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ABSTRACT

Increasing demand of micro scale components in the industry of electronics,
aerospace, automotive and biomedical has opened up a door where there is strong
research potential in the field of micro machining. Titanium based alloys are the most
suitable to be used as workpiece material for different applications in these industries.
Out of actual titanium usage, Ti-6Al-4V accounts for more than 45%. On one side, it
exhibits strong properties like biocompatibility and excessive strength to light weight
ratio while on the other side, it is very hard to machine due to low thermal conductivity

and high chemical reactivity.

In this research, feed per tooth, conventional cutting speed and depth of cut are
considered as machining parameters and their effect on burr formation is analyzed
through statistical technique of analysis of variance to determine key process
variables. Results showed that feed per tooth is the most dominant factor causing burr
formation (81% contribution ratio), cutting speed is second dominating factor (6%
contribution ratio) and impact of depth of cut is negligible (1% contribution ratio).
Results also show that micro-milling machining process is sensitive to residual effect
(12% contribution ratio). Machining at optimum process parameters showed minimum
burr formation. Although conventional speed micro-milling of titanium alloy would take
more time than high speed micro-milling but it would give better results in terms of

minimization of burr.

Keywords: Micro-machining, low speed, Titanium Alloy, Ti-6Al-4V, statistical

analysis, burr formation, top burr, micro-milling, ANOVA
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Chapter 1

INTRODUCTION

As technology is moving forward and trying to reduce the size of components
as much as possible, manufacturing operations and techniques are shifting their focus
towards small scale components. With the increasing demand of small scale
components, research needs to be done at micro and nano scale. Micromachining,
which includes micro-scale milling, turning and drilling, are processes that remove
material in the form of chips and within the dimensions of 0.1 uym to 100 ym. Highly
precise instruments and equipment are required to maintain the increased accuracy
of small scale components. Fig. 1 shows the position of micro machining, in terms of
scale and accuracy, with respect to other machining processes which are used to
remove material. For the last 2 decades, a lot of research has been done on macro
machining tools, processes, techniques and materials and moving towards micro
domain is not as simple as scaling down properties of macro domain. So, new
research should be performed in order to understand the micro machining

technicalities.

A
Nano Atomic / Material Science
w ... MEMS
3 Micro Micro Mechanical
8 Meso —___ Machining
Macro Convetional Ultra Precision Machining

>
Precision High Precision Ultra Precision

ACCURACY

Figure 1 Accuracy vs scale for the micro mechanical machining [1]
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As the demand of micro components is increasing, the need for accuracy and
precision of micro features is also increasing. In increasing research, this is the major

driving force.

1.1 Research Motivation

Mechanical machining is always accompanied by burr formation either it is
macro-machining or micro-machining. Deburring in macro-machining is easy as
compared to micro-machining. In micro components deburring, may destroy delicate
micro features as well as it can damage the workpiece. Moreover cost of deburring
process is very high as it requires complex assembly operation [1-3]. So, it is

undesirable to use deburring process to minimize burr.

Bajpai et al. analyzed burr formation in micro-milling of Ti-6Al-4V by varying cutting
speed between 16 m/min and 141 m/min and 16 m/min is the minimum cutting speed
so far reported in the literature [4]. Jaffery et al. statistically analyzed the machining
parameters in micro-milling of Ti-6Al-4V and it is evident from results that although
high speed in micro-machining has many advantages but cutting speed has very less
contribution as compared to feed rate on burr formation [5]. So, instead of using high
speed machining setup, low speed machining setup could be used which is easily

available and economical while high speed machining setup is expensive.

Therefore, using carbide tools for micro-milling of Ti-6Al-4V, this study aims to find
out effect of critical machining parameters namely, feed rate, low cutting speed and
depth of cut on burr formation and use statistical technique to find out best combination

of key process variables (KPVs) to minimize burr formation.

1.2 Research Objectives

The main objectives of the research are:

= Analysis of burr formation at different cutting parameters
= Find out the influence of each parameter using statistical analysis tool ANOVA

= Select the optimum level of each parameter and validation of experiments
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1.3 Research Scope

The scope of this research is limited to micro end milling of Titanium Alloy Ti-

6Al-4V using tungsten carbide tools at machining speed less than 8000 rpm.

Page | 3



Chapter 2

LITERATURE REVIEW

Micro machining is a process used for manufacturing miniaturized parts and
features. Demand for highly precise and accurate micro components is rising day by
day in the industries i.e. biomedical, aerospace, automotive and electronics [5]. “This
miniaturization will provide micro-systems that promise to enhance health care, quality
of life and economic growth in such applications as micro-channels for lab-on-chips,
shape memory alloy ‘stents’, fluidic graphite channels for fuel cell applications, sub-
miniature actuators and sensors, and medical devices” [6]. There are few
unconventional machining processes which could be used to produce micro scale
components such as micro electro-discharge machining (micro EDM), micro-laser
machining, focused ion beam cutting and micro-forming, but these machining
processes have limitations either because of producing two dimensional (2D) micro-
structures or high costs [7, 8]. Other than these, micro-milling is another
unconventional machining technique which is capable of fabricating miniaturized three
dimensional (3D) complex shapes. Although micro-milling is considered better than
other non-traditional machining operations in terms of high material removal rate,
process flexibility, low set up cost and producing complex shapes but it is also
accompanied with some problems such as burr formation, low surface quality,
unpredictable tool breakage, chip load and rapid tool wear. So, it becomes difficult to

obtain desired results in micro-milling than that of macro-milling [1, 9].
2.1 Micro-machining advantages

Micro-machining also poses general advantages in different aspects of

manufacturing, such as environmental, economic, and technical

2.1.1 Environmentally

= Saving energy and material resources: require minimum lubrication and no
masking materials.

= Reduced vibration and noise for workers.
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Easier control of waste and pollution: removed material is contained in

machine.

2.1.2 Economically

Reduced need for capital investment such as land space, buildings and
power, and doesn’t require clean room upkeep.

Reduced running costs: low power consumption, no need for high energy
laser or x-ray technology.

Efficient space utilization: small apparatus.

Portability and reconfigurability: size of machines improves mobility.

2.1.3 Technically

Higher speeds and accelerations, reduce inertia due to tool size

Precision: micro and nano-scale

Productivity: high allocations of machinery due to space consumption of
machines

Piece by piece process advantage, likely hood of faults can be monitored
and improved quickly without loss of batches since batches don’t rely on

single mold.

2.2 Micro-Milling

Micro-machining is a method for manufacturing components and devices with

features that range between tens of microns to few millimeters [6]. Micro-milling as a

material removal process is becoming popular in the manufacturing industry. Micro-

end milling has many advantages over other material removal processes in the micro

domain such as process flexibility, ease of use and low overall cost. This type of

material removal is very desirable in fields for small functional components such as

medical devices [10].

Micro milling is expressed in terms of four parameters: Cutting speed, chip load,

radial depth and axial depth. The cutting speed (V;) is the linear speed of the cutting

tip at the circumference of the tool. The chip load () is the proposed thickness of the

chips that will be formed from each pass of a single cutting edge. The radial depth (ar)
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is the depth of the endmill into the workpiece in the direction parallel to the radius (r)
of the micro-tool. The axial depth of cut (ap) is the depth of the endmill into the

workpiece in the vertical direction.

Machingin Machining Tools
Accuracy : ! ' i Tuming & Milling \(1chme
(um) 100 F-——- T N e PR amm;;hc_l.nn:s_ pmpad
w_ Normal Mhchining | y
o : : i__ CINC Machining Ceaters _
: i Lapping & Honing Machines
E E Jig Boring & Grmdmz Machines
l ...................
'r i Precision Grninding Machines
,  Super Finishing Machines
0.1 L i
: Lluaprecxsxou Diamond Turning
001 . 1w — — — — — — — — — — — — — —
X-Ray Lithography
Ton Beam Machining
0'001 ...................
Ion Implantation
3 am: [ mm mie s
s Scanning Tuaneling Engineering
0.0001
(1A% 1540 1960 1980 2000

Figure 2 Development of achievable machining accuracy [11]

Fig. 2 shows that for normal machining, achievable machining accuracy is
reaching the precision machining level. With more research, improved processes and

techniques these curves would continue to move downward.

2.3 Titanium Alloy

Micro-milling becomes much more difficult when hard to cut materials are used
for manufacturing such as Ti-6Al-4V titanium alloy [11]. Ti-6Al-4V is known by the name
“‘workhorse” of the titanium industry as it accounts for more than 45% of actual titanium
usage [5, 12]. It is widely used in biomedical (medical implants), aerospace (turbine
blades, aerospace fasteners) and automotive (intake, engine and exhaust valves) and
marine industry due to its excessive strength to light weight ratio, biocompatibility,

corrosion resistance and property to withstand high temperature.

On the other side there are properties which makes it difficult to cut material

such as low elastic modulus, high chemical reactivity and low thermal conductivity [3,
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4, 10, 12—14]. Jaffery et al. observed that tool wear increases during the machining of
Ti-6AI-4V due to its property of reacting chemically with cutting tool material (above
500°C) and high thermal resistance which leads to tool fracture as most of the heat

generated goes into the cutting tool [15].

Ti-6Al-4V is an alpha-beta ( + B) titanium alloy. This alloy contains both alpha

and beta phases with alpha phase ranges between 60 to 90% and beta phase 10 to
40% at room temperature. Alpha phase consists of hexagonal closed packing (HCP)
structure that remains stable from room temperature while beta phase is characterized
by body centered cubic structure (BCP) which keeps it stable from room temperature
to melting point. There are stabilizer elements adding which increase the stability of
alpha and beta phase which lowers the transformation temperature of particular
phase. For example adding aluminum, carbon, oxygen and nitrogen would increase
the stability of alpha phase on the other side adding vanadium, molybdenum,

manganese, chromium and iron would increase stability of beta phase [13].

2.4 Machining of Titanium alloys

Progress in the machining of titanium alloys has not kept pace with advances
in the machining of other materials due to their high temperature strength, relatively
low elastic modulus, high thermal resistance and high chemical reactivity. Therefore,
success in the machining of titanium alloys depends largely on the overcoming of the

principal problems associated with the inherent properties of these materials.

2.4.1 High cutting temperature

It is well known that high cutting temperatures are generated when machining
titanium alloys and the fact that the high temperatures act close to the cutting edge of
the tool are the principal reasons for the rapid tool wear commonly observed. As
illustrated in Fig. 3, a large proportion (about 80%) of the heat generated when
machining titanium alloy Ti-6Al-4V is conducted into the tool because it cannot be
removed with the fast flowing chip or bed into the workpiece due to the low thermal
conductivity of titanium alloys, which is about 1/6 that of steel. About 50% of the heat

generated is absorbed into the tool when machining steel. Investigation of the
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distribution of the cutting temperature has shown that the temperature gradients are
much steeper and the heat-affected zone much smaller and much closer to the cutting
edge when machining titanium alloys because of the thinner chips produced (hence
short chip-tool contact length) and the presence of a very thin flow zone between the
chip and the tool (approximately 8 ym compared with 50 yum when cutting iron under
the same cutting conditions) which causes high tool-tip temperatures of up to about
1100°C [14].

O 42 84 i26 168

169

80 Ti-calay

Steel Cl 45 - -

40

20

Heat Distribution of % }

s . i
‘l_f / 'q‘.'lr."
‘ -S?;
‘{ St r... "'-'F;.
i) SRy

Figure 3 Distribution of thermal load when machining titanium and steel [14]

2.4.2 High cutting pressures

The cutting forces recorded when machining titanium alloys are reported to be
similar to those obtained when machining steels, thus the power consumption during
machining is approximately the same or lower. Much higher mechanical stresses do,
however, occur in the immediate vicinity of the cutting edge when machining titanium
alloy. Higher stresses on the tool have been reported when machining Ti-6Al-4V

(titanium alloy) than when machining Nimonic 105 (nickel-based alloy) and three to
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four times those observed when machining steel Ck 53N (Fig. 4). This may be
attributed to the unusually small chip-tool contact area on the rake face, (which is about
one-third that of the contact area for steel at the same feed rate and depth of cut) and
partly to the high resistance of Ti-alloy to deformation at elevated temperatures, which

only reduces considerably at temperatures in excess of 800°C [14].

- 2000 .
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Work material: Steel Ck53N Nimonic 105 Ti-6Al-4V
Tool material: Carbide P10 Carbide K10 Carbide K20
Cutting speed: v=100 m/min v=30 m/min v=40 m/min
; . Yoz le ylab lx |e ylafa tx le
fool geometry:  Z51]95lo0 o185 © 15 °Is°lo°i70 °B0 ©  0°lg°i= 175 °190 °
Nose radius: r=0.5mm, Chip cross-section:axs=15x025 mm?2

Figure 4 Normal and tangential stresses in machining [14]

2.4.3 Chatter

Chatter is another main problem to be overcome when machining titanium
alloys, especially for finish machining, the low elastic modulus of titanium alloys being
a principal cause of the chatter during machining. When subjected to cutting pressure,
titanium deflects nearly twice as much as carbon steel the greater spring-back behind
the cutting edge resulting in premature flank wear. vibration and higher cutting
temperature. In effect,” there is a bouncing action “as the cutting edge enters the cut.

The appearance of chatter may also be partly ascribed to the high dynamic cutting
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forces in the machining of titanium. This can be up to 30% of the value of the static
forces due to the 'adiabatic or catastrophic thermoplastic shear' process by which

titanium chips are formed [14].

2.4.4 Additional criteria for tool materials

Besides high cutting temperatures, high mechanical pressure and high dynamic
loads in the machining of titanium alloys, which result in plastic deformation and/or
rapid tool wear, cutting tools also suffer from strong the chemical reactivity of titanium.
Titanium and its alloys react chemically with almost all tool materials available at
cutting temperature in excess of 500°C due to their strong chemical reactivity. The
tendency for chips to pressure weld to cutting tools, severe dissolution-diffusion wear,
which rises with increasing temperature, and other peculiar characteristics already

mentioned, demand additional criteria in the choice of the cutting tool materials.

The chemical composition, mechanical properties and physical properties are

given in the table 1, 2 and 3 respectively.

Table 1 Chemical composition of Titanium 6AI4V (wt %)

Material Ti \ Al Cr Cu Fe Mn
Titanium 6Al4V | 89.4 4.30 6.15 .0027 |.0045 |.0510 |.0055
Table 2 Mechanical properties of Titanium 6Al-4V
Material | Tensile Yield Poisson’s | Elastic Shear | Hardness
Strength Strength Ratio Modulus | Modulus Brinell
(MPa) (MPa) (GPa) (GPa) (HB max)
Titanium 2895 2828 0.31 105-120 41-45 334
6Al-4V
Table 3 Physical properties of Titanium 6AI-4V
Material | Density | Melting Thermal Specific Heat Co-eff of
(g/cm?) Point | Conductivity | Capacity (J/g.°C) Thermal
(°C) (W/m.K) Expansion 0-
500°C (um/m.°C)
Titanium 4.43 1674 6.7 0.5263 9.7
6Al-4V
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2.5 Micro-milling vs Macro-milling

It seems to be micro-milling is scale down marching operation of macro-milling

but there are differences between these processes.

2.5.1 Cutting tool diameter

Diameter of cutting tool used in micro-milling is less than 1 mm while in macro-

milling it is greater 1 mm [1, 5, 9, 16, 17].

2.5.2 Tool wear

Tool breaks quickly in micro-milling while in other process tool wears gradually.
Fracture of micro tools occur as stresses go beyond the strength of tools due to

increase in cutting forces with the blunting of cutting edges [18, 19].

2.5.3 Minimum Chip Thickness

Minimum chip thickness can be described as smallest chip thickness in
undeformed condition that is cut stably from a workpiece surface for a specific cutting
tool edge radius [5]. In macro-milling depth of cut (ap) is many times greater than
cutting tool edge radius (r) and in micro-milling it is close to edge radius of the cutting
tool (Fig. 5) [6]. The value of minimum chip thickness usually ranges between 5 % to
38 % of cutting tool edge radius [16]. Fig. 6 shows there are four situations that take

place during the process of micro-milling.

1. Rubbing and Burnishing: When depth of cut is smaller than edge radius of
the cutting tool or minimum chip thickness either rubbing or burnishing
occurs and no chip is formed (Fig. 6a and 6b) [5].

2. Ploughing: If the value of depth of cut reaches close to edge radius of the
tool or minimum chip thickness but still less than cutting edge radius of the
tool, ploughing starts. Ploughing is phenomenon in which cutting takes place
with negative effective rake angle or workpiece slightly deforms due to
shearing of material (Fig. 6¢) [5, 16].

3. Cutting: When depth of cut becomes greater than edge radius of the cutting
tool then there is change of rake angle from negative to positive and actual

cutting occurs (Fig. 6d) [5].
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Ali et al. suggested that depth of cut is the most important factor to find out

minimum chip thickness and to avoid tool fracture [17].

Macro milling Micro milling
Flat Flat
Chip

Cutting Cutting
Direction Direction
Tool R EE——
fz >Te fz <Tre

Workpiece

Figure 5 Schematic of macro and micro milling process

2.5.4 Burr Formation

Burr formation is another factor that differentiates micro and macro milling. Lee
and Dornfeld et al. found that for micro-milling tool exit and entrance burr was bigger
in size than macro milling, considering burr size to chip load ratio. They also explained
that tool wear relates with burr height and burr height is proportional to feed. Size effect
also plays an important role in burr formation and with the increase in edge radius of

the cutting tool larger burrs are produced [20, 21].

Mian et al. conducted micro-milling experiments on AISI 1005 steel and AlSI
1045 steel and observed that best surface finish was achieved when feed rate was
just close to cutting tool edge radius. He also conducted micro-milling experiment on
NiTi alloy and found that feed rate to undeformed minimum chip thickness is the most
critical factor in reducing burr root thickness. At high values of chip load cutting starts
earlier as compared to low undeformed chip thickness, as a consequence of this

ploughing effect becomes less pronounced [1, 22].
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Figure 6 Micro-milling tool workpiece interaction [6]

Kiswanto et al. studied the effect of cutting parameters on surface roughness
and burr formation in the micro-milling of Aluminum alloy 1100 and found that surface
roughness would increase by increasing feed rate. He further explained different types
of burrs and also concluded that; to reduce the burr formation up milling cutting
strategy should be used (Fig. 7) [23]. Bajpai et al. performed micro-milling experiments
on Titanium 6AI-4V alloy with maximum cutting speed of 90000 RPM and observed
that side exit burr is the most critical among all other burr types in up milling. He also
found out that increase in chip load, depth of cut and cutting velocity results in

improved surface finish [4].
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Lekkala et al. analyzed the burr formation in micro-end milling of Aluminum and
Steel using experimental and theoretical techniques. He reported that either in down
milling or up milling, burr height increases with the decrease in number of flutes and
cutting tool diameter and burrs formed in the case of stainless steel were larger than
aluminum [24]. Filiz et al. used tungsten carbide micro cutting tools to investigate
micro-machinability of copper 101 and found that feed rate is directly proportional to
surface roughness and inversely proportional to burr formation and cutting speed is
directly proportional to burr formation. At higher feed rates the process is dominated
by shearing which results in decrease in burr formation as compared to ploughing [25].
Fang and Liu suggested that after defining cutting and other machine parameters, tool
sharpness undeformed chip thickness are the most critical factors to determine burr
height [26].

Feed
}
: ‘
Top burr
Bottom burr

Figure 7 Types of milling Burrs [24]

2.6 Micro-milling Applications

Emerging miniaturization technologies, now-a-days are future key technologies

that will introduce totally distinct ways how humans and machines would interact with
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the real world. It is likely to be expected that there would be exponential growth in the

manufacturing of miniaturized components and their application in the coming years

[2].

Micro-milling technology is capable to meet demands of miniaturized
components of different fields i.e. aerospace, biomedical, information technology,

jewelry, telecommunication industries, automotive, electronics and watch-making.

2.6.1 Biomedical

Moulds for medical components (microdosage systems), moulds for
orthodontics (dental brackets), microtools for surgery, moulds for biotechnology
applications (microchip electrophoresis devices, polymeric BIOMEMS devices,
cataract lenses, accelerating polymerase chain reaction for modular lab-on-a-chip

systems), lab-on-chip, retinal micro-tacks, etc.

2.6.2 Information technology

Test membrane for PC chip manufacturing, etc.

2.6.3 Watchmaker and jewelry

Moulds for rings and pendants, manufacturing and engraving of watch base

plates, etc.

2.6.4 Automotive

Electrodes for cutting inserts, injection nozzles, etc.

2.6.5 Telecommunications

Multi fibre connector for single and multimode applications, joining elements,

mould for easy-assembly etc.

2.6.6 Aerospace

Mould for miniature planetary gear wheels attached to a turbine, miniature

devices for rockets and etc.
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Figure 8 (a) Lab-on-a-chip; (b) Microplate with 96 capillarity electrophoresis system

(vacuum hot-embossing plate from micro-milled mould) and filling of one structure; (c)
Medicine micro-dosage system; (d) Sweat-stick for collecting human sweat [3]
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Figure 9 (a) Integrated polymer microfluidic stacks (chemiluminiscence experiment); (b)
Dental brackets; (c) Tissue removal tools for endoscopy; (d) Cataract lenses; (e) Fabrication

of Ti retinal microtack [3]

Figure 10 (a) Engraving watch base plate; (b) Watch parts; (¢) Pendant mould [3]

2.6.7 Others

Electrodes for manufacturing shaving head of electric razors, electrodes for toy

industry, components for measuring devices, etc.
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Figure 12 (a) Multi-fibre connector (micro-milled mould for X-ray mask fabrication and

microinjected connector); (b) Joining element for optical fibre connector; (c) Test membrane
for computer chip manufacturing [3]
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“

Shaft diameter 200 pm

Figure 13 (a) Mixing disc of a rocket motor; (b) Turbine wheel for microfluidic pump; (c)

Micro-mould of a planetary gear wheel; (d) Assembled micro impeller and base block [3]
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Chapter 3

METHODOLOGY

Micro-milling experiments were conducted on Titanium Alloy Ti-6Al-4V. The
tests were conducted using a FANUC MV-1060 conventional speed machining center.
Fig. 14 shows experimental setup. Relative motion between micro end-milling tool and

workpiece was controlled by FANUC 0i-MC motion controller.

The tools used during micro-milling experiments of Ti-6Al-4V were ultrafine
tungsten carbide tools (North Carbide Tools). The tools used were flat end mills with
diameter of 500 um, helix angle of 30° and number of flutes two. The average tool

edge radii of micro-tools were found to be 3.5 ym with standard deviation of 0.5 pm.

The dimensions of the block that was mounted on fixture were 10 x 20 x 10
mm. Full immersion milling was conducted with different axial depth of cuts. Slots of
10 mm in length were machined in each trial to minimize the effect of tool wear on
measured data. Three independent runs for each experiment were run to estimate

error variance. Experimental conditions are outlined in Table 4.

Table 4 Experimental Conditions

Workpiece Ti-6Al-4V (Grade 5)

Two flute Tungsten Carbide micro end mill
Tool diameter = 500 pm

Cutting Fluid | Dry Cutting

Length of cut | 10 mm

Milling Type | Full immersion

Milling Tool

3.1 Experimental Design

Micro-milling experiments were designed based on Taguchi’s L9 orthogonal
array with three factors and three levels. Three independent factors of feed per tooth,
cutting speed and axial depth of cut were considered. Process parameters and level

details are given in Table 5.
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Figure 14 Experimental Setup (1) Spindle; (2) Micro-end mill; (3) Workpiece; (4) Machining
vise; (5) Magnified view of tool and workpiece

Table 5 Process Parameters

Process Parameter | Level 1 | Level 2 | Level 3
f; (um/tooth) 8 10 12
Ve (Mm/min) 5 7.5 10
ap (UmM) 50 75 100

3.2 Selection of Parameters

The levels of feed per tooth, cutting speed and depth of cut (Table 5) have been

selected according to the following criteria:




3.2.1 Feed per tooth

Edge radius of the 3 tool was found using scanning electron microscope and
average edge radius was measured 3.5 pym with standard deviation of 0.5 pm. Jaffery
et al. in his research found that residual effects were more significant when feed per
tooth was selected below edge radius [5]. Therefore, in this research to minimize the
effect of residual effects feed rate was selected above tool edge radius between 8 and
12 um/tooth.

3.2.2 Cutting Speed

In literature reported cutting speed varies between 16 m/min (10,000 rpm) and
141 m/min (90,000 rpm) [4]. While this research focuses on machining below the
reported minimum cutting speed. Therefore, in this research cutting speed was
selected below 16 m/min (10,000 rpm) between 5 m/min (3183 rpm) and 10 m/min
(6366 rpm).

3.2.3 Depth of Cut

For every tool, according to its diameter, there is recommended depth of cut to

be used. According to Niagara Cutter [27]:

For Tool Diameters 1 /8" (3.18 mm) and Under
ap = Dia. of Tool x (0.25 to 0.05)

Dia of tool used = 0.5 mm

min ap = 0.5 x 0.05 =0.025 mm = 25 ym

max ap = 0.5x0.25=0.125 mm = 125 pm

Therefore, in this research depth of cut was selected between 25 — 125 ym.

The spindle revolutions per minute (N) and feed speed (V) can be determined using

the equations (1) and (2) respectively.

N= o )
Ve=fxNxz (2)

Actual values of revolutions per minute and feed speed are listed in Table 6
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Table 6 L9 array (RPM and feed speed)

SI’. fz Vc ap Vf N

No. | (um/tooth) | (m/min) | (um) | (mm/min) | (rpm)
1 8 5 50 50.93 3183
2 8 7.5 75 76.39 4774
3 8 10 100 101.85 6366
4 10 5 75 63.66 3183
5 10 7.5 100 95.49 4774
6 10 10 50 127.31 6366
7 12 5 100 76.39 3183
8 12 7.5 50 114.58 4774
9 12 10 75 152.78 6366

3.3 Experimentation

= Experimentation is conducted for worst scenario that is why dry machining

condition was used [1].

= For precise and accurate tool offset measurement, multi-meter was used.

= Depending on length of workpiece 3-7 slots were machined on each

workpiece keeping a gap of 3 mm between slots and cut length was 10 mm.

Figure 13 shows workpiece after machining.

Machined

Slot

Figure 15 Workpiece after micro-milling
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Chapter 4

RESULTS AND DISCUSSION

In every experimental run results were obtained in the form of top burr width.
Table 7 shows obtained results outlined in the form of L9 array. In micro-milling
different types of burrs such as top burr, exit burr, entrance burr and bottom burr are
formed depending on direction of cutting and tool workpiece interaction as shown in
Fig. 7 [23]. Top burr formation was given special attention which is important burr
mechanism during full immersion milling process. Fig. 16 illustrates how top burr width
is measured. Top burr can be described as horizontal length of burr from groove wall
[10]. Fig. 17 shows burr formation on down milling and up milling side and it can be
seen that size of burr is larger at down milling side. The reason for this phenomenon
is that velocity of localized cutting edges on the side of up milling side would always
be greater than on the side of down milling therefore causing larger burrs to form on
down milling side. Similar observations have been reported by Jaffery et al. [5]. Top
burr measurement was taken on the side of down milling and it was measured using

Scanning Electron Microscope (SEM).

Top Burr Width
|

_— Top Burr

Channel Wall

g’

Figure 16 Top burr width measurement
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Tool Rotation

Down Milling
Up Milling

.

L]

J|IFeed 3

SEMHV:20.0kV | WD:15.03 mm I I | I | VEGA3TESCAN

View field: 657 pm Det: SE 200 pm

Figure 17 Burr formation at down milling and up milling side
4.1 SEM Images

Fig. 18 shows scanning electron microscope (SEM) utilized to measure the top

burr width in the slots.

Figure 18 Scanning Electron Microscope (SEM)
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W = 30.67 pm
W = 29.55 ym

o

)

W =34.12 ym }' ‘

M

o |

SEM HV: 20.0 kV Wo: 1577mm  |;))4]

View field: 216 ym Det: SE 50 pm

Run 3

SEM HV: 20.0 kV WO:1547mm |, !

View fieid: 183 pm Det: SE

Run 1

SEM HV: 20.0 kV WO: 15.11 mm
View fieid: 280 ym Det: SE

Figure 19 SEM images at f, = 8 um/tooth, V¢ = 5 m/min, a, = 50 pm

W =23.46 ym

W = 27.28 um ) Y

SEM HV: 20.0 kV wo:1s72mm  |)))y]

View field: 216 ym Det: SE 50 pm

Run 3

A
SEM HV: 20.0 kV WD: 15.19 mm SEM HV: 20.0 kV WD: 23.64 mm
View fieid: 131 ym Det: SE View fieid: 123 pm Det: SE

Figure 20 SEM images at f, = 8 um/tooth, V. = 7.5 m/min, a, = 75 pm

i
P
F
W =20.55 ym W=26.34pum J* 21

W = 24.14 ym (’
}

¢
SEM HV: 20.0 kV WD: 15.19 mm
View field: 121 ym Det: SE

Run 1 Run 2 Run 3

SEM HV: 20.0 kV WD: 15.72 mm
View field: 216 ym Det: SE

SEM HV: 20.0 kV WD: 15.72 mm L VEGAS TESCAN
View fieid: 213 pm Det: SE 50 ym

Figure 21 SEM images at f, = 8 um/tooth, V¢ = 10 m/min, a, = 100 um
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W =23.51 pm

W = 26.05 um
™

SEM HV: 20.0 kV WD 23.71 mm
View fieid: 138 ym Det: SE

Run 1

SEM HV: 20.0 kV

View field: 290 ym View field: 216 ym Det: SE 50 pm

Run 3

Figure 22 SEM images at f, = 10 pm/tooth, V. =5 m/min, a, = 75 pm

W =22.59 ym

SEM HV: 20.0 kV WD: 15.77 mm
View fieid: 216 ym Det: SE

SEM HV: 20.0 kV WD: 15.60 mm
View fieid: 216 ym Det: SE

SEM HV: 20.0 kV WO: 15.72 mm
View field: 216 ym Det: SE

Run1 Run 2 Run 3

Figure 23 SEM images at f, = 10 um/tooth, V. = 7.5 m/min, a, = 100 um

=22
W = 18.75 pm W =22.11 ym

SEM HV: 20.0 kV WD: 15.24 mm
View fieid: 126 ym Det: SE

SEM HV: 20.0 kV WD: 16.47 mm
View fieid: 216 ym Det: SE

SEM HV: 20.0 kV WD: 15,03 mm
View field: 80.3 ym Det: SE

Run 1 Run 2 Run 3

Figure 24 SEM images at f, = 10 pm/tooth, V¢ = 10 m/min, a, = 50 um

]
SEM HV: 20.0 kV WO 15.77 mm
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Figure 25 SEM images at f, = 12 um/tooth, V. = 5 m/min, a, = 100 pm
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View field: 216 ym Det: SE

SEM HV: 20.0 kV WD: 16.47 mm
View field: 216 ym Det: SE

Figure 26 SEM images at f, = 12 um/tooth, V. = 7.5 m/min, a, = 50 um
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SEM HV: 20.0 KV WO: 15.20 mm
View field: 274 ym Det: SE

Run 1 Run 2 Run 3

SEM HV: 20.0 kV wo:1509mm |,

View fieid: 116 ym Det: SE 20 pm

SEM HV: 20.0 kV WD: 15.33 mm VEGAS TESCAN
View fieid: 287 pm Det: SE

Figure 27 SEM images at f, = 12 pm/tooth, V¢ = 10 m/min, a, = 75 um
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Table 7 L9 array (cutting tests with measured outputs)

f Ve ap \i N Burrs (down-milling side)
(um/tooth) | (m/min) (um) | (mm/min) | (rpm) (um)
8 5 50 50.93 3183 29.15 30.67 34.12
8 7.5 75 76.39 4774 23.46 25.86 27.28
8 10 100 101.85 6366 20.55 24.14 26.34
10 5 75 63.66 3183 23.51 26.05 29.15
10 7.5 100 95.49 4774 17.32 22.59 25.16
10 10 50 127.31 6366 18.75 19.85 22.11
12 5 100 76.39 3183 9.23 10.98 12.63
12 7.5 50 114.58 4774 9.29 12.67 14.36
12 10 75 152.78 6366 9.09 10.18 11.64

4.2 ANOVA (Analysis of Variance)

After obtaining results of top burr width using SEM, ANOVA was used for
statistical analysis of results. ANOVA is a statistical technique used to assess the
significance of process parameters on output responses. To find out impact of each
input parameter at output response, sequential sum of squares (SS) was computed

using the equation (3) [28].

N 2
sS, = y3_ AL Z= T
A i=1 n N

3)

Where A is the process parameter, n is the total number of runs at a particular
level, i is the level, T is value of response at each run, j is the number of run, N is the

total number of runs. Total sum of squares (SS;) can be found using equation (4) [28].

X, T)?

SSr = Z?I=1 sz - N

(4)

Sequential sum of squares of error (5S,) can be found using equation (5) [28].

SS, =SSy — Y% ,SS; (5)

A low value of variance (F-test ratio) for a given parameter shows its low impact
on the outcome and vice versa. A p-value is the probability that a test would fail. A p-

value less than 0.05 (5%) tells that there are 5% chances that test would fail or 95%
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chances that test would succeed. The percentage contribution of each parameter can
be computed using equation (6) [28].

SS— (df X MSSRes)

%CR = - x 100 (6)

4.3 ANOVA Calculations

Below are details how sequential sum of square for each parameter is
calculated.

4.3.1 Feed per tooth

To calculate sum of squares for feed per tooth equation (3) can be written as:

SS, = (41)? + (42)? + (43)? _ (T1+To++T57)? (7)
nq n; ns N

Using Table 7 as:
f Ve ap Burrs (down-milling side)
(um/tooth) | (m/min) (um) (um)
Level1 L__/8 5 50 |[2945 T 3067 [ 3412]] [,
— 8 7.5 75 23.46 25.86 27.28 |,

8 10 100 20.55 24.14 26.34
Level 2 | 0 5 75 23.51 26.05 29.15 ) A
10 ) 7.5 100 17.32 | 22.59 25.16 A

10 50 18.75 19.85 22.11
Level 3 L 2 5 100 9.23 10.98 12.63 ) A3
- 12 7.5 50 9.29 12.67 14.36 f —

10 75 9.09 10.18 11.64

(A1)? _ (29.15+30.67+34.12+23.46+25.86+27.28420.55+24.14+26.34)?
nq 9

(A1)?
ny

= 6484.01 (a)

(A2)? _ (23.51+26.05+29.15+17.32+22.59+25.16+18.75+19.85+22.11)2
le 9

(A2)?
np

= 4646.24 (b)
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(43)?

(923+1098+1263+929+1267+1436+9D9+1Q18+1L64y

n3

(43)?
nsz

111

2.67

9

(T +Ty++Ty7)? _ (546.13)% _ 298257.98

N

27

27

= 11046.59

Putting values from (a), (b), (c) and (d) into equation (7)

S5, = 6484.01 + 4646.24 + 1112.67 - 11046.59 = 1196.32

4.3.2 Cutting Speed

(c)

(d)

(A)

To calculate sum of squares for cutting speed equation (3) can be written as:

2 2
SSB — (il) + (BZ) +

Using Table 7 as:

1 na

®° _

ns

(T 4T+ +T7)?
N

(8)

. a Burrs (down-milling side)
f, (um/tooth) | Ve (m/min P
| [ (hm/tooth) | Ve (m/min) | ) (um)
| 7 =—8 5 50 [[29.15 | 30.67 [ 34.12 51
10 1[5 75 [|23.51 | 26.05 | 29.15 2
[ Level 2 | 12 5 100 [| 9.23 | 10.98 | 12.63]]
L 8 7.5 75 ||23.46 | 25.86 | 27.28 E
10 —| 75) | 100 [[17.32 | 22.59 | 25.16 |
owa 1 12 \7.5/ 50 [|9.29 | 12.67 | 14.36
| =12 1 100 [[20.55 | 24.14 | 26.34 !33
12 (10 50 [{18.75 | 19.85 | 22.11}
12 10 75 [ 9.09 | 10.18 | 11.64

B;)?2 29.154+30.67+34.12+23.51+26.05+29.15+9.23+10.98+12.63)2
1 —_

nq

(B1)?
nq

= 4691.79

9

By)? 23.46+25.86+27.284+17.32+22.594+25.16+9.29+12.67+14.36)?
2 —_

np

9

(e)
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(B3)?
n;

= 3520.05 (f)

(Bz)? _ (20.55+24.14+26.34+18.75+19.85+22.11+9.09+10.18+11.64)?
ni 9

(B3)?
n3

= 20939.45 (9)

Putting values from (d), (e), (f) and (g) into equation (8)
S§Sp = 4691.79 + 3520.05 + 2939.45 - 11046.59 = 104.70 (B)

4.3.3 Depth of cut

To calculate sum of squares for depth of cut equation (3) can be written as:

2 2 2 2
5, = 0 L ©F | ©_ (utreanyyt o

ny ny ns N

Using Table 7 as:

. ap | Burrs (down-milling side)
m f, (um/tooth) | Ve (m/min) (um) (um)
| - L | 5 50\|[29.15 | 30.67 | 34.12 E
12 75 —| 50 |[|9.29 | 12.67 | 14.36
[ Level2 L 10 10 50/][18.75 | 19.85 | 22.11
S 5 /75\|/23.51 | 26.05 | 29.15
8 7.5\(7\5) 23.46 | 25.86 | 27.28 E
] 12 10 75/]1 9.09 | 10.18 | 11.64
Level 3 ——5 | 5 00\|[ 9.23 | 1098 | 12.63 ! o3
10 75 —| 100 )[|17.32 | 22.59 | 25.16|
8 10 00/]|20.55 | 24.14 | 26.34

(C1)2 _ (29.15+3().67+34.12+9.29+12.67+14.36+18.75+19.85+22.11)2
nq 9
(€1)?

nq

= 4052.17 (h)

(C2)? _ (23.51+26.05+29.15+23.46+25.86+27.28+9.09+10.18+11.64)2
n, 9
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(C2)?
nz

= 3853.10

(C3)% _ (9.23+10.98+12.63+17.32+22.59+25.16+20.55+24.14+26.34)2
ns 9

(C3)?
ns

= 3171.19

Putting values from (d), (h), (i) and (j) into equation (9)
S§Sc = 4052.17 + 3853.10 + 3171.19 - 11046.59 = 29.87

4.3.4 Error sum of squares

SSr and SS, can be found using equation (4) and (5) respectively.

(T1+T2+"'+T27)2

SSp = (T)? + (T)? + -+ + (T27)* — N

298257.98 _

§Sp =12515.55 — 22272 = 1468.96

SS, =SSy - SS, - SSy - SS.
SS, = 1468.96 - 1196.32 - 104.70 - 29.87 = 138.07

4.3.5 Contribution ratio

Contribution ratio of each parameter can be found using equation 6

1196.32— (2 X 6.90)
1468.96

%CR (feed) = x 100 = 81%

104.70— (2 x 6.90)
1468.96

%CR (speed) = x100 = 6%

29.87— (2 X 6.90)
1468.96

%CR (depth of cut) = x100 = 1%
%CR (error) = 100 — %CR (feed) — %CR (speed) — %CR (doc)

%CR (error) =100-81-6-1=12%

(i)

()

(C)

(D)

(E)

(F)

(G)

(H)

(1)
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Table 8 ANOVA table (top burr width)

Source df | SS gss /3 f_ F-ratio | p-value | Significance (CO /Ij)
f, (um/tooth) | 2 | 1196.32 598.16 86.64 | <0.0010 | Significant 81
Ve (m/min) 2 |104.70 52.35 7.58 0.0040 Significant 6

ap (um) 2 | 29.87 14.93 2.16 0.1410 Non-significant 1
Res 20 | 138.07 6.90 12
Total 1468.96 100

df: degree of freedom; SS: sum of squares; MSS: mean sum of squares; CR: contribution ratio

4.3 Burr Formation Analysis

Manual handling of micro-components is not as easy as macro-components.

Therefore removal of burr is very difficult and deburring is a process which can be

used for removal of burr but it would change part dimensions and its features which is

undesirable [1]. ANOVA was carried out to measure impact of parameters on burr

width. Burr size was larger on the side of down milling (Fig. 17) so to consider worst

case situation burr width was measured on the side of down milling only.
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Figure 28 Main effect plots for top burr width with respect to process variables

From Table 8 it can be seen that feed per tooth is the most significant factor

contributing 81% causing top burr and cutting speed is another parameter that is
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significant with contribution ratio of 6% which shows that it has almost 93% less impact
on top burr as compared to feed per tooth. The main effect plots for top burr width

were generated using Minitab software (Fig. 28).

Each point in the plot shows mean or average top burr width for a particular
level of feed per tooth, cutting speed and depth of cut. The CRs are in consonance
with a previous study in which similar analysis was performed on micro-machining of
Titanium 6AI-4V alloy [5].

From Fig. 28, it can be seen that top burr width decreases with the increase in feed
per tooth. Previous studies reported similar outcomes where researchers found
inverse relationship between feed rate and burr formation and concluded that feed per

tooth is the most significant parameter influencing top burr formation [3, 11].

The ratio of feed per tooth to edge radius of the cutting tool (fJ/re) is also very
important in determining process performance [22]. Fig. 29 shows the main effect plot
created between f./re ratio and top burr width. Fig. 30 shows main effect plot created

between f,/re ratio and top burr width using data from Jaffery et al. [5].
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Figure 29 Main effect plot between f./re and top burr width [5]
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Figure 30 Main effect plot between f./re and top burr width [6]

By comparing Fig. 29 and Fig. 30 it can be concluded that trend of burr formation
with respect to feed rate is in conformance with the research conducted by Jaffery et
al. [5]. The region of fJ/re (2.0 to 3.0) from Fig. 29 lies within the region of Fig. 30 (0.9
to 3.0).

Main effect plots for cutting speed and depth of cut show a downward trend which
means increase in cutting speed and depth of cut reduces the burr width. These result
are in conformance with the findings of previous researchers who did similar analysis
and experiments on Ti-6Al-4V [3-5, 11]. Since at low cutting speeds frictional force
between rake face of the tool and chip is high which can lead to welding phenomenon.
Due to welding phenomenon, chips may remain attached to the surface of workpiece
in the form of burrs. In the case of depth of cut, at high depth of cut surface temperature
decreases and most of the heat generated goes into the chips. To absorb more heat

larger chips are produced which ultimately results into less burr formation [29].

4.4 Confirmation test

From main effect plot it is evident that setting feed per tooth, cutting speed and
depth of cut at high levels yielded minimum top burr width. Taguchi design of

experiment (DOE) is used reduce to number of experiments. Therefore, to ensure
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repeatability of the process, a validation experiment is necessary to check the
minimization or maximization of the results coming from the optimization process. A

confirmation test was carried out for top burr width against the levels of optimal process

parameters. A summary of machining conditions and experimental results is given in
the Table 9.

’

SEM HV: 20.0 kV WD: 15.22 mm
View field: 139 pm Det: SE

SEM HV: 20.0 kV WD: 15.22 mm

View field: 843 ym Det: SE 200 pm

Figure 31 Scanning Electron Microscope image at optimum conditions (Run 1)

SEM HV: 20.0 kV WD: 15.00 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 14.91 mm I VEGA3 TESCAN
View field: 1.22 mm Det: SE View field: 166 pm Det: SE 50 pm

Run 2

Figure 32 Scanning Electron Microscope image at optimum conditions (Run 2)

Page | 37



SEM HV: 20.0 kV WD: 15.20 mm SEM HV: 20.0 kV WD: 15.20 mm VEGA3 TESCAN

View field: 751 pm Det: SE 200 pm View field: 160 pm Det: SE 50 pm

Run 3

Figure 33 Scanning Electron Microscope image at optimum conditions (Run 3)

It is evident from presented results that optimum conditions yield best results
as compared to the initial results reported in Table 7. Figs. 31, 32 and 33 shows

negligible burr at optimum conditions.

Table 9 Experimental results at optimum conditions

Optimal Process Parameters | Experimental Results
Objective Function f2 . ap Top burr width (um)
(um/tooth) Ve (m/min) (um) Ave. error
Minimum top burr width 12 10 100 6.78 2.53
Maximum top burr width 8 5 50 31.33 2.55

Page | 38



Chapter 5

CONCLUSIONS

Identifying KPVs is very important to enhance product quality and at the same
time productivity which ultimately leads to reduction in manufacturing costs. The
impact of machining parameters in micro-milling is not as same as in macro-
machining. This is due to fact that feed rate is almost of the same order as edge radius
of the cutting tool. In this paper, KPVs (feed per tooth, cutting speed and depth of cut)
were varied to study their effect on burr formation in detail. ANOVA technique was
applied on measured outputs to investigate the main effect of cutting parameters on

burr formation.

=  Machining at optimum conditions gave best outcome in the form of minimum burr
on the edges of slot.

. It is clearly evident that to reduce burr formation in micro milling of Ti-6Al-4V
instead of using high speed machining setup, low speed machining setup can be
used with variation in feed per tooth and better results can be achieved.

=  The top burr on the edges of machined slot shows that larger burrs are formed
on down milling side.

. At 95% confidence level, feed rate was found to be the most significant factor
contributing towards burr formation with contribution ratio of 81%.

= Other than feed per tooth, cutting speed is another control factor affecting burr
formation during micro-milling process whose contribution was found to be 6%

which is almost 93% less than feed rate contribution.

5.1 Recommendations

= Analysis of surface roughness, tool wear in low speed micro milling of
Ti-6Al-4V.

= Analysis of coated and uncoated tools in low speed micro-milling of Ti-
6Al-4V with respect to surface roughness, tool wear and burr formation.

= Analysis of subsurface damage in low speed and high speed micro-
milling of Ti-6Al-4V.
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Analysis of effect of different coated tools over subsurface damage, tool
wear, burr formation and surface roughness in low speed and high speed
micro-milling of Ti-6AI-4V.

Experiment and FEM simulations using coated and uncoated tools with
respect to burr formation, surface roughness, tool wear and subsurface
damage.
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