicted result are surface roughness =
5.07%, flatness = 2.5%, parallelism = 12.12%, MRR = 0.3% and machining time =
0.6%, which also confirm that the result obtained from the RSM is very closer to the
actual experimental results, making RSM as a proven method for the experiment carried

out in this project.
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6. Future Scope

In this study, RSM model and ANOVA for the response parameters such as surface
roughness and parallelism shows statistically not significant which can give an
opportunity to extend this study further by conducting more experiment to find out their
behaviors and the reason behind not being statistically significant.

Using of different technology for getting surface response such as machine vision can
also be one opportunity.

Usually, every optimization has been done off-line, this opens scope for doing the

optimization in-line in real time, for the application for manufacturing industries.
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Appendix

Appendix A

G-code is a programming for CNC machine, which instruct machine where to move, which
tool path to follow, at what feed rate the tool remove the materials. Below is the list of G-code

of all the 27 experiments performed for this study

G-CODE

Appendix B

The 3D plot for the flatness and parallelism has been included below. The plot has been
automatically generated from CMM. The plot shows the 3D representation of the measured

Surface with all the measuring points.

CMM Plots
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