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Abstract: Presence of burrs at the component edgeshinders the assembly process, reduces the service life of
the product as well as affects its performance. Therefore, designers demand burr free components after drilling
operation. However, previous research has shown that burrs cannotbe totally avoided at the drilling stage.
Thus, an additional burr removal operation (called deburring) has to be addedto the production processleading
to requirement of skilled manpower, additional costand long process time. Hence, industries are interested in
limiting the size of burr produced in the drilling stage, so as to facilitate automationof manufacturing process
and lower deburring cost.This review paper presents state-of-the-art on various factors influencingburr
formation and recently developed strategies for burr minimization and control. Influence of various process
parameters, cutting environments, exit surface geometries, component and drill materials, wear and edge
geometries of the drills on size of the burr has been critically examined and explained. In addition, burr
formation mechanisms and detailed burr classifications are reviewed and discussed.
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1. Introduction to concernsabout drilling burrs

Drilling is the one of the most important operations in the manufacturing industry, using which millions
of circular holes are created on solid components every day. The drilled holes havea crucial role to play in
assembly processes, product function as well as its overall performance. However, during the manufacturing of
these holes, burrs are formedon the entrance and exit surface of the holes[1]. If these burrs are not removed from
the components, they acts as (i) crack initiation points which reducethe fatigue life of the part, (ii) a source of
misalignment and jamming in the assembly process and, (iii)a cause of dimensional error in the precision
components.These burrs may also lead to injury to the fingersof assembly workers as the burrs are quite
sharp.Further, if the loose burrs are present in the service condition, they may cause serious damage to moving
parts and could contribute to electrical short circuits as well [1-12]. A well-known example of this is engine
failure due to crankshaft burrs. Burrsare formed onthe crankshaft oil passageedges during drillingwhich move
with cooling fluid in the various sections of the engine. They can become a potential cause of complete engine
failure.Therefore, industries oftenspecify requirement of “burr-free edges” on the componentdrawings. This
essentially requires addition of burr removal (deburring) operation to the production lines.

Deburring is a very labor intensive, complex and non-value added operation, which demandshigh skills,
high cost and long processing time[2,4,12-17]. Automation of deburring isalso quite difficult due to highly
varying shapes, dimensions and properties of the burrs[7, 8]. Therefore, minimizing burr formation at the
drilling stage is the cheapest remedy[18]. This review paper, therefore, presents a state-of-the-art on various
factors influencing burr formation and recently developed strategies for burr minimization and control.
Influence of various process parameters, cutting environments, exit surface geometries, component and drill
materials, wear and edge geometries of the drills on size of the burr has been critically examined and explained.
Additionally, burr formation mechanisms and detailed burr classifications are reviewed and discussed.

2. Drilling Burr

Aurich et al. [2]defined burr as an unwanted projection of material formed at the edge of the machined
surfaces. It isa result of plastic deformation and shearing at the end of the machined surfaces. 1SO 13715 [19]
defines that an overhang greater than zero at the workpiece edge is a burr. Specifically, in drilling, the extra
portion formed around the perimeter of the holes at the entry and exit is a burr. However, entry burr is much
smaller and easier to remove. Thus, the focus of recent research has been on exit burrs. Fig laschematically
illustrates entry and exit drilling burrsandgivesburr nomenclature, burr thickness (t) and burr height (h).

Studies in this domain disclose drilling experiments on different materials with a wide range of feed rates
and cutting speeds to reveal all the possible exit burr geometries. Further, these burr geometries have been
classified based on size, such asburr thickness (t) and burr height (h),as thesecontrol the deburring cost.

Table 1 shows classification and description of burrs defined by different research studies. Researchers
observed uniform,transient, and crown or petal or bursttypes of exit burrs in low alloy steels[1][3, 6][5, 9] and
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copper[20, 21]. While, uniform and crown types of exit burrs were observed in stainless steel[1] and brass [22],
and uniform and transient types of exit burrs were observed in aluminum (6061-T6) [23] and titanium (Ti-6Al-
4V) [24, 25]. Researchers have further classified uniform burrs into two subgroups; small and uniform burrs
without drill capand,large and uniform burrs with a drill cap.Dornfeld et al.[26]studied titanium drilling with or
without cutting fluid and classified wet drilling exit burrs into the following three classes;

1. Type A: uniform burrs without attachment,

2. Type B: uniform burrs with ring formation and

3. Type C: uniform burrs with drill cap, refer Fig. 1b.

The dry drilling exit burrs have been classified into four classes,
1. Type I: uniform burr,
2. Type ll:lean back burr,
3. Type lll:rollback burr,
4. Type IV:rollback burr with widened exit, refer Fig 1c.

Recently, several authors[27], [28]observed various interlayer burrs in multi-layer materials, refer Fig
1d.Literature review reveals that no prior studies have examined and classified exit burrs in composite materials.
The state of research reveals that the previous studies do not quantify the geometry of exit burrs (burr height and
thickness) except for steel alloys. Hence, further detailed studies are required on exit burr quantification for the
different grade of materials.

Entrance Burr

Exit Burr ——»

Type A: Burr without attachment Type B: Burr with ring formation Type C: Burrs with drill cap

(b)
Exit Purr
surface |. i
Typel Type II Tyvpe III Type IV
(©
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Fig. 1) (a) Burr nomenclature[22], (b) Types of exit burrs in wet drilling of titanium alloy [29], (c) Types of exit
burrs in dry drilling of titanium alloy [30], (d) examples of interlayer burrs in multilayer material [28]

(d

Table 1: Classification of drilling burrs

Burr Types Uniform burr Transient burr Crown or petal or burst
Burrs without drill Burrs with drill cap burr
cap

Examples

lSKV g oL
AISI 4118 [9], Al
304L [9]

Sl

Copper [21] Ti-6Al-4V [31] Copper [21]
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Copper [21]

Burr height ~0.18 AISI4118 0.18 — 1.0 AISI4118 (1.1-1.5)d**/2 =(1.1~1.5)d**/2
[1, 9] [1, 9] AlSI4118[1, 9] AlSI4118, SS* [1, 5, 6,
~0.15 SS*[5, 6, 9, 0.15 - 1.1 SS*[5, 6, 9, 9, 32],
32] 33, 6] =(1.3)d**/2 SS* [33]
0.03 ~0.15 Ss*
[33]
Burr 0.8 ~1.6 SS*[5] 1.5 ~3.2 SS* [5] 3.8 ~5.3 SS* [5],
Thickness ~ 0.04~0.1 SS*[33]  0.8~0.3 SS*[33] =(0.3)d**/2 SS* [33]
Remarks - Small uniform - Small uniform burr — No definite shape — Wavy burr profile
burr with drill cap — Non-uniform  burr — Highest burr height
- least burr - Lower deburring height and thickness and thickness
height and cost - Higher  deburring — Difficult to remove
thickness cost — Highest deburring
- Easy to remove cost
- Lowest

deburring cost

Burr height and thickness in mm, SS* indicates Stainless Steel, d** indicates drill diameter

3. Mechanisms of burr formation

The burr formation mechanism in drilling is controlled by the thrust force which is induced by the cutting
parameters, drill geometries and tool/work orientations at drill exit[34]. These parameters dictate the amount of
deformation and bending fracture location at the exit, which leads to formation of different types of burr[1, 4, 9,
35].Fig 2 illustrates typical conceptual models of burr formation mechanisms for ductile materials based on
experimental [36-39] and simulation data[40-45]from literature. These models refer to the conditions of exit
surfaces such as flat (a-e), inclined (f), and curved (g)surfaces. These mechanisms are divided into four stages;

(i) steady-state cutting stage,

(ii) initiation and/or development stage,

(iii) fracture and/or continuous cutting stage and,

(iv) burr formation stage.

In steady-state cutting, material ahead of the drill tip is removed as chip and plastic zone appears under
the drill tip. As the drilling progresses, this plastic zone also progresses along with the drill tip and finally
reaches the drill exit surface. Once the plastic zone reaches the drill exit surface, it initiates deformation and
bending under the chisel edge. Up to this point, material is removed by cutting edges of the drill. However, after
this point, the bending of the deformed layer occurs. The process behavior after this point mainly depends on the
thickness of the deformed layer, i.e.thematerial layer between the exit surface & drill cutting edge, marked by
letter t in Fig.2.This deformed material layer is mainly controlled by thrust forces and cutting temperature. The
deformed layer also defines the initial fracture location and the final burr shape in drilling. If the deformed layer
is thin (t;, t;and t3), the final result is uniform burrs. On the other hand, if the deformed layer is thick, transient
(t4) or crown (t5) burrs areformed (t; < tp <tz <t4 < t5) [1, 3, 4, 9, 36].

The thin material layer does not have enough support so as to be cut by the drill edges during the
initiation /development stage. It results in a rapid transition from cutting to bending which leads to inefficient
cutting. As the drill further advances, plastic deformation zone expands from the center to the outer edge of the
drill. However, the material near the drill edge has sufficient stiffness to support the cutting forces. Therefore,
material undergoes further cutting and bit of bending. As material near to the edge becomes thinner and thinner,
it is unable to withstand the cutting forces. This leads to initiation of fracture near the cutting edge. After this,
remaining material is bent and pushed out ahead of the drill to form a uniform burr with or without a cap[1, 4,
9], as shown in Fig. 2c.
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The materials with limited plastic deformation show early fracture in the process near to the central
region of the drill. After continuous cutting, uniform burr without drill cap is formed around the periphery of the
hole, as shown in Fig. 2a.

Sometimes, uniform burrs are formed with secondary drill caps remaining attached with main drill cap,
as shown in Fig. 2b. The chisel edge playsa crucial role in developing the secondary drill cap. As the chisel edge
is not involved in cutting, the material under the chisel edge undergoes only plastic deformation. As drill
advances, the material around the chisel edge undergoes cutting and bending. This thins the material under the
chisel edge. As the drill advances, initial fracture occurs near to chisel edge leading to secondary drill cap
formation.

A thick material layer has sufficient stiffness so as tobe cut by the drill edges during the initiation /
development stage. A slow transition from cutting to bending occurs, which ensures more material removal
during the development stage. It also results in strain hardening due to application of maximum strain near to the
center of the exit surface. The material in this region becomes brittle. Once the maximum strain exceeds the
fracture strain of the material, initial fracture occur near the center of the drill and therefore, the material around
of the drill is pushed out. It forms a crown burr, as shown in Fig. 2e[1, 4, 9]. During transient burr formation,
multiple fractures occur simultaneously near the drill corner and at center of the drill. This results in uneven
transient burrs, as shown in Fig. 2d.

The exit surface geometry plays an important role in the burr formation mechanism.Oncethe drill tip
reaches near the exit surface, deformed layer thickens under the drill is controlled by exit surface geometry,
refer Fig. 2 f-g. At this stage, the region under the drill tip does not have sufficient strength to sustain the thrust
force. This promotes a rapid transition from cutting to bending in the local area. In this region, the material is
pushed ahead as drill advances and gets strain hardened. When the strain exceeds critical strain, initial fracture is
formed near the drill tip giving rise to large burr formation. As the drill advances further, the material gets cut
from the peripheral region, where it has sufficient stiffness. Thus, small burrs are formed along the perimeter of
the holes [37, 46-48].

Steady State Initiation State Fracture Continuous Cutting Final Burr Example

b \ r
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(a) Uniform burrs without drill cap redrawn based on[31, 27] (Example: AISI 4118 [9])
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(b) Uniform burrs with drill cap redrawn based on[1, 24].(Example: Aluminum 2024 T354[49])
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Steady State Initiation State Development Fracture Final Burr Example
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(c) Uniform burrs with or without drill cap redrawn based on[3, 31, 38, 40, 27](Example: Stainless steel [6])

Steady State Initiation State Multiple Fracture Loose Burr Final Burr Example
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(d) Transient burr redrawn based on [1](Example:AlSI 4118 [9])

Steady State Initiation State Development Fracture Final Burr Example
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(e) Crown burr redrawn based on [1, 4, 9, 31, 38, 40].(Example: AISI 4118 [9])
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(f) Burr formation in intersecting hole redrawn based on[6][47][50](Example: Steel[50])
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(9) Burr formation with curved exit surface redrawn based on [50][51](Example: Steel [50])

Fig. 2 Schematic of burr formation mechanisms; (a-e) flat exit surface; (f) inclined exit surface; (g) curved exit
surface

Burr formation studies in CFRP composite materials suggest that the angle (©)between the direction of
cutting force (F¢) and fiber orientation plays a crucial role in defining the burr size. It is evident that the
maximum burr occurs at 0° angle, where fiber cutting is inefficient, see areas near locations | and Il in Fig. 3a.
The burr is minimum at 90°,where fibers cut effectively, see areas near locations Il and IV in Fig. 3a[52,
53].Recent studies have shown that debonding is more dominant in the regions | and Ill, Fig 3a. Thedebonded
fibers suffer large deflection, which leads to delamination or the fiber pull-outs at the end of drilling[54].In the
case of burr formation in multilayer sandwich materials, the size of interlayer burrs are mainly governed by the
gap formed at the interfaces due to drilling thrust[55, 27]. Fig. 3b describes the interlayer burr formation
inmultilayer sandwich materials.
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drilling thrust force

(b)
Fig. 3 (a) Burr formation in CFRP composite redrawn based on[52]; (b) Burr formation in multilayer sandwich
materials redrawn based on [27]

4. Factors influencing burr formation
In drilling, burr formation phenomena is influenced by large number of factors; see Table 2.Whilethe
drilling burr formation cannot be completely prevented, the size and shape of burrs can be reducesignificantlyby
choosing appropriate drilling conditions. In the following sections, various factors influencing the burr
formation are discussed.

Table 2: Factors affecting the burr formation[1, 2, 30, 56, 57]

Category Factors

Material Properties (Ductility, Strength, Strain-Hardening characteristics and

Work and Drill Material. Hardness)and Drill Coatings

Cutting Environment Dry, Wet, Mist or MQL, Cryogenic, etc.,
Work Geometry Exit Surface Geometries
Process Parameters Feed, Spindle Speed, Drill Size and Length to Diameter Ratio

Point Angle, Lip Clearance Angle, Helix Angle, Chisel Edge, Point Shape and

Drill Parameters Sharpness (Wear)

Other Machine Tool Vibration and Deflections

4.1 Work material

The material properties like ductility, hardness, thermal conductivity, composition, etc., has significant
effect on the drilling burr formation process [58-61]. Studies have found that ductile materials like copper,
aluminum, stainless steel, etc., produce larger exit burrs. The reason is the large plastic deformation facilitated
by ductility in drilling. On the other hand, brittle materials, which cannot sustain even small amount of plastic
deformation, produce very small exit burrs[58, 62]. The Link [63]shows the influence of ductility on burr size in
the form of a burr tendency equation. In the proposed equation the author has accommodated material properties
like tensile strength, yield strength, percent elongation at fracture and percent reduction of the area which
essentially measure ductility of the material. The material hardness also plays a crucial role in defining burr size.
Higher workpiece hardness requires larger thrust during drilling operation, which yields larger burrs. Pande et
al. [58] found that workpiecematerials having a hardness in the range of 130 to 140 BHN produce least burrs.
The author also observed that the optimum hardness is driven by the length to diameter ratio. Burr formation
studies on thermal conductivity of the work material found that the materials with lower thermal conductivity
produces thick burrs[64]. The reason is the thermal expansion facilitated by the limited heat dissipation. Studies
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oncomposite materials have found that adding graphite particles in the composite facilitates reducing the burr
size during drilling [65-69].

4.2 Drill material

Drill material considerably affects the final size of the exit burrs [70][71]. Table 3 shows the drill
materials and/or coatings recommended by researchers for least burr formation. Ramula et al. [70] found that
carbide drills produce smallest burrs with different levels of feed and speed over the HSS and HSS-Co drills.
The reason of larger burrs could be the rapid tool wears, more heat and larger thrust associated with the HSS
drills. The coatings on drill also helps to reduce the burr size [72-74]. The reason could be the reduced friction at
different interfaces, which further resist the drill wears [75] and reduce the thrust requirement[76].
Feldshtein[72] usednanolayerTiAlNcoating in his study and found a significant improvement in the shape of the
burrs on steel. Sivarao et al. [73]studied the different levels of cutting speed and feed with TiN and TiAIN
coatings, and found that TiAIN coatings have better results over TiN coating. Recently, Orazio et al. [77] found
the least burr with DLC (diamond-like carbon) coating over the TiAlNcoating. While Luis et al. [74] found
TiAIN-WC/C multilayer coating have better results over DLC coating. Controversial results were recently noted
by Kumar et al.[78]in their research. The authors found that the TiAIN coated solid carbide drill is not suitable
to reduce burr size, specifically in titanium alloy. The state of research ensures that coatings have potential to
reduce drilling burrs size, while all coating materials are not tested on a single platform. Thus, further detailed
studies have to be carried out in which performance of different coating materials are studied on a single
platform.

Table 3: Researchers recommended drill materials or coatings for least burr

Reference Work Material Tasted drill materials or coatings Recommended drill
HSS Coated | Carbide | Coated | materials or coatings for
HSS carbide | least burr
Ramula et al. [70] Gr/Bi-Ti stack v - v _ Solid carbide
HSS,
HHS-Co
Arun et al. [79] Stainless steel - v v v TiAIN coated HSS drill
TiAIN TiAIN
Feldshtein[72] Stainless steel v v - - TiAIN coated HSS drill
TiAIN
Sivarao etal. [73] Stainless steel - v - v TiAIN coated drill
TiN, TiN,
TiAIN TiAIN
Lin et al. [80] Stainless steel - v - - TiN HSS drill
TiN, TiCN HSS drill
TiCN,
CrN,
TiAIN
Caydas et al. [81] Stainless steel v v v - TiN-coated HSS drill
TiN
Feldshtein[72] Titanium alloy v v - - Negligible effect within the
TIiAIN experimental domain
Borba et al. [82] Aluminum A306 - - v v

TiN Negligible effect within the
experimental domain

Luis et al. [74] Aluminum 7075 - - v v TIiAIN-WC/C  multilayer
TiAIN- | coated drill
WCIC,
DLC
Lietal. [83] Aluminum 2219 v - v v HHS-Co drill
HHS-Co
Xavier et al. [84] Al6063 matrix alloy v v - v Black oxide coated carbide
Cobalt Black | drill
oxide
Ravindranath et al. Al2219 matrix alloy v v v - Carbide drill
[69] M42 TiN
Melkote et al. [85] Aluminum stack v v - - Black oxide coated HHS
TiN, drill
Black
oxide
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Bakkal et al. [71] Bulk metallic glass v v - v WC-Co drill
WC-
Co
Orazio et al. [77] CFRP/AAT075 stacks - - - v DLC coated tungsten
DLC, | carbide
TiAIN
Rubio et al. [21] Sandwich v v - - TiO2 coated HSS drill
composite TiO2
Swain et al. [86] Nimonic 80A - - v v TiAINcoated carbide drill
TiAIN

HSS- High speed steel, DLC- Diamond-like Carbon

4.3 Cutting environment (Cutting fluid)

Cutting fluids are used in drilling operation to cool and lubricate the drill as well as the workpiece. Both
these actions influence the burr forming mechanism and subsequently the final size of the burrs. As a coolant,
cutting fluids convey heat away from the cutting zone and as a lubricant, it reduces the frictional forces among
the various contacts. This results in lower temperature and thrust during drilling. These drilling conditions are
favorable for reducing the size of burrs at the perimeter of the drilled hole[92].

The introduction of cutting fluids during drilling operation by methods like wet, mist / MQL, cryogenic,
etc., is beneficial to reduce burr size in comparison to dry drilling. In Table 4recommendations given by various
researchers as regards to optimum drilling environment for least burr formation has been compiled. The studies
employed on the various cutting fluid application methods found that the smallest burr is produced in the
cryogenic environment. However, the cryogenic burrs are not much smaller or differ from other methods like
wet and MQL. Zedan et al. [87] found that the burr size reduced by 75% with mist cooling and 70% with wet
cooling over dry drilling. Similar findings have been observed by Mathew et al.[88]in their study. Kandu et al.
[89]conducted the experiments with water and soluble oil and found that water as cutting fluid has better
performance in reducing the burr size as compared to soluble oil. Similar findings have been noted by Mondal et
al. [90]. Biermann et al. [91]experimented withCO, as cutting fluid to reduce burr size. The authors used CO, to
cool the exit side of the workpiecewhich causes the exit surface to become brittle. This results in lower burr
heights. The studies also observed that higher cutting speeds lowers the effectiveness of cutting fluids in
reduction of burr size[87, 92].

The state of research assures that the MQL lubrication method has the potential to produce similar burrs
like wet or cryogenic drilling with lower lubrication cost. While only a few researchers have addressed MQL in
their studies. Thus, further detailed studies have to be carried out on MQL with reference to mass flow rate,
different lubricant compositions and air pressure.

Table 4: Researchers recommended drilling environment for least burr

Reference Work Drilling environment Recommende
Material Dry Cryogen | Wet lubrication MQL or Mist lubrication | d
ic environment
for least burr
Murthy etal. | Al 6063 v _ 4 Flow rate 50 ml/ min, | MQL
[93] T6 Water soluble oil | Pressure 5 bar
Lubricant UNIST
coolube
2210
Mathew et al. | Titanium v _ 4 Flow rate 200 ml/h Wet and MQL
[130] aluminide Soluble oil diluted | Pressure 6 bar
with water
Zedan et al. Aluminu v _ v Flow rate 50 ml/h, Wet and Mist
[23, 87] m alloy Water-miscible [ pressure 6 bar,
(T6-6061) mineral oil -
5000 mith Lubricant z)/i(lagetable
Senthilkumar | CFRP/Ti6 _ _ _ Flow rate 25,50, 75 50 ml/hr flow
et al. [94] Al4av ml/h rate.
stacks Pressure 5 bar,
Lubricant LRT30.
Lotfi et al. AISI 1045 v _ _ Flow rate 100 ml/h Insignificant
[95] steel Pressure 4 bar within the
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Lubricant Accu-lube experimental
FG-2000 domain.
Shyha et _ _ v v Wet cooling (
al.[96] high
pressure~70
bar)
Biermann et Steel v v v _ Cryogenic
al. [91] Aluminu COo2 cooling,
m
Percin et al. Ti-6Al- v v v v Cryogenic
[25] 4V alloy Liquid cooling.
Nitrogen
Ucak et al. Inconel v v v _ Cryogenic
[97] 718 Liquid Synthetic oil- cooling
Nitrogen water
Kundu et al. Aluminu v _ v _ Soluble oil.
[98][89] m alloy Water, Soluble oil
Kamboj et Composit v _ v _ Water soluble
al.[99] e Water-soluble oil, oil.
(Al6063/1 Synthetic oil
5%/SiC)
Mondal et al. v _ v _ Insignificant
[90] Water within the
experimental
domain.
Shefelbine et | AlSi9Mg v _ v Flood coolant.
al.[100] Wa Flood coolant.
Bagchi et al. Stainless v _ v _ Dry drilling.
[101] Steel Water, Coolant

MQL: Minimum quantity lubrication

4.4 Exit surface geometry
The exit surface of drilled holes is not always flat in industrial applications. It may be curved or angled as

per the demands of assembly or application. The most common example of a curved or angled exit surface is the
intersecting holes, typically used to lubricate a rotating component. The exit surface geometries have potential to
vary the burr sizes[51]. Min et al. [47] studied burr formation associated with different types of exit surfaces and
defined exit surfaces using two angles namely, (i) exit surface angle i.e. the angle between the tangential line to
the exit surface and normal line to the drill path, and (ii) interaction angle i.e. the angle between the cutting edge
and the exit surface. Their observations are,

0] a higher value of exit surface angle yields smaller burr and

(i) anare a where burr is likely to form is controlled by the interaction angle.

Similar findings have been noted for exit surface angle and interaction angle by Dornfeld et al. [4, 102]
and Heisel et al. [103] in their respective studies. Jason et al. [104] found smaller burrs for a curved exit surface
as compared to a flat surface. The author noted average burr size of 104.7 micron for a flat exit surface,
whereas, the same is 44.7 microns for a curved concave exit surface under the same cutting environment. The
reason could be the extra support from curved exit surface which delays the cutting to bending transformations.

The state of research shows that the exit surface geometry has considerably influence on drilling burr size
and real-life applications exit surface became curved and/or inclined. While, limited studies have considered
exit surface geometry along with the wide range of materials, cutting parameters, drill geometries and drilling
environments. Thus, most of the researcher’s recommendations are not directly useful to industrial applications.
Hence, more detailed studies need to be carried out on the effect of drilling exit surface geometries on the shape
and size of burrs which replicates real-life application.

4.5 Process parameters

The process parameters that influences exit burr formation in drillinginclude cutting speed, feed, drill
size and length to diameter ratio (L/D ratio). Table Scompiles the behavior of different materials with various
cutting speeds and feedsas observed in the literature. Generally, feed is the most significant factor that defines
burr size and shape followed by cutting speed and drill size.
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Table 5 shows that, lower feed rates and lower cutting speeds are appropriatefor drilling of steel alloys to
reduce exit burrs. Similar findings were observed in drilling of copper and brass as well. Whereas, for
aluminum, titanium and composites different combinations of parameters are recommended to reduce the exit
burrs.

Table 6 shows the specific recommendations on speed and feed rate for various material grades and size
of drill used. Fig. 4 shows the best combinations of feed-speed observed by different research groups for
different materials yielding the least exit burrs. It indicates that feed rates below 0.2 mm/rev help to generate
smaller exit burrs irrespective of material. For steel and titanium alloys, cutting speed below 20 mm/min and 40
mm/min helps to get smaller exit burrs. However, the testing ranges of cutting speed used for these materials is
also limited (3.5-39 mm/min for steel and 10-63 mm/min for titanium). On the other hand, aluminum and
composites are tested for a wide range of cutting speed, 4-300 mm/min and 2-170 mm/min,respectively.

The minimum burr at a lower speed and feed are explained using the following hypotheses, (i) at higher
feed rate and cutting speed conditions in drilling higher thrust forces and enormous heat is generated. This
induces early plastic deformation and easy flow of material during drilling[105]. As result of this, a heavy crown
type burr is formed at the perimeter of holes. Thus, to avoid heavy crown type burr, moderation in feed-speed
conditions in drilling is recommended [106].

While, controversial results, smaller burr at higher speed and feed are explained using the following
hypotheses, (i)higher feed ratereducesthe local efficiency of the rising heat during the cutting[107]as well as
reduce the number of revolutions per unit length [108], which results in less drill wear, and (ii)higher cutting
speedreducesthe friction between chips and drill[99]. This increases the shear angle andsubsequently reduces the
chip thickness. Its result is reduction in plastic strain associated with chip formation. This reduction might be
reducing the burr size[87]. Palanikumar et al.[109] also observed the higher cutting speed conditions reduces
thrust force generation and it further helps to reduce the drilling burr size and shape.

In a drilling operation, feed rate contributes towards the thrust force, while the cutting speed contributes
toward the heat generation at cutting edge [110, 111].The higher values of feed rates increase the thrust force in
drilling[112],which has the direct role in increasing burr size as mentioned in section 3, but it also reduces the
total cutting duration, so the material doesn’t have enough time to soften before cutting, which is beneficial to
reduce the thickness of plastic deformation zone and further contributes towards the reducing of exit burr
size[108]. On the other hand, higher cutting speed generate higher temperature at cutting zone. This rise in the
temperature mostly facilitates rapid wear at drill cutting edge[62]. It results in an inefficient cutting which
further contributes towards the higher exit burrs. On the other hand, the rise in temperature helps in reducing the
magnitude of cutting force to some extent by reducing shear strength of the material. It results in lesser thrust
force and eventually helpsin reducingexit burr size [21, 113]. In drilling, a major part of the cutting zone heat is
transferred through the chip which is further accelerated by using higher cutting speed. It could help in reducing
the plastic deformation zone which might further contribute towards the reduction of exit burr size. From this it
can be understood that the final exit burr size is mostly controlled by the heat input provided by the speed-feed
combinations, and different combinations of speed-feed might help in generating optimum heat at the cutting
zone. It might be the reason why different studies found different combinations of speed-feed to reduce the burr
morphology. From the productivity point of view, lower speed-feed recommendation is undesirable. Hence,
more research is required to be done on different combinations of speed-feed, which contribute towards higher
productivity along with optimum thermal input (which produce minimum exit burrs).

In 2000, Lin et al [80, 114] studied drilling operation with variable feed-speed wherein maximum feed
was maintained at the center of the drill depth, while least feed was maintained at the entry and exit. Using this
methodology, up to 40% reduction in exit burr size was found along with improved tool life and productivity for
stainless steel. This innovative concept has not been further explored by any other researchers. Hence, further
studies have to be carried out in the field of variable feed-speed for different materials.

Burr height increases with drill size [66, 109, 115-122].Smaller is the diameter of the drill, smaller is the
contact length between work material and tool cutting edge which results in less cutting thrust and torque [123].
Lower thrust and torque requires less support material at the exit surface. These conditions produce smaller
burrs at the perimeter of the holes. Pande et al. [58] statedthat thedesign parameters of a standard drill, like the
ratio of chisel edge length to drill diameter and helix angle, varies with the drillsizewhich might be affecting the
burr size. Gaitonde et al. [124-126] and Kadivar et al. [127]observed that the optimum values of feed and point
angle is controlled by drill size. While, Gaitonde et al.[124]tested drill size between 12-28 mm range and found
burr size increased up to 15 mm drill size, after which it decreased in the drill size range 0f15-26 mm, and again
increased beyond 26 mm.

The L/D ratio is the least considered parameter in drilling burr studies. Only Pande et al [58]has
considered L/D ratio in their study and recommended 0.45-0.75 range for least exit burrs. The drilling with very
small L/D ratio makes the entry and exit deformation zones very close to each other. There is always a chance of
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overlapping of these deformation zones with each otherwhichmight give a larger burr size when small L/D ratio
is used in drilling. However, large L/D ratio generates enormous heat at cutting zone as drill advances towards
the exit surface. This enormous heat produces localized softening and early plastic deformation in the processes
which results in heavy burrs on the perimeter of the drilling holes. The range of L/D ratio tested and
recommended by Pande et al [58] is too short as compared to actual industrial applications. Most of the
industrial products demand higher L/D ratio in drilling to fulfill the application needs. This gap hasreducedthe
usefulness of the researcher’s feed-speed recommendations. Hence, more studies need to be carried out on
different L/D ratios along with different combinations of feed-speed.

Table 5: Effect of cutting speed and feed on burr formation

Reference Analysis
Steel ,:;Iumlnu ;ltanlu Composite Other
CASE I: BF formation reduced by Lowering feed
[1, 115, 116, | [8, 56, | [139, [141, 142, 110, | Brass  [22, Other
128, 129, 130, | 60, 133, | 140, 109, 143, 144, | 151]
60, 104, 124, | 89, 134, | 112, 145, 146, 21, | Copper [22,
106][126, 131, | 10, 135, | 112,25] | 147][99, 112, | 20] composite |
79, 132] 131, 98] 65, 148, 66,
136, 149, 84, 69, -
537, 138] 150, 105][85] Titanium L
CASE II: BF formation reduced by increasing feed
[87, 23] [70, 152, | [107, 70, 156, Aluminum ]
153, 24, | 71, 157]
iggi Steel
CASE IlI: BF formation doesn’t get much affected by feed or not cleared
[158, 159, [26, 72] 0% 50% 100%
111] B CASE| OCASEI
CASE |: BF formation reduced by Lowering speed
[158, 115, | [8, 60, | [139, 70, | [141, 142, 107, | Copper [20] Other
116, 128, 130, | 135, 98, | 140, 24, | 70, 144, 112, | Brass [151]
104, 125, 106, | 160, 136, | 112] 65, 161, 157,
131, 79] [132] | 138] 150] [105, 119] composite I
CASE II: BF formation reduced by increasing speed
[87, 162, | [162, [109, 146, 21, Titanium | B
133, 134, | 152, 99, 163, 164,
23, 137] 112, 66, 113, 149, Aluminum o
153, 84] [69]
154, 25]
CASE III: BF formation doesn’t get much affected by speed or not cleared Steel
[1, 129, 60, [56, 60, [26,72] | [110, 145, 156] | Copper[22]
159] 131] Brass[22] no 8N4 10N,

EICASE | @CASE II B@3CASE I
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Table 6: Recommendations from different researchers on feed rate and cutting speed.

Reference Work Material Drill Diameter Factor range tested Recommendation
(mm)
Gaitonde et al. [158, | AISI 316L stainless 28 [158] F:0.04,0.08,0.12 0.08 [158, 128, 130]
128, 130, 132] steel 10, 16, 22, 28 0.04 t00.08 [132]
[128] S:8,16,24 8
16 [130]
4,10, 20, 28
[132]
Gaitonde et al. [115, | AISI 316L stainless | 10, 16,22 [115] | F: 0.04, 0.06, 0.08 | 0.04to 0.07
116] steel 4,10, 16,22,28 | ,0.1,0.12
[116] S: 8,12, 16, 20, 24 8to 12
Gaitonde et al. [125] AISI 316L stainless | 4,10,16,22,28 | F: 0.04, 0.06, 0.08 | 0.08
steel ,0.1,0.12
S: 8,12, 16, 20, 24 8
Karnik et al. [129] AISI 316L stainless 10, 16, 22 F:0.04,0.08,0.12 0.08
steel S: 8, 16,24 Negligible effect
Arun etal. [79] AISI 316 austenitic 10 F:0.04,0.08,0.12 0.04
stainless steel S: 12,14, 16 12
Gaitonde et al. [124, | AISI 316L stainless | 12,20, 28[124] | F:0.04,0.08,0.12 0.04 t0 0.07 [124]
126] steel 8, 18, 28[126] S: 12 (constant) 0.04 to 0.09[126]
Alrabii[165] AISI 316L stainless 125 F:0.08 -0.32 0.16
steel S:4.9-13.9 4.9
ST37 low carbon steel 12.5 F:0.11-0.45 0.11
S:35-279 35
Gaitonde et al. [106] AISI 1018 steel 6 F: 0.04, 0.06, 0.08 | 0.04
,0.1,0.12
S: 8,12, 16, 20, 24 8
Gaitonde et al. [111] AISlI 304 stainless 10 F:0.04,0.12,0.20 0.12
steel S:8,12,16 12
Bagchi et al. [101] AISI 304 stainless 5 F:0.02,0.04,0.1 0.04
steel
S*: 18, 32,39 18
Varatharajulu et al. | Duplex 2304 6 F: 0.038, 0.076, 0.203 | 0.038
[166] S*:5,7,10 10
Varatharajulu et al. | Duplex 2205 6 F:0.038, 0.076, 0.203 | 0.203
[167] $*:5,7,10 9
Gaitonde et al. [168] Mild steel 4,6,8, 10,12 F: 0.04, 0.08, 0.12 | 0.04
,0.16, 0.2
S: 8,12, 16, 20, 24 21
Mondal et al. [90] Low alloy steel 14 F:0.032 to0 0.08 0.08
S:20t0 31 20
Koklu[8] Al-2024, Al-7075 and 8,10,12 F:0.05,0.1,0.15 0.05
Al-7050 S 20, 30, 40 20
Zedan et al. [87] Al 6061-T6 9.525 F:0.15, 0.25, 0.35 0.35
S: 60, 150, 240 240
Lauderbaugh[56] Al 2024-T351, 3.1750, 4.7625 | F:0.101 to 0.254 0.101
Al 7075-T6 S*: 91022 Negligible effect
Abdelhafeez et al. | AA7010, 6.35 F:0.08, 0.16, 0.24 0.16
[162] AA2024 S: 50, 100, 150 150
Pilny et al. [133] Aluminum alloy 16,2 F: 0.035, 0.064, 0.093, | 0.035
0.121,0.15
S: 80, 115, 150, 186, | 220
220
Kandu et al. [89] Aluminum alloy 9 F:0.032,0.08, 0.125 0.032
S:12.5, 20, 32 20
Sreenivasulu et al. | Al 2014, 8,10,12 F:0.3,0.5,0.6 Al
[169] Al 6061, 2014,A16061,Al7075:
Al 5035 0.5
Al 7075 AI5035: 0.3
S: 15.08, 25.13, 37.7 Al 2014: 25.13,
Al6061: 37.7
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AI5035,A17075: 15.08

Kilickap et al [135] Al-7075 5 F:0.1.0.2,0.3 0.1
S:4,12,20 4
Huang et al. [170] Al 6061 8 F:0.2,0.15,0.1 0.1
S*:50,63,75 50
Kundu et al [98] Aluminum alloy 9 F:0.032,0.08, 0.125 0.032
S: 125, 20, 32 20
Zedan et al [23] Al 6061-T6 9.525 F: 0.15, 0.25, 0.35 0.15
S: 30, 60, 120, 150, | 240
240, and 300
Sreenivasulu et al | Al 2014 8, 10, 12 F**. 0.04-0.03-0.02, | 0.033
[171] 0.04-0.03-0.025, 0.06-
0.04-0.03
S*  12-15-18,17-22- | 18-26-30
26,18-26-30
Dornfeld et al. [26] Ti-6Al-4V 6.35 F: 0.0254, 0.0508, | little influence
0762
S: 120, 140 little influence
Abdelhafeez et al. | Ti-6Al-4V 6.35 F:0.07,0.14,0.21 0.14
[162] S: 10, 20, 30 30
Shetty et al. [139] Ti- 6Al-4V 6.35 F:0.05,0.1,0.15 0.05
S: 10, 15, 20 10
Prabukarthi et al. [154, | Ti- 6Al-4V 5 F: 0.05, 0.09, 0.13 0.13
153] S*:11,13,16 16
Patil et al. [24] Ti- 6Al-4V 10 F: 0.06, 0.08, 0.1 0.1
S*: 38, 50, 63 38
Zhu etal. [172] Ti- 6Al-4V 3.6 F: 0.02, 0.05 0.13, | 0.05
0.2,0.23
S: 20, 26, 40.5,55,61 | 26
Wagar et al. [140] Ti- 6Al-4V 6 F:0.05,0.1,0.15 0.05
S*: 15,19, 23 15
Glasin et al. [141] GLARE composites 6 F**. 0.1-0.05-0.03, | 0.05
0.2-0.1-0.07, 0.3-0.15-
0.1
S$*:57,113,170 113
Giasin et al. [142] GLARE composites 6 F** 0.1-0.03-0.02- | 0.02
0.01, 0.3-0.1-0.05-
0.01, 0.6-0.2-0.1-0.07
S*: 19, 57,113,170 113
Ekici et al. [107] Al/10B C composites 5 F:0.08, 0.012, 0.16 0.16
S:18,25,35 18
Thakre et al. [110] Aluminum silicon 10 F:0.1,0.15,0.2 0.1
carbide S: 40, 60, 80 Negligible effect
Rajmohan et al. [143] Hybrid metal matrix 6 Fr*: 0.05-0.025- | 0.05
0.017, 0.1-0.05-0.03,
0.15-0.075-0.05
S*:19,38,57 19
Palanisamy et al. [144] | Al-Gr composites 6 F:0.06, 0.08, 0.1 0.06
S*:11,16,21 11
Thakre et al. [110] Metal matrix 10 F:0.0254 and 0.0762 0.0762
composites S* 1210 24 12
Uysal et al [146] Polymer materials 8 F:0.1,0.2,0.3 0.1
S: 40, 80, 120 120
Rubio et al [21] Sandwich composite 5 F: 0.05, 0.10, 0.15, | 0.05
0.25
S:24,48,72 72
Soo et al [147] CFRP/AAT7010 stacks 6.38 F: 0.15, 0.30 0.15
S: 60,120 120
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Kamboj et at [99] Al6063/15%/SiC 8,12 F: 0.05, 0.15, 0.25 0.05
composite S: 37.68, 103.62, | 150.72
150.72
Kadivar et al [127] Metal matrix 12 F:0.08, 0.18, 0.32 0.18
composites S*:5,27,53 27
Shusheng Bi et al | Stacked metal 6 F: 0.05, 0.075, 0.1 0.075
[163] materials $*:9,19,28,38 38
Liang et al [164] Stacked metal 6 F:0.05, 0.075, 0.1 0.075
materials $*.9,19,28,38 38
Basavarajappa et al | Metal matrix 10 F: 0.05, 0.15, 0.25 0.05
[65] composite S*: 31,63,94 31
Rajmohan et al [148] Hybrid metal matrix 6 Fr*: 0.05-0.025- | 0.03
composite 0.017, 0.1-0.05-0.03,
0.15-0.075-0.05
S*: 19,38,57 35
Saravanakumar et al | Particle reinforced 6, 10 F**:0.05-0.017, 0.15- | 0.017
[66] hybrid composite 0.05
S*:19-31,57-97 57-97
Kuo et al [156] Ti-6Al-4 6.38 F: 0.05, 0.08 0.08
VICFRP/AA7050 S: 30, 120, 120 Negligible effect
Hassan et al [173] CFRP aluminum 4.826 F:0.05,0.1 0.1
Stack S*: 23,39 39
Xavier et al [84] Metal matrix 5 F: 0.05, 0.15, 0.2 0.05
composite S*: 60, 74, 90 90
Parkash et al [157] Al-Fly ash composite 10 F:0.035,0.07,0.14 0.07
S: 20, 40, 60 60
Shivapragash et al | Al-TiBr2 composite 0.6 F:05,1.0,15 1.5
[174] S*.2,34 2
Jindal [175] Poly methyl 0.2 F:0.14,0.22,0.34 0.14
methacrylate strip
Timata et al. [151] Forging brass 18 F** 0.2-0.16-0.12, | 0.2
0.24-0.2-0.17, 0.3-
0.24-0.21
S*: 24, 28,33 24
F: feed in mm/rev, S: speed in m/min or rpm, *indicates speed converted to m/min from rpm, ** indicates feed converted
to mm/rev from mm/min
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Fig. 4 Optimum combinations of feed-speed observed by different research groups for different materials
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4.6 Drill Geometry

The burr size is influenced by drill geometry such as point angle, clearance angle, helix angle, point style
and number of flutes. Table 7 and 8 summarizes the observations of different studies on point angle, helix angle
and clearance angle.

Most of the studies observed that drills having higher point angle produce smaller size burrs. The higher
point angle confirms the maximum lip movement in the earliest possible time. It avoids the strain hardening as
well as the change in the chip flow direction. Also, this ensures that the material below the drill bit is more
prone to cut rather than simply flow toward the feed direction. Its lows down the yielding of work material
towards the feed direction and thus, results in smaller burrs[115, 110].The studies, which tested point angle in
the range of 90° to 140°, recommended point angle in between 125°-140° for smaller burr size [36, 115, 110,
176, 152]. Heisel et al.[177] tested point angle in the range of 155° to 185° and found that the exit burr size is a
minimum with 155° point angle. Few studies have disclosed some controversial observations, such as Shetty et
al. [139] found that smaller point angle is better for titanium alloy. The author tested point angle in the range of
90° to 118° and found that 90° is best suited for titanium alloys. Similarly, Uysal et al. [146] found that 80° is
best for polymer in test range of 80° to 120° whileQinglong et al. [149]found that 78° is best for the
TBO0S/CFRP in the testing range of 78° to 113°. Manjunatha[30]further found that the effect of point angle on
burr height and burr thickness is different. The author recommended a smaller point angle (127°) for a smaller
burr height, while a higher point angle (132°) is recommended for a smaller burr thickness.

Higher helix angle has been recommended by many studies to minimize the burr size and shape. The
reason could be lower torque and thrust force required for drills with high helix angles. Gillespie et al. [60]
experimentally tested drills with 27.5° and 37.5° helix angles and found that 37.5° helix angle produces a
minimum burr. The author found a 50% reduction in burr height and a 20% reduction in burr thickness with
37.5° helix angle. Similar findings have been disclosed by Zhu et al. [7] also. While Dornfeld et al. [26]have
reported some controversial results wherein the authors observed 51% and 20% improvement in burr height and
thickness after reducing the helix angle of the drill from 35° to 30°.Ballow et al. [104]studied the effect of
change in helix angle controlled by point angle on the shape and size of the drill burrs. The author found that
low helix angle is better with high point angle, whereas a high helix angle is better with low point angle.

Many studieshave found that a low value of clearance angle is advantageous to reduce the burr size and
shape[7, 30, 116, 128]. The reason could be that low clearance angle provides sufficient support for drilling
edges which helps in easy breakage of the chips and lowers the burr size.

Studieson drill wear have observed that burr formation is exponentially increased with drill wear,
particularly with higher cornerwear.These observations hold true for all type of cutting conditions [92,104, 176-
181]. With the higher tool wear, cutting becomes inefficient which results in higher cutting forces along with
higher temperature and power consumption[182]. High cutting force and temperature conditions produce crown
burrs as discussed in section 3.

It has been also reported that helical, split point, spiral point, chamfered, round and step drills form
smaller burrs as compared to the conventional drills. These modified geometries reduce thrust generated during
the drilling process which could be the main reason for the formation of smaller exit burrs [144,183-187].

In Table 8, the various recommendations as regards to drill geometries for least burr has been compiled.
Ko et al.[59]studied the performance of chamfered, round and step drills on four different materials and found
that step drill with 40° step angle produces the smallest burr. Similar findings have been noted for step drill by
Ko et al. [183], Kamboj et al. [99], Kim et al.[188],Palanisamy et al. [144] and Hellstern et al.[184] in their
respective research. The reason could be that the uncut portion of the work material at exit surface is reduced
due to the step drill geometry. Palanisamy et al. [144] further recommended that one mm step size in step drill is
an optimum value for reducing the burr size to a minimum level. Rao et al. [189] recommended step diameter
and length should be about 70% and 60% of drill diameter for minimum exit burrs.Li et al. [185] compared the
burr formation of the spiral drill with the conventional twist drill in their study. The authors found that burr
formed in the spiral drill is very small as compared to the crown burrs generated in conventional twist drill.
Dornfeld et al. [26]found that helical point drill produces lower burr size as compared to the split point drill. The
reason could be the lower thrust force generated due to S-shaped web and short drill point length over the twist
drill. The studies which considered the burr formation with two and three flute drills found that three flute drills
produce small burrs as compared to two flute drills [133][190]. The reason could be the lower thrust force
generated due to the three flute drill. The studies observed that the thrust force required for three flute drill is
about 50% of the force generated using a two flute drill. Pawar et al. [118]have found controversial results in
their research wherein the authors have found fewer burrs and better drill quality with two flute drills on
GLARE as compared to the three flute and multi-faceted drills. Recently developed brad and spur drills produce
smallest burrs in composites (CFRF [105], sandwich material[191]) over the twist, step, core, and dagger drills.
The state of research reveals that different drill geometries have the potential to reduce the burr size to a
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minimum level, but researchers have not considered all the possible options on a single platform. Thus, more
detailed studiesneedto be carried out in which all possible geometries are considered on a single platform for a
wide range of materials to reveal the best geometry which produces the least burr without affecting drill quality.

Table 7: Effect of drill geometry on burr formation

Drill Nomenclature [192]

I

Helix Angle

T

Chisel Edge Angle

Lip Clearance
Angl

Drill geometry Researchers observations
. Large is better [26, 158, 115, 58, 128, 129, 110, 144, 176, 152]
Point angle
Small is better [139, 103]
Helix angle Small is better [26]
Clearance angle Small is better [30, 158, 115, 116, 128, 129, 10]

Table 8: Recommendations from different researchers for point, helix and clearance angle

Drill Reference Work Material Factor range tested Recommendations

Geometry for least burr
Gaitonde et al.[158, 115, | AISI316L 118°, 126°, 134° 134°

Point Angle 116][124][125]
Gaitonde et al. [111] AISI304 118°, 126°, 134° 126°
Gaitonde et al. [132] AISI 1018 118°, 122°, 126°, 130°, | 134°

134°
Gaitonde et al. [194][168] Mild steel 118°, 122°, 126°, 130°, | 134°
134°

Syed et al [190] Ti6Al4V 118°, 140°, 150° 150°
Dornfeld et al. [26] Ti6Al4V 123°,139° 139°
Shetty et al. [139] Ti6AI4V 90°, 104°, 118° 90°
Cantero et al. [176] Ti6AlI4V 118°, 135° 135°
Celik [58] Ti6AlI4V 90°, 118°, 130°, 140° 140°
Farid et al [195] Inconel 718 120°, 125°, 130° 130°
Dey et al. [160] Aluminum bar 86°, 104°, 118° 118°
Sreenivasulu et al [169] Al6061 100°, 110°, 118° 118°
Kilickap et al [135] Al-7075 90°, 118°, 135° 135°
Sreenivasulu et al [171] Al-2014 100°, 110°, 118° 118°
Thakre et al. [110] Al6061-Sic 96°, 118°, 140° 140°
Rajmohan et al. [144] AI356/SiC-mica 100°, 110°, 118° 118°
Heisel[177] CFRP 155°, 175°, 185° 155°
Uysal et al.[146] Polymer 80°, 120° 80°
Qinglong et al. [149] T800S/CFRP 113°,78° 78°
Heisel et al. [196] CFRP 155°,175°,178°, 185° 155°
Parkash et al. [157] Composite 80°, 100°,135° 100°
Hassan et al. [173] Carbon Fiber 110°, 130° 130°
Vijayan et al. [150] Carbon Fiber 110°,115°, 120° 113.5°
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Gaitonde et al. [158, 115, | AISI316L 8°,10°, 12° 8°
116, 128, 129]

Clearance angle Gaitonde et al [125][111] AISI 316L 8°,9°, 10° 11°,12° 10°
Gaitonde et al[106] AISI 1018 steel 8°,9° 10°, 11°, 12° 10°
Gaitonde et al [194][168] Mild steel 8°,10° 12° 8°
Dornfeld et al. [26] Ti6Al4V 10°, 12°, 14° 12°
Sreenivasulu et al. [10] Ti6Al4V 4° 6°, 8° 4°
Manunatha[30] AL6001-T6 12°,14°, 16° 13°
Sreenivasulu et al [169] Al-7075 4°,6°, 8° 6°
Sreenivasulu et al [197] Al-6061 4°,6° 8° 6°
Sreenivasulu et al [171] Al-2014 4°,6°, 8° 6°
Heisel et al. [177] CFRP 6°,7° 8° 7°
Hassan et al [173] CFRP/Aluminum 6°, 8° 6°

Rake or Helix | Zhuetal. [7] Stainless steel 10°,20° and 30° 30°

angle Dornfeld et al. [26] Ti6AI4V 30° and 35° 30°
Gillespie [60] Na 27.5° and 35.5° 35.5°

Table 9: Summary of researchers recommended drill geometries for least burr

Reference Work Conve | Split Heli | Spir | Ste | Cham | Dag | Roun | Core | Brad | Recomme
material | ntio- point cal al p fer/ ger d /| drill & nded drill
nal/Tw | drill poin | poin | dril | Doub | drill | Multi spur geometry
ist t t | le point drill for least
drill drill | drill cone drill burr
drill
Dornfeld et | Ti6AI4V v v v Helical
al. [26] point drill
Ko et al. | SM45C v v v Step drill
[59] Steel
Li et al | Ti6AI4V v v Spiral
[185, 198] point drill
Tamura et | CFRP v v Conventi
al. [199] onal drill
Zhu et al. | Ti6AI4V v v v Double
[113] stack cone drill
Qinglong et | CFRP v v Dagger
al. [149] laminate drill
s
Xu et al. | CFRF v v v Brad and
[105] spur drill
Rezende et | Sandwic v v v v v Brad and
al.[191] h spur drill
Material

5. Burr control strategies
In the following section, various strategies to minimize the drilling burrs are discussed. There is no single
widely accepted strategy, which can completely eliminate the burrs in drilling, but the burrs can be reduced
significantly by choosing appropriate drilling strategies whichcontributeinreduction of the deburring cost and
time significantly.

5.1 Ultrasonic assisted drilling

The vibration assisted drilling (VAD) is a new technique developed to minimize the drilling burrs in the
different group of materials. In this method, a piezoelectric actuator applies controlled vibrations (high
frequency (f) and optimized amplitude (A)) to the drill in the feed direction. The controlled vibrations produce
multiple impact interaction between drill and the formed chips. It results in lower thrust force and discontinuous
finer chips. It can also reduce the burr size [127, 200-204].Fig. 5 shows the different examples of exit burr
formed in conventional and ultrasonic drilling at same cutting parameters, drill geometries and drilling
environments for various materials.
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Babitsky et al. [205]used controlled vibrations (f: 20 KHz and A: 10 um) on aluminum, copper, mild
steel and composite and found reduction or even complete elimination of the burrs on both the entrance and exit
face of the workpiece. Similar findings have been noted for drilling burr byChern et al.(Aluminum alloy,f: 21
KHz and A: 2 um) [206], Takeyama et al. (Aluminum, Glass fiber reinforced plastics, f: ultrasonic and A: 7-
13.5 pm)[207], Simon et al. (A1100-0 aluminum, f: 4-12 KHz and A: 2 um) [75], Chang et al. (Al 6061-T6, f:
4-12 KHz and A: 2 um)[208], Onawumi et al. (CFRP/Ti stack, f: 22 KHz and A: 15.1um)[203], Kadivar et al.
(AI/SiC metal matrix composite, f: 22 KHz and A: fixed)[127]andAzarhoushang et al. (Inconel 738, f: 21 KHz
and A: 3-10 pm) [209]in their respective studies. Takeyama et al.[207]used vibrations with amplitude of 7 and
13.5 umin drilling and found higher burr reduction for vibrations with 13.5 pum amplitude. Simon et al. [75]
noted that optimized vibration parameters (frequency and amplitude) depend on cutting conditions like speed,
feed, etc. The author noted that burr size is highly dependent on frequency and burr reduction is possible only
above a threshold value. The author also observed that vibrations improve productivity by allowing higher
spindle speed and feed without increasing burr size. Adachiet al. [210] noted that the burr size is not influenced
by increase in the number of drilled holes after applying low frequency controlled vibrations. Recently, Lotfi et
al. [95] combined the MQL and vibrations together and found this combined approach to be much superior then
MQL or vibrations alone in improving the drilling quality. The author further noted that MQL-VAD approach
produced burr-less holes.
The presence of controlled axial vibrations in drilling improves the drilling quality and productivity for a wide
range of materials. Although complex design of piezoelectric devices limits efficient use of vibrations in
drilling, it enables testing wide range of vibrations parameters like frequency, amplitude and oscillation
modes(sin, square, etc.,)on a single platform. Recently magnetic bearing spindles have been developed, which
facilitated CNC control of frequency, amplitude and oscillation modes[211].This technology gives freedom to
optimize the VAD process for individual product or application so as to produce burr-less holes.

%% % &
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b W o 3 | r—
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Inconel 738-LC [209] Stainless Steel[201]
Fig. 5Examples of exit burr formed in conventional and ultrasonic drilling at same cutting parameters, drill
geometries and drilling environments for various materials.

5.2 Use backup material

This approach is used in many industries to reduce exit burrs, particularly in drilling on composites [161,
213-215] and circuit boards [216-218]. In this approach, workpiece material or material which is slightly stiffer
than the workpiecematerial is used as a backup support underneath the part being drilled. This approach can
reduce the burr formation at the exit of the hole significantly. The reason could be the extra stiffness provided
by backup support at the exit[219, 220]. This extra stiffness could restrict or delay the downward bending
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deflection caused by thrust force during drilling and promote continuous cutting and thus, minimize the burr
size[221].Gillespie et al. [60] first time used the consumable backup plugs in cross-hole drilling and found a
50% improvement in burr morphology. The studies use a backup support which is same as the work material in
aluminum [89] and low alloy steel [90] drilling found the consistent low burrs at a hole exit with a wide range of
process parameters.

5.3 Pre-drilling and chamfering

A study has been carried out into the effect of pre-drilling and chamfering on the predrilled hole by
Mahdy[222] in 2000. The author found that predrilling and enlarging tactics reduce the burr up to 75%
compared to direct drilling. The reason could be reduced volume of displaced material [223, 222]. These studies
also found zero burrs, when predrilled chamfer diameter is maintained to a final diameter of the drilled hole.
However, this is the least used strategy in the industry. It reduces productivity and increases overall drilling cost
which maybe the main reason for its least use.

5.4 Use of drilling burr control chart

In this approach, experimental data is organized into an useable databank to predict burr size based on
drilling parameters. Dornfeld et al.[1]derivedfor the first time a control chart based on the experimental data
available for steel alloys in their study. The author used speeds, feeds and drill sizes to build a two-dimensional
control chart. As an example, Fig. 6a shows the two-dimensional control chart for a low alloy steel. This control
chart shows the approximate boundaries between the three burr types. The dotted box in the chart indicates
recommended process conditions for least burrs in low alloy steel. This approach is more material specific. To
resolve this problem Link [224, 63] proposed a three-dimensional control chart in which the author adds the
third axis as the material property index. Fig. 6b shows the three-dimensional control chart proposed by Link.
This chart gives a very good guideline for industries to choose drilling conditions which produces predefined
burr size. Limited drilling control charts have been developed by researchers (Steel alloys [1, 5], Copper and
Brass[22], PCB [225]) thus, more studies have to be carried out in which control charts are developed for a wide
range of materials and which accommodate different drilling environments, drill bit materials, and their
properties as well.
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Fig. 6(a) Two-dimensional control chart for low alloy steel; S (S=10-5d * N; where d is drill diameter (mm)
and N spindle speed (rpm) and Fn,[1]. (b) Three-dimensional control chart [224]

Conclusions
The “burr-free edge’ of the drilled hole is primarily characterized by part quality because it influences the
part performance during its service life. The review on the state-of-the-art of burrs in a drilling process leads to
following major conclusions, including current research gaps and future research direction:-

— According to the general observations of researchers, drilling exit burr size is closely related to the extent of
thrust force produced during the drilling operation and the stiffness provided by the work material at the drill
exit (as a consequence of the tool/work orientation of exit surface and/or physical properties of the work
material).

— Number of studies have showed thatburr minimizationis possible through control of thrust forces, optimizing
process parameters (like speed, feed, cutting fluid, etc.), drill geometries (coating, point angle, helix angle,
lip angle, sharpness etc.), addition of controlled vibrations or use of optimum cutting environments (wet,
mist or MQL, cryogenic, etc.,) in drilling process.
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The review reveals that the effect of process parameters like speed and feed on burr size is mainly dependent
on material. According to the major observations, low feed-speed is favorable for burr minimization in
different grades of steel, copper, and brass among the tested range. Whereas, materials like aluminum and
composites produce least burrs with low feed conditions, while do not show any particular trend with the
reduction of cutting speed. Further, material like titanium does not show any particular trend with a change
in feed and cutting speed. Thus, the systematic study with a wide range of process parameters (feed and
speed) is recommended for titanium alloys to reveal the trend.

The review further reveals that the burr size could be controlled by optimizing the heat input at the cutting
zone, and the different combinations of speed-feed have potential to generate optimum heat at the cutting
zone.Fromproductivity point of view, lower speed-feed recommendation is undesirable. Thus, more research
on different combinations of speed-feed, which contribute towards higher productivity along with optimum
thermal input (which produces least burrs) in drilling is essential.

The review also reveals that the presence of cutting fluids significantly minimizes burr formation in drilling.
The studies found smallest burrs in cryogenic environment, but did not find much advantageous over the
other methods like wet or MQLcooling (i.e. cryogenic burrs don’t differ much than other methods).The
review shows that MQL has potential to produce smaller burrs with least lubricant cost. The review reveals
that only a few researchers have addressed MQL in their studies. Thus, further detailed studies should be
carried out on MQL with reference to mass flow rate, different lubricant compositions and air pressure.
According to the general observation by researchers, exit surface geometries have the potential to control the
burr size and burr likely areas. Most of the exit surfaces of drilled holes in industrial applications are not flat
i.e. they are curved or angled as per the assembly or application demand. It was found during the review that
most of the research recommendations are based on flat exit surface. Thus, these recommendations are not
directly useful for industrial applications. Hence, a further detailed study has to be carried out on exit
surfaces which replicates real-life applications.

According to general agreement on results, drill geometries have high potential to minimize burr. The
recommended values are 127 — 155°for point angle and 37.5°for helix angle, respectively. It is also revealed
that the step drill produces smallest burrs as compared to all the other drillgeometries. The review also shows
that coatings have potential to reduce drilling burrs size, however all coating materials have not been tested
on a single platform. Thus, further detailed study has to be carried out in which performance of different
coating materials is studied on a single platform.

There is no single widely accepted strategy, which can totally eliminate burrs in drilling but, drilling burr
could be reduced to minimum level by adding controlled vibrations or using back up material and control
charts. These controlled small burrs have the potential to reduce the deburring cost as well as manufacturing
time significantly. Controlled predefined burrs will also facilitate use of automatic robotic deburring and/or
electrochemical deburring systems in industries.

Acknowledgment
The authors gratefully acknowledge the partial support provided for this work by Kalyani Center for

Technology and Innovation, Bharat Forge Ltd. Pune.We would like to thank Mr. Shreyas Kirwaiand Dr.
Ritwik Basufor editing and reviewing this manuscript for English language.

[1].
[21.
[3].
[4].
[5].

[6].
[7]1.

References
J. K. D. A. D. Sangkee Min, "Development of a drilling burr control chart for low alloy steel, AISI
4118," Journal of Materials Processing Technology, vol. 113, no. 1-3, pp. 4-9, 2001.
D. P. V. L. S. .. J.C.Aurich, "Burrs—Analysis, control and removal," CIRP Annals, vol. 58, no. 2, pp.
519-542, 2009.
S M. J K JH C HC.PT.P.F. A A David Dornfeld, "Burr Prevention and Minimization for the
Aerospace Industry," SAE Technical Paper , vol. 01, no. 2292, 1999.
D. A. D. Sangkee Min, "Current Advanced Research Projects in Burr Formation and Deburring," The
Association for Manufacturing Technology, 7901 Westpark Drive, McLean, VA 22102, 2004.
Kim Jinsoo, "Development of a drilling burr control chart for stainless steel,” [Online]. Available:
http://graco.unb.br/alvaressDOUTORADO/omega.enm.unb.br/pub/doutorado/disco2/telemanufacturingl/
berkeley/LMA.berkeley.edu/research/1999/99_Kim_2/99 Kim_2.doc. [Accessed 06 10 2018].
Dornfeld David, "Strategies for Preventing and Minimizing Burr Formation,” UC Berkeley: Laboratory
for Manufacturing and Sustainability, Retrieved from https://escholarship.org/uc/item/2239m1ns, 2004.
G. W. P. Z. L. M. C. Z. Yunming Zhu, "A Study on Burr Formation and Controlling Technology in
Precision or Ultra-Precision Drilling,” in First International Conference on Integration and
Commercialization of Micro and Nanosystems, Sanya, Hainan, China, 2007.

www.ijlemr.com 62 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

8.

[9].

[10].

[11].

[12].
[13].

[14].
[15].

[16].
[17].
[18].
[19].

[20].

[21].

[22].

[23].

[24].
[25].
[26].

[27].

[28].
[29].

[30].

[31].

[32].
[33].

Koklu Ugur, "Influence of the process parameters and the mechanical properties of aluminum alloys on
the burr height and the surface roughness in dry drilling,” Materials and technology, vol. 46, no. 02, pp.
103-108, 2012.

S. M. D. A. Jinsoo Kim, "Optimization and control of drilling burr formation of AISI 304L and AlISI
4118 based on drilling burr control charts,” International Journal of Machine Tools and Manufacture,
vol. 41, no. 7, pp. 923-936, 2001.

C. S. Reddy Sreenivasulua, "Prediction of burr size in drilling operation of al 2014 alloy using Taguchi
design method," International Journal of Lean Thinking, vol. 07, no. 02, pp. 47-56, 2016.

S.L.S.D. K. A A. D. D. A Abdelhafeez Ali M., "The influence of burr formation and feed rate on the
fatigue life of drilled titanium and aluminium alloys used in aircraft manufacture," CIRP Annals, vol. 67,
p. 103-108, 2018.

A. PJ, "Assessment of Deburring Costs in Industrial Case Studies,” in Burrs-Analysis, Control and
Removal, Springer, Berlin, Heidelberg, 2010 (pp. 245-251).

A. M. M. E. M. Xu Jinyang, "Recent advances in drilling hybrid FRP/Ti composite: a state-of-the-art
review," Composite Structures 135 (2016): 316-338., vol. 135, pp. 316-338, 2016.

G. L, "Your burr technology efforts changed the world," 2009.

X. F. E. S. Liao L, "Robotic Deburring Based on On-line Burr Measurement," in Burrs-Analysis, Control
and Removal, Springer, Berlin, Heidelberg., 2010 (pp. 213-220).

F.J. T.N. K. S. W. I. Boud F, "A Study on Deburring Inconel 718 Using Water Jet Technology," in
Burrs-Analysis, Control and Removal , Springer, Berlin, Heidelberg, 2010 (pp. 189-195).

D. D. D. Byrne G., "Advancing cutting technology,” CIRP Annals-Manufacturing Technology , vol. 52,
no. 2, pp. 483-507, 2003.

Y.-C. H. D. D. Linke Barbara, "Establishing greener products and manufacturing processes,"”
nternational Journal of Precision Engineering and Manufacturing , vol. 13, no. 7, pp. 1029-1036, 2012.
International Standard 1ISO 13715:2000, Technical drawings - Edges of undefined shape - Vocabulary
and indications, International Organization for Standardization, 2000.

H. B. Azarrang Sona, "Selection of dry drilling parameters for minimal burr size and desired drilling
quality," Proceedings of the Institution of Mechanical Engineers, Part E: Journal of Process Mechanical
Engineering, vol. 231, no. 3, pp. 480-489, 2017.

B. A. R. L. M. G. V. M. H. Rubio Juan Carlos Campos, "Drilling of aluminium/PE sandwich material
with a novel TiO2-coated HSS drill deposited by sol-gel process,” The International Journal of
Advanced Manufacturing Technology, vol. 92, no. 5-8, pp. 1567-1577, 2017.

L. S. Ahn Y., "Classification and prediction of burr formation in micro drilling of ductile metals,"”
International Journal of Production Research, vol. 55, no. 17, pp. 4833-4846, 2017.

V. S. J. K. J. M. Zedan Yasser, "Effects of lubrication modes on part quality during drilling 6061-T6
aluminium alloy," International Journal of Machining and Machinability of Materials, vol. 13, no. 2-3,
pp. 231-252, 2013.

S. S. D. M. S. J. Patil Rahul, "Experimental analysis of burr formation in drilling of TI-6AL-4V alloy,"
International Journal of Mechatronics and Manufacturing Systems, vol. 9, no. 3, pp. 237-253, 2016.

K. A L. U Y. K A C. Percin M., "Micro-drilling of Ti-6Al-4V alloy: The effects of
cooling/lubricating," Precision Engineering , vol. 45, pp. 450-462, 2016.

J. H. J. L. D.A.Dornfeld, "Drilling Burr Formation in Titanium Alloy, Ti-6Al-4V," CIRP Annals, vol. 48,
no. 1, pp. 73-76, 1999.

J.H. W. L. Y. B. L. Z. Tian Wei, "Formation of interlayer gap and control of interlayer burr in dry
drilling of stacked aluminum alloy plates," Chinese Journal of Aeronautics, vol. 29, no. 1, pp. 283-291,
2016.

S. M. D. D. M. A. T. Choi Jihong, "Modeling of inter-layer gap formation in drilling of a multi-layered
material," 2003.

a. D. A. D. Kim Jinsoo, "Development of an analytical model for drilling burr formation in ductile
materials," Journal of Engineering materials and technology, vol. 124, no. 2, pp. 192-198, 2002.

Niketha Manjunatha, "ANN MODEL TO PREDICT BURR HEIGHT AND THICKNESS," 05 2007.
[Online]. Available: https://nanopdf.com/download/ann-model-to-predict-burr-height-and-thickness-a-
thesis-by_pdf. [Accessed 02 10 2018].

D. A. D. Kim Jinsoo, "Development of an analytical model for drilling burr formation in ductile
materials," Journal of Engineering materials and technology, vol. 124, no. 2, pp. 192-198, 2002.

D. David, "Micromachining and burr formation for precision components,"” 2005.

D. A. D. Kim Jinsoo, "Cost estimation of drilling operations by a Drilling burr Control charts and
Bayesian statistics,” Journal of manufacturing systems , vol. 20, no. 2, pp. 89-97, 2001.

www.ijlemr.com 63 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[34].
[35].
[36].
[37].
[38].
[39].
[40].
[41].
[42].
[43].
[44].
[45].
[46].
[47].
[48].
[49].
[50].
[51].
[52].

[53].
[54].

[55].
[56].
[57].
[58].
[59].
[60].
[61].
[62].

[63].

M. H. Biermann D., "Burr minimization strategies in machining operations,” in Burrs-Analysis, Control
and Removal, Berlin, Heidelberg, 2010.

S.-L. K. D.-C. K. Lee Jing-Koo, "Study on Mechanism of Burr Formation in Drilling.,” Journal of the
Korean Society for Precision Engineering, vol. 18, no. 10, pp. 200-207, 2001.

J.-K. L. Sung-Lim Ko, "Analysis of burr formation in drilling with a new concept drill," Journal of
Materials Processing Technology, vol. 113, no. 1-3, pp. 392-398, 2001.

S. M. D. Dornfeld, "A Review of Burr Formation in Machining," in Burrs-Analysis, Control and
Removal, Springer, Berlin, Heidelberg., 2010 (pp. 3-11).

A. S. A. Amin, "Burr Formation Mechanisms During Drilling Operations Of Low Carbon And Stainless
Steels," Engineering and Technology Journal, vol. 34, no. 6, pp. 1104-1115, 2016.

D-E.L. A . d. G.C. M. D. O. V. J. L. D. A. D. Min Sangkee, "Surface and edge quality variation in
precision machining of single crystal and polycrystalline materials.,”" Proceedings of the Institution of
Mechanical Engineers, Part B: Journal of Engineering Manufacture, vol. 220, no. 4, pp. 479-487, 2006.
D. A. D. K. B. S. Min Sangkee, "Finite element modeling of burr formation in metal cutting," 2001.

S. M. A. D. Choi Jihong, "Finite element modeling of burr formation in drilling of a multi-layered
material.," 2004.

a. G. W. Zhu Yunming, "Simulation Model and Mechanism of Burr Formation," in In Modelling,
Simulation and Optimization, 2008.

W. G. W. L. Yunming Zhu, "Simulation and analysis of exit burr formation in drilling,” in Intelligent
System Design and Engineering Application, 2010.

D. A. D. Guo Y. B., "Finite element modeling of burr formation process in drilling 304 stainless steel.,”
Journal of manufacturing science and engineering, vol. 122, no. 4, pp. 612-619, 2000.

M. R. Sathiyamurthy S., "Dynamic Analysis of Drilling Burr Formation Process,” IJLTEMAS, vol. V, no.
11, 2016.

S. L. K. Kyeong Uk Lee, "Development of deburring tool for burrs at intersecting holes,” Journal of
Materials Processing Technology, vol. 201, no. 1-3, pp. 454-459, 2008.

D. D. A.N. Y. Min S. K., "Influence of Exit Surface Angle on Drilling Burr," J. Manufacturing Science
and Engineering, vol. 125, no. 04, pp. 637-644, 2003.

D. D. Avila M., "Deburring of Cross-Drilled Hole Intersections by Mechanized Cutting," in Intl. Conf.
on Deburring and Edge Finishing, UC Berkeley, pp. 379-389, 2004.

J. M. V. S. C. B. Segonds Stéphane, "A simple analytical model for burr type prediction in drilling of
ductile materials,” Journal of Materials Processing Technology, vol. 213, no. 6, pp. 971-977, 2013.
Swapnil Pawar, "Effect of exit surface on burrs in drilling process,” KCTI, Bharat Forge ( Internal R&D
report), Pune, 2018.

F. V. A. J. Leitz L, "Burr formation in drilling intersecting holes," in Burrs-Analysis, Control and
Removal, Springer, Berlin, Heidelberg., 2010 (pp. 99-105).

Y.W.W.Y.F.L.F.G. Y. X L. L.Ji We, "Study of exit burr formation of CFRP," Advanced Materials
Research, vol. 188, pp. 154-157, 2011.

D. D. C. K. D. Vijayaraghavan Athulan, "Quantifying edge defects in drilled FRP composites.," 2006.

R. F. B. N. B. Q. Y. B. W. Jia Zhenyuan, "Novel drill structure for damage reduction in drilling CFRP
composites,” International Journal of Machine Tools and Manufacture, vol. 110, pp. 55-65, 2016.

S. M. A. D. Choi Jihong, "Finite element modeling of burr formation in drilling of a multi-layered
material,” 2004.

L. Ken Lauderbaugh, "Analysis of the effects of process parameters on exit burrs in drilling using a
combined simulation and experimental approach,” Journal of Materials Processing Technology, vol.
209, no. 4, pp. 1909-1919, 2009.

N. William, "Understanding exit burr in the drilling process,” in SAE Technical Paper, 2001.

H. S.S.Pande, "Investigations on reducing burr formation in drilling," International Journal of Machine
Tool Design and Research, vol. 26, no. 3, pp. 339-348, 1986.

J. S. S.L.Ko, "Development of Drlll Geometry for Burr MInlmlzatlon In Drllling," CIRP Annals, vol. 52,
no. 01, pp. 45-48, 2003.

G. L.K., "Effects of drilling variables on burr properties,” U.S. Department of Energy Office of Scientific
and Technical Information, United States, 1976.

W. R. Leopold J, "Modeling and simulation of burr formation: State-of-the-art and future trends,” in
Burrs-Analysis, Control and Removal , Springer, Berlin, Heidelberg, 2010 (pp. 79-86).

S. L. S. D. C. P. Tongpadungrod Pensiri, "Comparative burr heights formed on S50C and SS400 steel in
drilling process," Materials Today: Proceedings, vol. 5, no. 3, pp. 9424-9430, 2018.

D. A. D. Reich-Weiser Corinne, "Drilling burr control chart-adding a material property axis," 2005.

www.ijlemr.com 64 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[64].

[65].

[66].

[67].
[68].
[69].
[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].
[82].

[83].

[84].

[85].

L. V. Mathew Nithin Tom, "Dry Deep Drilling of Titanium Aluminide,” in In ASME 2015 International
Mechanical Engineering Congress and Exposition, 2015.

G. C. M. A. M. P. K. M. Basavarajappa S., "Analysis of burr formation during drilling of hybrid metal
matrix composites using design of experiments,” International Journal of Machining and Machinability
of Materials, vol. 1, no. 4, pp. 500-510, 2006.

P. S. Saravanakumar A., "Assessment of factors influencing burr height on the machining of particle
reinforced hybrid composites,” Journal of Material Environmental Science, vol. 6, no. 5, pp. 1638-1645,
2015.

M. A. a. A. H. Saadat Sadman, "Investigation of Surface Roughness and Burr Height of Al/AI203/Gr
Metal Matrix Composite for Various Drilling Parameter,” 2016.

E. B. Pecat Oliver, "Low damage drilling of CFRP/titanium compound materials for fastening," Procedia
CIRP, vol. 13, pp. 1-7, 2014.

G. S. S. S. B. R. S. Ravindranath V. M., "Optimization of Al/B 4 C and Al/B 4 C/Gr MMC Dirilling
Using Taguchi Approach," Materials Today: Proceedings, vol. 4, no. 10, pp. 11181-11187, 2017.

T. B. D. K. M Ramulu, "A study on the drilling of composite and titanium stacks," Composite Structures,
vol. 54, no. 01, pp. 67-77, 2001.

A.J.S.S.B. M. C. T. L. O. S. Bakkal Mustafa, "Light emission, chip morphology, and burr formation in
drilling the bulk metallic glass,” International Journal of Machine Tools and Manufacture, vol. 45, no. 7-
8, pp. 741-752, 2005.

Eugene Feldshtein, "The influence of machining conditions on burr shapes when drilling reach-through
holes in difficult-to-cut materials,” Advances in manufacturing science and technology, vol. 35, no. 04,
pp. 75-83, 2011.

R. T. A. Sivarao, "Coating Characterization of Tin & Tiain on Burr Formation in Drilling - Pragmatic
Investigation,” in International Conference on Engineering and ICT, universiti teknikal malaysia melaka,
2007.

G. A.S. H. L. L. d. L. A Rivero, "An experimental investigation of The effect of coatings and cutting
parameters on the dry drilling performance of aluminum alloys," The International Journal of Advanced
Manufacturing Technology, vol. 28, no. 1-2, pp. 1-11, 2006.

G. M. B. Simon S.F. Chang, "Burr size reduction in drilling by ultrasonic assistance,” Robotics and
Computer-Integrated Manufacturing, vol. 21, no. 4-5, p. 4420450, 2005.

V.K.B.S. A . F. C. M. S. A.J. Zitoune Redouane, "Influence of machining parameters and new nano-
coated tool on drilling performance of CFRP/Aluminium sandwich.,” Composites Part B: Engineering,
vol. 43, no. 3, pp. 1480-1488, 2012.

M. E. M. A. F. A.N. M. S. D’Orazio A., "Tool wear and hole quality in drilling of CFRP/AA7075 stacks
with DLC and nanocomposite TiAIN coated tools.," Journal of Manufacturing Processes, vol. 30, pp.
582-592, 2017.

B. N. Suresh Kumar B, "Comparison of coated and uncoated carbide drill bits for drilling titanium grade
2 material," Mechanics, vol. 22, no. 6, pp. 571-575, 2016.

N. A. R. V. Arun M., "EXPERIMENTAL INVESTIGATION OF DRY DRILLING OF AUSTENITIC
STAINLESS STEEL," ARPN Journal of Engineering and Applied Sciences, vol. 11, no. 2, pp. 1232-
1236, 2016.

R.-F. S. Lin T. R., "Improvement of tool life and exit burr using variable feeds when drilling stainless
steel with coated drills," The International Journal of Advanced Manufacturing Technology , vol. 16, no.
5, pp. 308-313, 2000.

A. H. O. B. A. M. Caydas Ulas, "Performance evaluation of different twist drills in dry drilling of AISI
304 austenitic stainless steel,”" Materials and Manufacturing Processes, vol. 26, no. 8, pp. 951-960, 2011.
M. R. F. S. L. C. B. Barros de Borba Rodrigo, "Influence of different types of sharpening in straight flute
drills on burr formation," Acta Scientiarum. Technology, vol. 38, no. 4, pp. 465-468, 2016.

M. L. H.J Q Q. Z W. Z H. Li G. H., "Experiment Study on the Influence of Tool Materials on the
Drilling of Thick Stacked Plate of 2219 Aluminum Alloy.," International Journal of Chemical,
Molecular, Nuclear, Materials and Metallurgical Engineering, vol. 11, no. 9, pp. 630-635, 2017.
D.E.S.D.P.Y. K. M. B. Xavier L. Francis, "Investigation on the burr formation during drilling through
holes for achieving low cost reinforced aluminium metal matrix composite,” nternational Journal of
Applied Engineering Research, vol. 10, no. 19, pp. 14777-14786, 2015.

N. T. H. C. M. J. T. S. Melkote SN, "Interfacial burr formation in drilling of stacked aerospace
materials," in Burrs-analysis, control and removal , Springer, Berlin, Heidelberg, 2010 (pp. 89-98).

www.ijlemr.com 65 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[36].

[87].

[88].
[89].

[90].

[91].

[92].

[93].

[94].
[95].

[96].

[97].
[98].

[99].

[100].
[101].

[102].

[103].

[104].

[105].

[106].

[107].

[108].

P. K. G. S. S. R. C. B. Swain Niharika, "Mechanical micro-drilling of nimonic 80A superalloy using
uncoated and TiAIN-coated micro-drills,” Materials and Manufacturing Processes , vol. 32, no. 13, pp.
1537-1546, 2017.

S. A.N. A. D. V. S. Y. Zedan, "Burr size minimization when drilling 6061-T6 aluminum alloy," in
ASME 2012 International Mechanical Engineering Congress and Exposition, Houston, Texas, USA,,
2012.

L. V. Nithin Tom Mathew, "Environmentally friendly drilling of intermetallic titanium aluminide at
different aspect ratio," Journal of Cleaner Production, vol. 141, pp. 439-452, 2017.

S. D. P. P. S. Sanjib Kundu, "Optimization of drilling parameters to minimize burr by providing back-up
support on aluminium alloy," Procedia Engineering, vol. 97, pp. 230-240, 2014.

B. S. S. R. N. H. S. D. Nripen Mondal, "Observation of Drilling Burr and Finding out the Condition for
Minimum Burr Formation,” International Journal of Manufacturing Engineering, vol. 2014, pp. 1-12,
2014.

H. H. D. Biermann, "Reduction of Burr Formation in Drilling Using Cryogenic Process Cooling,"
Procedia CIRP, vol. 3, pp. 85-90, 2012.

M. B. d. S. A. R. M. Eder Silva Costal, "Burr produced on the drilling process as a function of tool wear
and lubricant-coolant conditions,” Journal of the Brazilian Society of Mechanical Sciences, vol. 31, no.
01, 2009.

I. G. R. Murthy Krishnan S., "Prediction and analysis of multiple quality characteristics in drilling under
minimum quantity lubrication,” Proceedings of the Institution of Mechanical Engineers, Part B: Journal
of Engineering Manufacture, vol. 226, no. 6, pp. 1061-1070, 2012.

A. P. V. K. Senthilkumar M., "Machining of CFRP/Ti6AIl4V stacks under minimal quantity lubricating
condition,” Journal of Mechanical Science and Technology , vol. 32, no. 8, pp. 3787-3796, 2018.

A.S. T. R. A M. Lotfi M, "Built-up edge reduction in drilling of AISI 1045 steel," Materials and
Manufacturing Processes, vol. 32, no. 6, pp. 623-630, 2017.

S.L.S.D. K. A.S. B.R. P. P. H. S. D. Shyha I. S., "Hole quality assessment following drilling of
metallic-composite stacks.," International Journal of Machine Tools and Manufacture, vol. 59, pp. 569-
578, 2011.

N. A. C. Ugak, "The effects of cutting conditions on cutting temperature and hole quality in drilling of
Inconel 718 using solid carbide drills," Journal of Manufacturing Processes , vol. 31, pp. 662-673, 2018.
S. D. P. S. Kundu Sanjib, "Effect of exit edge beveling on burr height in drilling aluminium alloy,” in
Proceedings of the 6th International and 27th AIMTDR Conference, Pune, 2016.

S. K. H. S. Kamboj Abhishek, "Burr height and hole diameter error minimization in drilling of
AL6063/15%/SiC composites using HSS step drills,” Journal of Mechanical Science and Technology 29,
no. 7 (2015): 2837-2846., vol. 29, no. 7, pp. 2837-2846, 2015.

D. A. D. Shefelbine Wendy, "The effect of dry machining on burr size.," 2004.

S. G. Bagchi Abira, "Parametric optimization of burr height reduction and machining time in drilling
operation on stainless steel specimen,” IOP Conference Series: Materials Science and Engineering,, vol.
377, no0. 1, 2018.

D. A. D. I. W. Park, "A Study of Burr Formation Processes Using the Finite Element Method: Part 11—
The Influences of Exit Angle, Rake Angle, and Backup Material on Burr Formation Processes," Journal
of Engineering Materials and Technology, vol. 122, no. 02, pp. 229-237, 1999.

S. M. Heisel U, "Burr formation in intersecting holes,” Production Engineering, vol. 02, no. 01, pp. 55-
62, 2008.

S.S.J.R. E. D. S. G. Jason R. Ballou, "Burr Formation in Drilling Intersecting Holes with Machinable
Austempered Ductile Iron (MADI™)," Journal of Manufacturing Processes, vol. 09, no. 01, pp. 35-46,
2007.

C.L.S. M. Q. A. M. C. Xu lJinyang, "Study of drilling-induced defects for CFRP composites using new
criteria,” Composite Structures , vol. 201, pp. 1076-1087, 2018.

S. R. K. Gaitonde V. N., "Taguchi robust design for multiresponse drilling optimisation to minimise burr
size using utility concept,” International Journal of Manufacturing Research, vol. 2, no. 2, pp. 209-224,
2007.

A. R. M. G. U. ErgunEkici, "An investigation of the effects of cutting parameters and graphite
reinforcement on quality characteristics during the drilling of Al/10B4C composites,” Measurement, vol.
95, pp. 395-407, 2017.

F. M. Deger Burak, "Effect of cutting parameters on dimensional hole quality and burr height for one-
shot drilling of hybrid stacks," in SAE Technical Paper,, 2016.

www.ijlemr.com 66 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)

ISSN:

2455-4847

www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[109].

[110].

[111].
[112].

[113].

[114].

[115].

[116].

[117].

[118].

[119].

[120].

[121].
[122].

[123].

[124].

[125].

[126].

[127].

[128].

[129].

[130].

[131].

A. K. Palanikumar, "Experimental investigation and analysis of thrust force in drilling cast hybrid metal
matrix (Al-15%SiC—4%graphite) composites,” Measurement, vol. 53, pp. 240-250, 2014.

S. S. Avinash A. Thakre, "Modeling of burr size in drilling of aluminum silicon carbide composites using
response surface methodology," Engineering Science and Technology, an International Journal, vol. 19,
no. 03, pp. 1199-1205, 2016.

S. R. K. J. P. D. Gaitonde V. N., "Multiple performance optimization in drilling using Taguchi method
with utility and modified utility concepts,” in In Materials Forming and Machining, 2016.

E. G. Ishilir Ozden, "Comparative study of tool life and hole quality in drilling of CFRP/titanium stack
using coated carbide drill.," Machining Science and Technology, vol. 17, no. 3, pp. 380-409, 2013.

K.G. J. S J L Y.L Y. Z L C. Zhu Zhaoju, "Evaluation of novel tool geometries in dry drilling
aluminium 2024-T351/titanium Ti6Al4V stack," Journal of Materials Processing Technology, vol. 259,
pp. 270-281, 2018.

L. T-R, "Cutting behaviour using variable feed and variable speed when drilling stainless steel with TiN-
coated carbide drills,” The International Journal of Advanced Manufacturing Technology, vol. 19, no. 9,
pp. 629-636, 2002.

S. R. K. B. S. B. T. A V. N. Gaitonde, "Integrating Box-Behnken design with genetic algorithm to
determine the optimal parametric combination for minimizing burr size in drilling of AISI 316L stainless
steel,” The International Journal of Advanced Manufacturing Technology, vol. 37, no. 3-4, pp. 230-240,
2008.

S. B. B. V.N.Gaitonde, "Genetic algorithm-based burr size minimization in drilling of AISI 316L
stainless steel,” Journal of Materials Processing Technology, vol. 197, no. 1-3, pp. 225-236, 2008.

S. D. P. P. S. Sanjib Kundu, "An investigation on developing a drilling burr prediction model,” Reason -
A technical journal, vol. XIII, pp. 107-117, 2014.

Y.S.G. A T.R.S. S. S. J. Pawar Omanath A., "Analysis of hole quality in drilling GLARE fiber metal
laminates," Composite Structures, vol. 123, pp. 350-365, 2015.

S. L. Rana Sri Kant, "GA based optimization of process parameters for drilling on Al-MgO metal matrix
composite," Materials Today: Proceedings 5, vol. 2, pp. 5837-5844, 2018.

B. B. S.-H. A. D. D. Huang Yu-Chu Barbara Linke, "Greening PCB Drilling Process: Burr Minimization
and Other Strategies.," 2011.

M.W.T.t.P.B.C. A G.C.V.S. Foroulis, "Burr formation with artificial neural networks".

S. G. D. M. Neugebauer R, "Size effects in drilling burr formation,” in Burrs-Analysis, Control and
Removal , Springer, Berlin, Heidelberg, 2010 (pp. 117-127).

V. K. F. C. Zitoune Redouane, "Study of drilling of composite material and aluminium stack,” Composite
Structure., vol. 92, no. 5, pp. 1246-1255, 2010.

S. R. K. Gaitonde V. N., "Minimizing burr size in drilling using artificial neural network (ANN)-particle
swarm optimization (PSO) approach,” Journal of Intelligent Manufacturing , vol. 23, no. 5, pp. 1783-
1793, 2012.

S.R.K.B.T. A B.S.P.D. Gaitonde V. N., "Predicting burr size in drilling of AISI 316L stainless steel
using response surface analysis," International Journal of Materials and Product Technology , vol. 35,
no. 1-2, pp. 228-245, 2009.

V. G. J. P. D. Karnik S. R., "Integrating Taguchi principle with genetic algorithm to minimize burr size
in drilling of AISI 316L stainless steel using an artificial neural network model," Proceedings of the
Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture, vol. 221, no. 12, pp.
1695-1704, 2007.

R.Y.J A A R.S. M. N. Kadivar M. A., "Burr size reduction in drilling of Al/SiC metal matrix
composite by ultrasonic assistance," Advanced Materials Research, vol. 410, pp. 279-282, 2012.
.R.K.B.T. A B.S. V. N. Gaitonde, "Methodology of Taguchi optimization for multi-objective drilling
problem to minimize burr size," The International Journal of Advanced Manufacturing Technology, vol.
34, no. 1-2, pp. 1-8, 2007.

V. N. G. S. R. Karnik, "Development of artificial neural network models to study the effect of process
parameters on burr size in drilling," The international journal of advanced manufacturing technology,
vol. 39, no. 5-9, pp. 439-453, 2008.

V. N. G. J. P. D. S. R. Karnik, "A comparative study of the ANN and RSM modeling approaches for
predicting burr size in drilling," The International Journal of Advanced Manufacturing Technology, vol.
38, no. 9-10, pp. 868-883, 2008.

K. L. D. A. D. Stirn Boris, "Burr formation in micro-drilling," in 2001, Proceedings of the sixteenth
annual meeting of the American Society for Precision Engineering.

www.ijlemr.com 67 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)

ISSN:

2455-4847

www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[132].

[133].

[134].

[135].

[136].

[137].

[138].

[139].
[140].

[141].

[142].

[143].

[144].

[145].

[146].

[147].

[148].

[149].

[150].

[151].

[152].

S.R. K. B. T. A. B. S. Gaitonde V. N., "Taguchi optimization in drilling of AISI 316L stainless steel to
minimize burr size using multi-performance objective based on membership function.,” Journal of
materials processing technology , vol. 202, no. 1-3, pp. 374-379, 2008.

L. D. C. M. P. M. F. Lukas Pilny, "Hole quality and burr reduction in drilling aluminium sheets,” CIRP
Journal of Manufacturing Science and Technology, vol. 05, no. 02, pp. 102-107, 2012.

S. P. M. Sangeetha, "Optimization of Drilling Parameters for Reducing the Burr Height in Machining the
Silicon Carbide Particle (SiCp) Coated with Multi Wall Carbon Nano Tubes (MWCNT) Reinforced in
Aluminum Alloy (A 356) Using Meta Modeling Approach,” in IOP Conference Series: Materials
Science and Engineering, 2017.

K. Erol, "Modeling and optimization of burr height in drilling of Al-7075 using Taguchi method and
response surface methodology," The International Journal of Advanced Manufacturing Technology , vol.
49, no. 9-12, pp. 911-923, 2010.

S. BAYRAKTAR, "INVESTIGATING OF EFFECTS ON THRUST FORCE AND BURR HEIGHT OF
CUTTING PARAMETERS IN DRY DRILLING OF AI-5083 ALLOY," in International Materials
Symposium , Denizli - Turkey, 2016.

S. M. S. A. Chaanthini M. K., "Study on Hole Quality in Drilling AA 6063 Plate under Cryogenic Pre-
Cooling Environment.," Materials Today: Proceedings, vol. 4, no. 8, pp. 7476-7483, 2017.

V. D. L. A S. K. A A Efstathiou C, "Finite Element Modeling and Experimental Study of Burr
Formation in Drilling Processes,” in International Mechanical Engineering Congress and Exposition,
American Society of Mechanical Engineers., 2016 .

R.S.D. S. N. F. R. T. K. Pradeep Kumar Shetty, "Machinability study of dry drilling of titanium alloy
Ti-6Al-4V using L9 orthogonal array,” Procedia Materials Science, vol. 05, pp. 2605-2614, 2014.
A.S.A.S. A ,. H. Waqar S, "Effect of drilling parameters on hole quality of Ti-6Al-4V titanium alloy in
dry drilling," Materials science forum, Trans Tech Publications, vol. 880, pp. 33-36, 2017.

S. A.-S. T. F. V. P. Khaled Giasin, "3D Finite Element Modelling of Cutting Forces in Drilling Fibre
Metal Laminates and Experimental Hole Quality Analysis,” Applied Composite Materials, vol. 24, no.
01, pp. 113-137, 2017.

S.-S. Khaled Giasin, "An Investigation of burrs, chip formation, hole size, circularity and delamination
during drilling operation of GLARE using ANOVA," Composite Structures, vol. 159, pp. 745-760, 2017.
K. M. T.RAIMOHAN, "Optimization of machining parameters in drilling hybrid aluminium metal
matrix composites,” Transactions of Nonferrous Metals Society of China, vol. 22, no. 06, pp. 1286-1297,
2012.

R. S. Palanisamy Shanmughasundaram, "Study of parametric optimization of burr formation in step
drilling of eutectic Al-Si alloy—Gr composites,” Journal of Materials Research and Technology, vol. 03,
no. 02, pp. 150-157, 2014.

T.L.H.J.,. X. BuYin, "Investigation of correlation between interlayer gap and burr height in drilling of
stacked Al-7475 materials," Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, vol. 231, no. 11, pp. 1917-1930, 2017.

U. Alper, "Uysal, Alper. "Evaluation of drilling parameters on surface roughness and burr when drilling
carbon black reinforced high-density polyethylene.," Journal of Composite Materials, 2018. 4

A. M. A. M. L. R. H. C. M. L. Soo Sein Leung, "The drilling of carbon fibre composite—aluminium
stacks and its effect on hole quality and integrity,” Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture , 2017.

K. P. Rajmohan Thiagarajan, "Application of the central composite design in optimization of machining
parameters in drilling hybrid metal matrix composites,” Measurement, vol. 46, no. 4, pp. 1470-1481,
2013.

X. C.J. X. C. An Qinglong, "Experimental investigation on drilling of high strength T800S/250F CFRP
with twist and dagger drill bits," International Journal of Abrasive Technology 16, vol. 6, no. 3, pp. 183-
196, 2014.

P. A. Y. M. K. P. B. S. k. R. Vijayan D., "Optimization of Drilling Parameters of Carbon Fiber
Composites Using RSM based Desirability Function,”" IOP Conference Series: Materials Science and
Engineering,, vol. 390, no. 1, 2018.

C. S. Timata Manit, "Influences of Spindle Speed and Feed Rate on Exit Burr Height and Workpiece
Diameter in Drilling Forging Brass," In Solid State Phenomena ,Trans Tech Publications., vol. 279, pp.
67-71, 2018.

Yahya Hisman Celik, "Investigating The Effects Of Cutting Parameters On The Hole Quality In Drilling
The Ti-6al-4v Alloy," Materials and technology, vol. 48, no. 05, pp. 653-659, 2014.

www.ijlemr.com 68 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)

ISSN:

2455-4847

www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[153].

[154].

[155].

[156].

[157].

[158].

[159].

[160].

[161].
[162].

[163].

[164].
[165].

[166].

[167].

[168].

[169].

[170].

[171].

[172].
[173].

[174].

V. K. M. S. K. Prabukarthi A., "Multi-objective optimization on drilling of titanium alloy (Ti6AI4V),"
Materials Science Forum, vol. 763, pp. 29-49, 2013.

V. K. M. S. M. S. R. Z. Prabukarthi Arumugam, "Optimisation and tool life study in drilling of titanium
(Ti-6Al-4V) alloy," International Journal of Machining and Machinability of Materials, vol. 13, no. 2-3,
pp. 138-157, 2013.

J-F. C. J. E. K-S. M. B. Rimpault Xavier, "Burr height monitoring while drilling
CFRP/titanium/aluminium stacks,"” Mechanics & Industry, vol. 18, no. 1, 2017.

S.L.S.D.K. A.C.C.S.B.R. M. W. L. Kuo C. L., "Development of single step drilling technology for
multilayer metallic-composite stacks using uncoated and PVD coated carbide tools,” Journal of
Manufacturing Processes 31 (2018): 286-300., vol. 31, pp. 286-300, 2018.

M. V. S. S. Parkash Shanti, "Modeling and optimization of burr height in drilling of Al-Fly ash
composite using Taguchi method.,” International Journal of Engineering Research and Applications
(IJERA), vol. 2, no. 1, pp. 383-390, 2012.

K.S.R. A B. T.S. B. Gaitonde V N, "Taguchi approach with multiple performance characteristics for
burr size minimization in drilling," Journal of Scientific and Industrial Research (JSIR), vol. 65, pp. 977-
981, 2006.

P. P. N. P. G. V. Mr. Dhanke V. D., "Optimization of Process Parameters in Drilling of Mild Steel for
Exit Burr,” International Journal of Engineering Research & Technology, vol. 02, no. 09, pp. 375-378,
2013.

N. M. M. Dey B., "Experimental Study to Minimize The Burr Formation in Drilling Process With
Artifical Neural Networks (ANN) Analysis.,” IOP Conference Series: Materials Science and
Engineering, vol. 377, no. 1, 2018.

A. K. Dogrusadik A., "Comparative assessment of support plates’ influences on delamination damage in
micro-drilling of CFRP laminates," Composite Structure, vol. 173, pp. 156-167, 2017.

S. D. A. D. AM.Abdelhafeez, "Burr Formation and Hole Quality when Drilling Titanium and
Aluminium Alloys," Procedia CIRP, vol. 37, pp. 230-235, 2015.

J. L. Bi Shusheng, "Experimental studies and optimization of process parameters for burrs in dry drilling
of stacked metal materials," The International Journal of Advanced Manufacturing Technology , vol. 53,
no. 9-12, pp. 867-876, 2011.

S. S. B. Liang Jie, "Experimental Studies for Burrs in Dry Drilling of Stacked Metal Materials,” in
Advanced Materials Research, Trans Tech Publications., 2010.

S. A. Alrabii, "An experimental study of burr formation in drilling and slot-end milling operations,"
Journal of Engineering, vol. 15, no. 4, pp. 4119-4240, 2009.

G. J. N. B. R. N. Varatharajulu M., "Experimental investigation and multi objective optimisation of
Duplex 2304 drilling operation using evolutionary algorithm," Int. J. Manufacturing Technology and
Management 32, no. 4/5 (2018)., vol. 32, no. 4/5, pp. 336-357, 2018.

C. L. N. B. Varatharajulu M., "Influence of cutting parameters on burr height and burr thickness in
drilling of Duplex 2205 using Solid Carbide," International Journal of Chem. Tech Research, vol. 8, no.
2, pp. 768-777, 2015.

S. R. K. B. T. A. Gaitonde V. N., "GA applications to RSM based models for burr size reduction in
drilling," Journal of Scientific & Industrial Research, vol. 64, pp. 347-353, 2005.

C. G. Sreenivasulu Reddy, "MADM Technique Integrated with Grey-based Taguchi method for
Selection of Alluminium alloys to minimize deburring cost during Drilling,” Independent Journal of
Management & Production, vol. 6, no. 2, pp. 464-477, 2015.

T.-R. L. Huang M-F., "Application of grey-Taguchi method to optimise drilling of aluminium alloy 6061
with multiple performance characteristics,” Materials science and technology , vol. 20, no. 4, pp. 528-
532, 2004.

C. S. Sreenivasulu Reddy, "Optimization of machining parameters during Drilling by Taguchi based
Design of Experiments and Validation by Neural Network," Brazilian Journal of Operations &
Production Management, vol. 15, no. 2, pp. 294-301, 2018.

S. S.J. S. J. L. K. L. Zhu Zhaoju, "Investigation on Drilling Performance of Titanium Alloy Ti6Al4V
Based on Response Surface Method," in International Conference on Materials and Processing, 2017.

J. A. A, S. M. S. Hassan M. H., "Effects of Twist Drill Geometry and Drilling Parameters on CFRP
Aluminum Stack Up in Single Shot Drilling," in SciFed Materials Research, 2018.

K. C. C. P. S. Shivapragash B., "Multiple response optimizations in drilling using Taguchi and grey
relational analysis," International Journal of Modern Engineering Research, vol. 3, no. 2, pp. 765-768,
2013.

www.ijlemr.com 69 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[175]

[176].
[177].

[178].

[179].
[180].
[181].

[182].

[183].
[184].
[185].
[186].
[187].
[188].

[189].

[190].

[191].

[192].
[193].
[194].

[195].

[196].
[197].
[198].
[199].

[200].

. J. Anil, "Experimental Investigation of process & response parameters in Micro Drilling using Scanning
Electron Microscope (SEM)," 2010.

T. M. C. J. M. M. M. M. Cantero JL, "Dry drilling of alloy Ti-6Al-4V," International Journal of
Machine Tools and Manufacture, vol. 45, no. 11, pp. 1246-1255, 2005.

P. T. Heisel U, "Influence of Point Angle on Drill Hole Quality and Machining Forces when Drilling
CFRP," Procedia CIRP, vol. 01, pp. 471-476, 2012.

D. K. W. A. Eynian M, "Effect of tool wear on quality in drilling of titanium alloy Ti6Al4V, Part I:
Cutting Forces, Burr Formation, Surface Quality and Defects," High Speed Machining, vol. 03, no. 01,
pp. 1-10, 2017.

S.S. A.D. A P.S. C. Hood R, "Twist drilling of Haynes 282 superalloy," Procedia Engineering, vol.
19, pp. 150-155, 2011.

C. A. M. Saunders L. Ken Lauderbaugh, "An exit burr model for drilling of metals,” Journal of
manufacturing science and engineering, vol. 123, no. 4, pp. 562-566, 2001.

M. N. H. G. Yavuz Kaplan, "The Experimental Investigation of The Effect of Machining Parameters on
Burr Formation in Drilling," Karaelmas Science and Engineering Journal , vol. 1, no. 1, pp. 37-46, 2011.
A. B. P. K. Kim D., "Effect of tool wear on hole quality in drilling of carbon fiber reinforced plastic—
titanium alloy stacks using tungsten carbide and polycrystalline diamond tools,” Journal of
manufacturing science and engineering, vol. 138, no. 3, p. 031006, 2016.

C. J. Ko SL, "STEP DRILL FOR MINIMIZATION OF BURRS WHEN DRILLING". United States
Patent US 10/235,531, 30 10 2003.

H. C, "Investigation of Interlayer Burr Formation in the Drilling of Stacked Aluminum Sheets,” Doctoral
dissertation, Georgia Institute of Technology, 2009.

H. P. S. A. Li R, "High-throughput drilling of titanium alloys,” International Journal of Machine Tools
and Manufacture, vol. 47, no. 01, pp. 63-74, 2007.

L. J. Matsumura T, "Cutting force model for analysis of burr formation in drilling process.," in Burrs-
Analysis, Control and Removal , Springer, Berlin, Heidelberg, 2010 (pp. 47-53).

V. K. F. C. S. L. R. Zitoune R., "Experimental and numerical analysis on drilling of carbon fibre
reinforced plastic and aluminium stacks," Composite Structures , vol. 146, pp. 148-158, 2016.

S.-L. K. Kim Byung-Kwon, "Experiment Analysis of the Burr Formation on the Inclined Exit Surface in
Drilling," Journal of the Korean Society for Precision Engineering , vol. 23, no. 9, pp. 47-53, 2006.

T.S. R. H. K. Rao V. Durga Prasada, "OPTIMIZATION OF BURR PARAMETERS IN DRILLING
USING STEP DRILLS," in Conference on Trends and Advances in Mechanical Engineering,, Faridabad,
Haryana, 2006.

B. B. J. S. F. T. Syed 1., "Experimental study of hole quality in drilling of titanium alloy (6AL-4V)," in
SAE Technical Paper, 2002.

M.L.S.L.M. V. A M. A.P.E.d. F.a C. C. R. Rezende Bruna Aparecida, "Investigation on the effect
of drill geometry and pilot holes on thrust force and burr height when drilling an aluminium/PE sandwich
material," in Materials , 2016.

"Mecholic for Mechanical engineering,” [Online]. Available: https://www.mecholic.com/2017/05/twist-
drill-angles.html. [Accessed 10 10 2018].

J. L. Matsumura Takashi, "Simulation of drilling process for control of burr formation,” ournal of
Advanced Mechanical Design, Systems, and Manufacturing, vol. 4, no. 5, pp. 966-975, 2010.

B. T. A. S. Gaitonde V. N., "Burr size minimization in drilling using Taguchi technique," Indian Journal
of Engineering & Materials Sciences, vol. 12, pp. 91-96, 2005.

S. S. N. Farid Ali Akhavan, "Effect of machining parameters and cutting edge geometry on surface
integrity when drilling and hole making in Inconel 718," SAE International Journal of Materials and
Manufacturing, vol. 2, no. 1, pp. 564-569, 2009.

T. P. Heisel Uwe, "Influence of point angle on drill hole quality and machining forces when drilling
CFRP," Procedia CIRP , vol. 1, pp. 471-476, 2012.

C. S. Sreenivasulu Reddy, "Modelling, Simulation and Experimental validation of Burr size in Drilling of
Aluminium 6061 alloy," Procedia Manufacturing, vol. 20, pp. 458-463, 2018.

R. Li, "EXPERIMENTAL AND NUMERICAL ANALYSIS OF HIGHTHROUGHPUT DRILLING OF
TITANIUM ALLOYS," The University Of Michigan, The University Of Michigan, 2007.

T. M. Tamura Shouichi, "Cutting Process of Double Angle Drill," n Key Engineering Materials, vol.
651, pp. 1211-12186, 2015.

B. G. Chang SS, "Burr height model for vibration assisted drilling of aluminum 6061-T6," Precision
Engineering, vol. 34, no. 03, pp. 369-75., 2010 Jul .

www.ijlemr.com 70 | Page



International Journal of Latest Engineering and Management Research (IJLEMR)
ISSN: 2455-4847
www.ijlemr.com || Volume 07 - Issue 03 || March 2022 || PP. 41-71

[201]

[202].
[203].
[204].
[205].
[206].
[207].
[208].
[209].
[210].

[211].

[212].
[213].

[214].

[215].

[216].
[217].

[218].
[219].
[220].
[221].
[222].

[223].

[224].

[225].

. T. G. Liu Zhan Feng, "Experimental Study on Ultrasonic Vibration Drilling of Stainless Steel
0Cr17Ni4Cu4Nb Micro-Deep-Hole," Applied Mechanics and Materials, vol. 692, pp. 381-386, 2014.

D. Y. Z. X. J. M. Zhang Cheng Mao, "Effects of Ultrasonic Vibration on Machining Accuracy in
Drilling," in Advanced Materials Research,Trans Tech Publications, 2010.

A. R. V. V. S. M. Onawumi Peace Y., "Ultrasonically assisted drilling of aerospace CFRP/Ti stacks.,"
Procedia CIRP, vol. 77, pp. 383-386, 2018.

I. A. V. G. N. I. B. O. G. Sanda Alejandro, "Ultrasonically assisted drilling of carbon fibre reinforced
plastics and Ti6Al4V," Journal of Manufacturing Processes, vol. 22, pp. 169-176, 2016.

A. V. K. M. A. Babitsky V I, "Vibration excitation and energy transfer during ultrasonically assisted
drilling," Journal of Sound and Vibration, vol. 308, no. 3-5, pp. 805-814, 2007.

J.-M. L. G.-L.Chern, "Study on boring and drilling with vibration cutting,” International Journal of
Machine Tools and Manufacture, vol. 47, no. 01, pp. 133-140, 2007.

K. S. Takeyama H, "Burrless drilling by means of ultrasonic vibration," CIRP Annals-Manufacturing
Technology. 1991 Jan 1;40(1):83-6., vol. 40, no. 01, pp. 83-86, 1991.

B. G. Chang SS, "Burr height model for vibration assisted drilling of aluminum 6061-T6," Precision
Engineering. 2010 Jul 1;34(3):369-75., vol. 34, no. 03, pp. 369-375, 2010.

A. J. Azarhoushang B, "Ultrasonic-assisted drilling of Inconel 738-LC," International Journal of
Machine Tools and Manufacture, vol. 47, no. 7-8, pp. 1027-1033, 2007.

Y. A. S. K. Adachi K, "A Study on Burr Low Frequency Vibratory Drilling," In Materials forum, vol. 28,
pp. 178-183, 2004.

L. M. GmbH, "6D drilling.,” LTI Motion, [Online]. Available: https://www.lti-motion.com/fileadmin/Iti-
motion/downloads/01-Broschueren/Branchen-Flyer/VAD_Folder EN_A4 8S_Ansicht.pdf.  [Accessed
01 01 2019].

P.H. B. A. T. A. Amini S, "Vibration drilling of Al2024-T6," Materials and Manufacturing Processes,
vol. 28, no. 4, pp. 476-80, 2013.

H. H. C. Y. Tsao CC, "Delamination reduction in drilling composite materials by active backup force,"
CIRP Annals-Manufacturing Technology, vol. 61, no. 01, pp. 91-94, 2012.

H. H. Tsao CC, "Effects of exit back-up on delamination in drilling composite materials using a saw drill
and a core drill," International Journal of Machine Tools and Manufacture, vol. 45, no. 11, pp. 1261-
1270, 2005.

C. T. Hochenga H., "The path towards delamination-free drilling of composite materials," Journal of
Materials Processing Technology , vol. 167, pp. 251-264, 2005.

J. P. Block, "Backup material and method for drilling". PCT Patent W01981000368 A1, 30 07 1979.

P. S. J. Rocky Hilburn, "A Novel Conformal Back-Up Material and Process for Drilling Printed Circuit
Boards," in IPC APEX EXPO, Lake Forest, CA 92630.

F. B. R A Kemisk, "Backup material for drilling". PCT Patent W01982003193 Al, 23 03 1981.

L. L. B. L. W. D. Zou Zhijie, "Research on burr formation mechanism in metal cutting with a backup
material," The International Journal of Advanced Manufacturing Technology., vol. 86, no. 5-8, pp. 1895-
1907, 2016.

W. X. L. S. L. T. Deng Wen Jun, "Finite element modeling of burr formation in metal cutting with a
backup material," in Advanced Materials Research, 2007.

I. S. Kishore Debnath, Primary and secondry manufacturing of polymer matrix composites, Boca Raton
FL: CRC press, Taylor and Francis group, 2018.

M. MA, "Economic drilling conditions for a given deburring radius,” Journal of materials processing
technology, vol. 110, no. 01, pp. 197-205, 2001.

B. G. A. E. Stringer P, "Tool design for burr removal in drilling operations,” 24 11 2014. [Online].
Auvailable:
https://www.researchgate.net/profile/Eamonn_Ahearne/publication/267848625 TOOL_DESIGN_FOR _
BURR_REMOVAL_IN_DRILLING_OPERATIONS/links/54733b7b0cf216f8cfaeb9c0/TOOL-
DESIGN-FOR-BURR-REMOVAL-IN-DRILLING-OPERATIONS.pdf. [Accessed 10 10 2018].

J. D. G. C. R-W. A. V. D. D. Avila Miguel C., "Strategies for burr minimization and cleanability in
aerospace and automotive manufacturing,” 2006.

Y.-S. H. H.-S. Y. J.-S. M. M.-Q. P. G.-B. L. Y. H. B. S. L. D. A. D. S.-H. A. Bhandari Binayak,
"Development of a micro-drilling burr-control chart for PCB drilling," Precision Engineering, vol. 38,
no. 1, pp. 221-229, 2014.

www.ijlemr.com 71| Page



