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Abstract

Thermal drilling is a sheet metal hole making technique and which is the most cost-
effective and extremely high productivity technique in sheet metal fastenings. Especially,
the fastening or joining of sheet metals is generally used in all manufacturing and industrial
applications. But, by reason of thin sheet metal thickness, these fastenings are seen as a

tremendously big problem in production. Different traditional methods are available such as
welding of a nut to sheet metal, insert rivet & swelling nuts in the drilled hole, which is
generally employed for the applications of screw fastening in order to produce a safe and
secure screw fastening situation. Those methods revealed some undesirable effects like
lifting & twisting of rivets and nuts, thermal distortion at the welding of nut. These

difficulties are entirely eliminated in the thermal drilling process. In this review, the basic
working principle of the thermal drilling process, merits, the described experimental setup,
used thermal drill tools and different applications for various sheet metals are stated clearly.
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1. Introduction

Nowadays, in numerous industrial applications, the fixing of thin sheet metal with the thin
walled section and pipe-shaped profiles fitting are widely used. Moreover, due to the
development of modern design in the automobile industry, the requirement of lightweight
structures is high to increase the efficiency of automotive vehicles. As stated above, for the
fastening of sheet metals, three important conventional methods for mechanical fastening
have existed. They are i) joining by bolt and nuts, ii) welding of nut and iii) inserting of
rivets [1].

Fig.1 shows the comparison of conventional methods with a novel method. The first method
is bolt fastening method which is commonly using fastening method in fastening of sheet
metal constructions [3], since it needs a single hole drilling only and threading in the sheet
metals to be connected and hence it is the very easy and cheapest method.

PROBLEM SOLUTION

Thread Weld nut Rivet nut
Disadvantage Disadvantage Disadwantage
1. Only 1.2 threads 1. Thermal distorsion 1. Jam duning assembly
2. Mot reliable 2. Only for plates 2. Can twist
3. Thread breaks 3. Limited stability
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Fig.1. Sheet metals joining methods [2].

However, during fastening of thin sheet metals to each other, the strength problem of the
joint is attained by inadequate screwing length. Next two methods are developed to
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increase the strength of joint such as welding of nuts and inserting of rivets by increasing of
screwing length. But those methods also some disadvantages such as thermal distortion,

jamming and twisting during assembly and limited stability. Thermal drilling is the only
process which provides the solution of ensured adequate screwing length without twisting
by the way of formation of bush and threading [4]. Table1 gives the various criteria of
drilling methods.

Table1. Comparison of different fastening methods.

Sl. Criteria Conventional fastening methods Thermal drilling
No .
Weld nut Rivet nut
1 Necessity of previously Yes Yes No
drilled holes and
burring
2 Complex features Time consuming Time consuming Fast in less time
3 Requirement of special Yes Yes No
attachment
4  Error rate Very high Very high Very low
5  Automation Conditionally possible Conditionally Easily possible with
with high effort possible with high high flexibility
effort
6  Machining of closed Conditionally possible ~ Possible on circular ~ Simply possible
frames tubes
7  Reliability High Low High
8  Torque level High Low High
9  Type of connection Partly joining of Mechanical and Uniformly closed
microstructure by spot  Keyed press joining of
welding connection microstructure
10 Distortion problem Distortion due to heat Distortion of thread  No distortion

input by welding

process

and risk of slipping
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The thermal drilling process is described as sleeve or bush forming in a single processing
step by using rotating thermal drill tool without removal of the chip [5]. This process uses
the frictional heat produced by a rotating tool to form a bush. This frictional heat, which is
happened by friction or rubbing between the tool and sheet metal and leads to forming a
hole by extrusion of sheet metal. It is clean, easy and unconventional sheet metal hole
drilling method. The process is also named as friction drilling, flow drilling, thermo-
mechanical drilling, friction stir drilling, flow drilling, thermal friction drilling and form
drilling. The purpose of this unconventional hole production method is; increased screwing
length in thin-walled sheet metals through the formation of the bush, to assembling of thin
sheet metals.

Initially, during the year of 1923, Jan Claude de Valliere was developed the new innovative
idea to replace the traditional sheet metal drilling process. Then in 1976-1980, Geffen had
awarded four patents on friction drilling process [6], [7], [8], [9]. Later in 1984, one patent
was achieved by Head and another one was achieved by Hoogenboom [10], [11].

However, after sixty years only the practical applications of thermal drilling process
originated into existent by the development of tungsten carbide thermal drill tool [12], [13],

[14]. This development of thermal drill tool has been used to satisfy the needs of new
industry trends, to enhance the productivity and tool life, to establish the process without
wastage and to enhance the surface quality of holes [15], [16], [17], [18].

This method has to be applied in various sheet metals, thin-walled structure, and different
cross-sectioned metals. The most important advantage of thermal drilling is drilling of
round cross-section tubes, which is quite complex. Specific applications of thermal drilling
are, bolted fastening, thin-square walled cross-section fittings, sealing of fire extinguisher
and gas connections, sliding bearings with high strength, automobile door hinges, door
locking device, a hole for protection of leakage in pressure valve, computer tables roller
fittings [19], [20]. Fig.2 shows some of the diverse applications of thermal drilling
technique. Table2 shows the additional applications of the thermal drilling process.
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Fig.2. Practical industrial applications of thermal drilling process (a) sealing of fire
extinguisher (b) computer rollers fitting (c) door locking device (d) automobile door hinges
[20].

Table2. List of thermal drilling applications.

Automobile Steering mechanisms, Bull bars, Control pedals, Light fittings, Chassis frame, Fixing of

hinges, Dash Frame, Fitting of seats, Exhaust pipes

Furniture Shelving, Desk Frames and Display units

Heating, Boilers, Radiators, Pipe manifolds, Water tanks, Gas fittings, Air conditioning systems
Ventilation

Construction Shelters, Building frames, Bridge parapet, Lift shaft, Window frames

Agriculture Crop sprayers, Toppers, Harrows, Ploughs, Tractor Cabs

In the thermal drilling process, the possibility of producing reliable strong bolted fastenings
by bush shape formation which is about 3-times thicker than the original sheet metal,
because the metal at drilling zone is deformed without any metal loss. As per the working
principle of process, the volume of material displaced is the same as the volume of material
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deformed by bushing can be calculated as follows

’:. x W (1)

where D; & D, represent inner diameter and outer diameter of bush, W} is the workpiece
thickness and By denotes bushing height in mm.

Fig.3 demonstrates the bushing formed by this process on the round hole tube. Besides, the
necessity of specially developed machines are not needed for this process, with
conventional drilling machines or ordinary CNC machines, this process has to be made
successfully in a just single step. With the low cost of investment, the desired surface
quality of drilled holes is achieved without additional components. The surface quality of
thermal drilled holes is not scratched since there is no chip formation during the processing
of thermal drilling operation. Therefore it is also described as chipless drilling operation and
offers an unpolluted environment in working space. Hence the life of thermal drill tool has
been prolonged and manufacturing or processing costs are declined [22], [23].
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Fig.3. Cross-sectioned thermal drilled bush with threads [21].

2. Thermal drilling process

2.1. Thermal drilling tool

Thermal drill tool creates the frictional heat by the combined action of rotational speed and
downward fee rate. It allows the sheet metal at the drilling zone to be transformed into
“super-plastic state” due to that the metal displacement occurs in both downward and
upward direction. The bushing is formed due to the downward displacement of material
flow along with a boss due to the upward material displacement. In the thermal drilling
process, the temperature at the frictional contact of thermal drill and sheet metal workpiece
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is the most significant parameter. While processing, the temperature of the thermal drill
could the damaging of metal structure leads to affect the bushing shape and also the
microstructure of the bush wall surface is altered by hot thermal drill [24], [25], [26], [27].
Normally, the temperature of sheet metal workpiece increases to 600°C and the thermal
drill tool temperature varies from 650 to 750°C. These values of temperature have been
reported to vary according to the drilling tool shape and thermal properties of sheet metal
to be drilled [28].

The different regions of the thermal drill are shown in Fig.4 have a direct influence on the
formation of bushing and boss. Central region: This region is represented by the center
angle (a) and height (h, ). This region has been specially designed as in a helical drill, which
gives radial support as well as centering for the thermal drilling process. Conical region:

This region has a high sharper conical angle than the previous center region. This region
rubs against the sheet metal to generate the heat and then displaces the softened material.
Conical angle and height are represented by the symbol of 8 and h,,. Cylindrical region: This

region is used to shape the bush by its cylindrical shape. The symbols of k; and d are used to
denotes the cylindrical length and diameter of this region respectively. Shoulder region: It
has a cylindrical shape which is used to compress the upward flow material and it forms a
ring like boss on the top side of the hole. Besides, the shoulder region is constructed with a
pointed cutting edge, which is used to trim or cut the boss on the topper side of the hole.
Frequently, the diameter of this region must be greater than the diameter of the cylindrical
region, and this diameter should be designated to the extent that the melt can be repressed
under the entirety of the melt material. Shank region: This region is defined as the area
which is covered by the tool holder [31].


https://www.sciencedirect.com/topics/engineering/radial-support
https://www.sciencedirect.com/topics/engineering/cylindrical-shape

Shank region

Shoulder region

h, Cylindrical region

H L4
N

hn, Conical region

/ .
o h_, Center region

Download: Download full-size image
Fig.4. Schematic representation of thermal drill [72].

Some of the thermal drills used in the previous research works are given in Table3. As

thermal drilling is typically a pre-tapping process, drill manufacturers do not use drill
diameters for generating their products. Mainly, the dimension of drill tool bit is
determined by determining the size of the thread to be used. Most of the researchers used
the material for the thermal drill tool is tungsten carbide [46], [51], [53], [72], [73] and high-
speed steel material is used by the research [68]. Generally, the center angle used in the

design of tool as 90° and conical angle has varied from 33° to 36°. Different value of center
and conical angle are connected with the change of the peripheral speed to decrease friction
force after workpiece piercing and not implement thermal changes into workpiece while
forming. The height of the cylindrical region has varied based on the thickness of the
workpiece material. It may be varied from 5mm to 10mm.

Table3. Dimensions of thermal drills used in previous research work.

Dimensions Krasauskas Pantawane Miller Somasundaram  Miller Biermann
etal. [46] etal. [51] etal. [53] etal. [68] etal. [72] etal.[73]
Diameter (d) 5.2mm 9.2mm 7.3mm 5.3mm 5.3mm 5.4mm

Center angle 86° 90° 90° 90° 90° 90°
(a)
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Dimensions Krasauskas Pantawane Miller Somasundaram  Miller Biermann

etal. [46] etal. [51] etal. [53] etal. [68] etal. [72] etal. [73]
Conical angle 33° 33° 36° 36° 36° 34°
(B)
center height 0.6mm 1.7mm 0.970mm 1mm 0.940mm 0.75mm
(he)
conical 4.4mm 11.5mm 8.490mm 10mm 5.518mm 7mm
height (h,)
cylindrical 5mm 9.3mm 8.896mm 15mm 7043mm 9mm
height

2.2. Types of thermal drill tools

Different designs of thermal drills are commercially available in the industrial market is
given in Fig.5. These drills are divided into four groups. They are: short (Fig.5a), short flat (
Fig.5b), long (Fig.5¢) and long flat (Fig.5d) [33]. The short and long drills are produced a
short tapered bush and long cylindrical bush respectively. Also, in both drills usages
produces a boss or sealing ring on the top of sheet metal. Besides, the short flat and long flat
design of drills, different mills cutter like features are incorporated in the shoulder regions.
This milling cutter involves producing a flat surface on the top of the sheet metal. Thus, a
clean and smooth surface can be obtained [34], [35]. The conical angles of the conical

regions of the drills used in all types of tool are the same, but changes in both lengths
according to the needs and thickness of the material to be drilled.

el W =
(a) (b) (c) (d)

Download: Download full-size image

Fig.5. Different types of thermal drills and corresponding bushing shapes [32].
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3. Processing of thermal drilling operation

Processing of thermal drilling is divided into five different stages [36]. These stages of the
process are given in Fig.6. In the first stage, the center region of tool approaches the sheet
metal to be drill and creates a maximum pushing force on it. In the second stage, the heat
generation rate is starting to increase continuously and high torques required to pierce the
sheet metal while the penetration of conical region of the tool. In the third stage, the
softened metal at the drilling zone is pushing down by the cylindrical region of the tool
while piercing. At this stage, the formation of sleeve or bush is started. As well as the
upward flow of metal is compressed by shoulder region of the tool, leads to ring shape boss
is formed at the top portion of the hole. In the fourth stage, the thermal drilling process is
finished and thermal drill tool is withdrawn from the drilling zone. In the fifth stage, from
the bush is accomplished by rubbing guide tool. This is a cold forming process which is done
by the inverted vane of rubbing tool. During this process, the material in bush gets displaced
without damages & chip formation to produce a screw thread inside the bush wall. It has
resulted that the quality of the surface of the drilled hole is better in screws opening and
also friction forces extracted at a very low rate. Then the bolt is screwed through threads to

produce the joints.

Download: Download full-size image

Fig.6. Different stages of thermal drilling process [36].

4. Thermal drilling applications in various sheet metals

Many researchers used the thermal drilling process on various metals and studied the
different quality characteristics of this drilling process [27], [28], [29], [37], [38], [39], [40],
[41], [42], [43], [44], [45], [46], [47]. Literature studies have shown that some of the
significant previous research works of the thermal drilling process. This process applied to

produce precision drilled holes in most ferrous and non-ferrous metals of sheet metals
including steel, dual phase steels, stainless steel, aluminium alloy, magnesium alloy,

titanium, superalloy, copper, and brass with metal thickness up to 12mm. In this section, the
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review of thermal drilling is studied according to sheet metal types and is given in the
following sections.

4.1. Thermal drilling on different steels

ST12 and ST 37 steel are cold rolled steels which are used in the following applications such
as aerospace and automobile manufacturing, electrical products and precision instruments.
This cold rolled steel is a suitable material for the thermal drilling process.

Ozek etal. [48] conducted the thermal drilling process on the ST 37 sheet metal using
tungsten carbide thermal drill tool. They have studied the following response characteristics
such as surface roughness, bushing length, bushing shape and bushing wall thickness. When
the ratio of material thickness to hole diameter increases, the amount of material providing

the bush formation increases, and this ratio is the most significant factor which affects the
bushing length and shape. It has resulted that increasing of feed rate and rotational speed,

increases the deformation in the bush formation as well as the bushing wall thickness
increases as the bushing length decreases by reason of distribution of the flowing softened
metal around the drilled hole in the radial direction.

Kaya etal. [49] studied the thermal drilling process on ST 12 sheet metal and used the input
process parameters such as spindle speed, feed rate, friction angle and friction contact area

ratio. Fig.7 shows the different shapes of thermal drills were used in this research work.
They investigated the output parameters as the surface temperature of the workpiece,
thrust force, and torque. As a result of the study, the thrust force and torque values were
increased with increasing of friction angle, feed rate and friction contact area ratio values.
However, when increasing drilling speed, both thrust force and torque were decreased. It
has also been determined that the increase of drilling speed leads to increases surface
temperature of the workpiece. Moreover, it has been noticed that there is no significant
effect of increasing or decreasing the friction angle and friction contact area ratio on the
surface temperature of the workpiece.
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Fig.7. Different views of the thermal drills with different friction contact area ratio (a) 100%
and (b) 50% [49].

The merit of the thermal drilling process is applicable in the thin-walled profiles and pipes
which have a significant role in the applications of lightweight structure and steel
manufacturing. Miller etal. [50] have investigated that the thermal drill tool wears in the
thermal drilling process on AISI 1015 carbon steel workpiece with 1.5mm thickness. Fig.8
shows the isometric and cross-sectioned view of thermal drilling AISI 1015 carbon steel. It
has resulted that the tungsten carbide is durable and shows low tool wear even after 11,000
holes drill on the workpiece. Also, they have noticed that the severe circular abrasive
grooves were formed on the tip of the tool which is shown in Fig.9.

(@ ®)
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Fig.8. Thermal drilled AISI 1015 steel profile (a) isometric view (b) cross sectioned view [50].
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Fig.9. SEM image of thermal drill after the production of 11,000 holes [50].

Pantawane etal. [51] have reported that the thermal drilled AISI 1015 steel and studied the
effect of process parameters such as spindle speed, feed rate and workpiece thickness to
tool diameter ratio on the responses such as thrust force, torque and surface roughness of

thermal drilled holes. Analysis of variance and Taguchi methods were applied to analyze the
response parameters and developed the relationship in between the input and output
process parameters.
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In another study, Ozler etal. [52] reported that the AISI 1010 carbon steel square profile
workpiece with 2mm thickness was drilled with tungsten carbide tool. They developed the
thermal drill tool with different friction angles and diameters and studied the influences of
processing parameters on bushing strength and temperature. From this study, they
concluded that the workpiece temperature of the drilled region increases with increasing of
drilling speed and decreasing of feed rate.

Miller etal. [53] have reported that the thermal and mechanical aspects of the thermal
drilling of AISI 1020 carbon steel metal. They developed a new finite element modeling of

thermal drilling process in order to understand the flow of material, strain rate, stress and
temperature distributions which are very difficult to determine by the experimental way.

Also, another semi-empirical analytical model is also developed based on the contact
pressure to compute the thrust force and torque. Similarly, Bilgin etal. [54] studied the
thermal drilling of AISI 1020 carbon steel using the tungsten carbide tool. In this study, they
have developed that the finite element model by deform-3D software to determine the

torque, thrust force, and heat transfer coefficient. They have concluded that the torque and
thrust forces values reduced with enhancing of spindle speed, but the temperature values
were increased with increasing of spindle speed.

4.2. Thermal drilling on dual phase steel

The thermal drilling process has been examined for dual-phase steels which are extensively
used in the automotive industry. Nardi etal. [55], [56] evaluated the optimum thermal
drilling conditions for dual phase steels with different thicknesses. They have determined

the required torque and thrust force for drilling of the workpiece and also studied the hole
size tolerances.

In addition to that, they have focused to develop a bush without cracks or flaws by the
thermal drilling process. As a result of this study, they have presented that an innovative
method of introduction of pure argon gas into the thermal drilling process. Fig.10 shows the
result of this study in which thermal drilled holes are produced on galvanized steel with

and without shielding gas. Hynes etal. [57] also investigated the thermal drilling
experiment on galvanized steel with various thicknesses by tungsten carbide tools with

different tool angles. They developed an artificial neural network model for bushing length

and optimized the process parameters by using the simulated annealing technique. They
have noticed a luder bands mark in the thermal drilled galvanized steel due to the
generation of thermal stresses.
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Fig.10. Thermal drilled holes on Galvanized Dual Phase steel. (a) Without shielding gas, (b)
with shielding gas [56].

The thermal drilling process was conducted on galvanized steel using M2 tool steel material
[79], [80], [81]. Three thermal drilling tools were developed with three different tool angles
such as 30°, 37.5° and 45°. The three different thickness of galvanized steel such as 1 mm,
1.5mm and 2mm are selected for performing the thermal drilling process. The
experimentation of thermal drilling process was conducted based on the Taguchi L,; design
of experiments with the varied level of input process parameters. The results were collected

and analyzed by using the analysis of variance method. All the experiments were carried
out with a constant feed rate of 120mm/min and dry machining conditions. The response
quality characteristics of thermal drilling such as bushing length, surface roughness,
roundness error, run-out, peak workpiece temperature, peak axial force and torque,
microhardness and microstructure are experimentally determined for investigation. After

the completion of all experiments, the thermal drilled holes showed different regions. They
are identified as tail end region, luder band region, lower critical region, upper critical
region and bending region.

Kumar etal. [83] developed a finite simulation model for thermal drilling process using
DEFORM-3D software to study the material flow via point tracking technique and the
results of the simulation are compared with the experimental results. The bushing length of
5.92mm is obtained from the experimental work against the simulated result of 6.01 mm.
This result shows a high degree of closeness between the simulation and experimental
value with a minimum deviation of +1.497%. The numerical model could also be used to
predict the thermal behavior of the thermal drilling of workpiece material [82], [84], [85].

4.3. Thermal drilling on stainless steel
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Stainless steel sheet metal is commonly used in the automobile manufacturing industry to
offer high strength and durability. It is also used in the structural sections of military
vehicles, ships, and trucks. Some studies are revealing the thermal drilling on stainless steel
sheet metal as follows.

Chow etal. [58] developed a new design of thermal drill tool which was made by tungsten
carbide material and utilized this tool for thermal drilling on AISI 304 stainless steel plates.

The surface roughness of 0.96um resulted in the optimal conditions of thermal drilling as
100mm/min feed rate, 90m/min drilling speed. They noticed the poor surface roughness
was produced at the higher feed rates. Because at the high axial feed rate produces
complete melting of the material. These melting materials have adhered to the thermal drill
leads to produce poor surface roughness. Moreover, at the same time very low feed rate of
thermal drill also produced poor surface quality. Since at the low feed rate, the rate of
cooling of meting material in the upper layer is faster than the lower layer. Due to this
different rate of cooling, those materials were interlocked during the rotary movement of
the thermal drill; finally, a poor surface quality resulted. In addition to inspecting the
bushing length of stainless steel with the process of thermal drilling, Lee etal. [59] thermal
drilled an AISI 304 sheet metal with 2mm thickness by using TiAIN and AICrN coated
thermal drill tools. Fig.11 shows the thermal drilled AISI 304 sheet specimen. In this
investigation, they observed the high surface temperature in the AICrN coated thermal drill

during thermal drilling process because the temperature of drill increased with the rotation
of the tool and also the low surface temperature in the uncoated thermal drill was observed.
Likewise, it has been noticed that the thermal drills surface temperature were enhanced
with an increasing number of thermal drilled holes. This was resulted because of
interlocking of molten workpiece material during thermal drilling to enhance the surface
roughness of the surface of the thermal drill and then the friction coefficient was increased

at the next operation of drilling. Also, they observed that the coated thermal drill had a
lesser amount of wear than the uncoated thermal drill and reduced tool wear was observed
in AICrN coated thermal drill than the coated TiAIN thermal drill. Besides, at high rotational
speeds, the coating of the thermal drill has affected and extensive wear of coating was
noticed.
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Fig.11. Cross-sectional view of thermal Drilled hole in AISI304 sheet material [59].

Similarly, Ku etal. [60] also conducted the thermal drilling experiments on SUS 304 stainless
steel plate with 2mm thickness. They have developed a novel type of thermal drill which is
made by the material of sintered tungsten carbide. In this work, they have investigated the
influences of spindle speed, feed rate, friction contact area ratio, and friction angles on the
response characteristics such as surface roughness and bushing length. They also observed
that the tool wear during drilling of SUS 304 stainless steel as shown in Fig.12. From this
study, tool wear after 30 runs almost without wear of thermal drill was observed. Besides, it
only produced a little amount of wear drilling process after 60 runs. Fig.13, Fig. 14
demonstrate the microstructure of thermal drilled holes at various friction angles and
spindle speeds. It was observed that 30° friction angle thermal drill shows smaller surface
roughness since it generates uniform melting temperature at the contact zone. However,
when the increase of friction angle, increased surface roughness was obtained. Also, they
have observed that when increasing spindle speed, the high amount of heat energy was
produced due to the friction at the contact leads to giving better surface quality. Fig. 14
shows the better surface quality at the spindle speed of 3600rpm.

(a) before drilling (b) after 30 runs (c) after 60 runs
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https://ars.els-cdn.com/content/image/1-s2.0-S258884041930006X-gr11.jpg
https://www.sciencedirect.com/topics/engineering/304-stainless-steel
https://www.sciencedirect.com/topics/engineering/304-stainless-steel
https://www.sciencedirect.com/topics/engineering/thermal-energy
https://ars.els-cdn.com/content/image/1-s2.0-S258884041930006X-gr12.jpg

Fig.12. Thermal drills before and after drilling of the SUS 304 stainless steel [60].
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Fig.13. SEM images of drilled holes in SUS stainless steel with various friction angles [60].

(a)1200 RPM (h) 2400 RPM {c) 3600 RPM
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Fig.14. SEM images of drilled holes in SUS stainless steel with various spindle speed [60].

4.4. Thermal drilling on aluminium alloys

Aluminium alloys are used in all manufacturing sectors to produce various products and are
also applicable in the aviation and aerospace industries. Miller etal. [61] investigated the
thermal drilling process on AA 6061-T6 alloy. They developed a three-dimensional finite
element model to model the deformation of workpiece and temperature in thermal drilling.
They have reported that the finite element technique was effectively used to obtain

converged result and effective solution in the thermal drilling process. Similarly, Dehghan
etal. [62] developed a finite element model by using ABAQUS finite element software and
studied the plastic strain, stress and temperature distribution in the thermal drilling of AA
6061 alloy. They have justified that the developed finite element model was used to predict
the thermal histories in the thermal drilling of aluminium alloys.

Hynes etal. [63] examined the thermal behavior in the thermal drilling of AA 6061-T6 alloy
by the way of numerical analysis. The numerical results showed that the friction contact
point in between the tool and workpiece attains the highest temperature 332.85°C within
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the few seconds. They also reported that the sheet metal at the drilling zone becomes
viscoplastic and then allow to flow out leads to form a sleeve-like shape.

Ozek etal. [64] studied the thermal drilling of aluminium alloys such as AA 1050, AA 6061,
AA 5083 and AA 7075-T651 having different thermal conductivity. They have varied the
spindle speeds from 1200rpm to 4200rpm, the feed rates from 25mm/min to 100mm/min.

They reported that at high spindle speeds and feed rates, the high frictional heat was
created in the thermal drilling of aluminium alloys which have low thermal conductivity.

The high temperature was measured as 241.8°C in thermal drilled AA 5083 alloy which has
low thermal conductivity. The outcomes of this research work on aluminium alloy are

shown in Fig.15. From this study, it has been identified that the higher bushing heights are
produced at low spindle speed and high feed rates. The optimum surface roughness was
observed at 2400rpm of spindle speed and all of the feed rates which were selected.

@ g d
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Fig.15. Thermal drilling on different aluminium alloys (a) AA1050, (b) AA6061, (c) AA5083
and (d) AA7075-T651 [64].

Demir etal. [65] investigated that the influences of the spindle speed, feed rate, workpiece
thickness and pre-drilling diameters on process characteristics such as workpiece
temperature and bushing shapes of thermal drilled AA 7075-T651 alloy. The workpiece
temperatures were calculated by means of installed two thermocouples near the hole to be

drilled which is shown in Fig.16. They have observed that the workpiece temperature was
varied in between the range from 0.5 to 0.67 of AA 7075-T651 alloy melting point

temperature. The workpiece temperatures were increased with reduced feed rate and
increased spindle speed. Also, the bushing shapes were enhanced with decreasing of
spindle speed, pre-drilling diameter, and feed rates.
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Fig.16. Thermocouples installation to measure workpiece temperature [65].

Krishna etal. [66] studied the mechanical aspects in thermal drilling on AA 6351 alloy with
1 mm thickness using high-speed steel thermal drill tool. They have designed the Taguchi
based experimental layout to determine the performance of thermal drilling process. They

have concluded that the following conclusion when increasing of friction angle from 30° to
60°, the thrust force values were increased from 299N to 549N and the torque values were
decreased from 1.76 Nm to 0.796 Nm. Also, when increasing of spindle speed from
2000rpm to 3000rpm, both the values of torque and thrust forces were decreased from
1.295 Nm to 1.248 Nm and from 454N to 394N respectively. They have concluded that at
low and medium spindle speed, a high polished surface was obtained in thermal drilled AA
6351 alloy and at high spindle speed, discolorations were observed.

Diwakar etal. [67] applied the Taguchi method to determine the high-speed steel thermal
drill performance on AA1100 alloy metal with 6mm thickness. They developed the
relationship between torque and thrust forces with rotational speed, feed rate, and frictional
contact area ratio. From the experimental measurements, the following conclusions arrived.

When the frictional contact area ratio was increased from 0.11 mm to 0.4mm, thrust force
and torque values were increased from 192N to 250N and 2 Nm to 2.6 Nm respectively.
When the spindle speed was increased from 700rpm to 760rpm, the thrust force reduced
from 237N to 205N, therefore for thermal drill tool requires less amount of torque. From
this result, it was concluded that the frictional contact area ratio is the most significant
factor and was affecting both thrust force and torque value.

Somasundaram etal. [30], [68], [69], [70] utilized a stir casting technique to the fabrication
of Al-SiC metal matrix composites plates and then the fabricated plates were thermal
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drilled by the newly developed high-speed steel. They have analyzed through response

surface methodology the effects of following parameters such as spindle speed, feed rate,
workpiece temperature, thickness and composition on the roundness error of thermal
drilled holes. Fig.17 shows the influences of process parameters on the response parameter
of roundness error. They have concluded that the roundness error increased with increased
spindle speed, feed rate, and workpiece thickness. Also, it was decreased by the increased
percentage of workpiece composition in Al-SiC composites.
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Fig.17. Effect of process parameters on roundness errors [68].

Eliseev etal. [71] investigated that the microstructure of thermal drilled AA 2024 alloy and
identified the different zones of the material was formed around the hole. They have been
found that the generation of high temperature in this process, leads to recrystallization of
grain structure was occurred. Fig. 18 shows the different zones in thermal drilled AA 2024

alloy. The zones were noted in this figure, stir zone (SZ), thermo-mechanically affected zone
(TMAZ), and heat affected zone (HAZ). The SZ represent the metal which direct contact with
the thermal drill and experiences high deformation. The TMAZ was formed by the function

of high temperature; however, it is not direct contact with the thermal drill. The HAZ was
formed by heat which is emitted from the contact zone.
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Fig.18. Different zones in thermal drilled AA 2024 alloy [71].

4.5. Thermal drilling on magnesium alloy

Magnesium alloy is used in lightweight components which are designed to enhance the
vehicle efficiency because of its low-density property. Miller etal. [72] investigated that the
thermal drilled MgAZ91D magnesium alloy which is brittle cast metals. They faced the
thermal drilling technical challenge of radial fracture or petal formation in thermal drilled
brittle metal. For this issue, they have proposed two ideas of pre-heating the workpiece
material and high rate of spindle speed drilling.

Fig.19 it was noticed that the alternations in spindle speed have an undesirable effect on the
formation of the bushing in Magnesium alloy metal. As shown in Fig. 19, the petal creations
turn out to be more apparent when the spindle speed increases from 3000rpm to
15,000rpm. At 3000rpm and 7000rpm, no significant petal formation occurs but at
15,000rpm, a very extensive petal has occurred. After that, Biermann etal. [73] have
proposed to examine the output characteristics such as torque, thrust force and workpiece
temperatures on thermal drilling of AZ31 magnesium alloy metal with 4mm and 5mm
workpiece thicknesses. It has been noticed that the values of thrust force and torque were
increased with increasing feed rate. They also reported that the alteration in tool diameter
leads to giving alternation in the amount of heat generation during the thermal drilling
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process. The maximum temperatures of 420°C and 437°C were obtained at the thermal
drilling with 5mm and 5.4mm tool diameter respectively.

%3000 rpm e/ 000 rom

1 1000 rpm

Pan:
L\f}?!

Download: Download full-size image

Fig.19. Formation of Bush in magnesium alloy at various spindle speed [72].

4.6. Thermal drilling on titanium

Nowadays, titanium sheet metal is a progressively more demanded material in all the

engineering and medical applications which have been considered as the workpiece in
following thermal drilling research work. Miller etal. [74] investigated the thermal drilled
pure titanium sheet metal with 1.59mm thickness and analyzed the alternations in
hardness, microstructure after the thermal drilling process. It was very challenging to
drilling the titanium sheet by the thermal drilling process. They also noticed that the micro-
crack in the drilled hole as shown in Fig.20, due to the creation of thermal stresses by the
high surface temperature of titanium during thermal drilling.
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Fig.20. Cracks produced in thermal drilled titanium sheet metal [74].

4.7. Thermal drilling on superalloys

Currently, superalloy has been extensively used in the fabrication of aircraft engines and
nuclear industry components. Nickel-based superalloy IN-713C is considered as the
workpiece for thermal drilling process by Lee etal. [75]. In that study, they have been
thermal drilled under various spindle speeds (2400rpm, 3600rpm, 4800rpm, and
6000rpm) and feed rates (100mm/min, 125mm/min, 150mm/min). The output
characteristics such as hardness, roundness, and surface roughness were studied during the
process. The experimental results delivered that the hardness property is higher in the hole
wall but it was decreased with increased distance from the edge of the hole. They also
revealed that at higher spindle speed and feed rate could offer good roundness and smooth
surface in thermal drilled superalloy.

Yang etal. [76] investigated used three nickel-based superalloys (Mar-M247, Haynes-230,
and Inconel-718) for conducting the thermal drilling process. They also used spindle speed
and feed rate as input process parameters in order to explore the surface roughness and
bushing length of thermal drilled superalloys.

Fig.21 shows the result of thermal drilling of superalloys under the conditions of three feed
rate (100mm/min, 125mm/min and 150mm/min) and spindle speed 4800rpm. They have
concluded that thermal drilled Haynes-230 superalloy shows longest bush length and better
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surface roughness than others. Moreover, the worst bush length and poor surface roughness
were identified in thermal drilled Inconel-718 superalloy.
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Fig.21. Comparison of bushing length and surface roughness in thermal drilled superalloys
[76].

4.8. Thermal drilling on brass and copper

Brass and copper sheet metals are widely used in many industrial applications. Vergara etal.
[77] studied the bush quality in copper and a-brass alloy thin sheet metals by varying the
process parameters such as spindle speed, feed rate, and tool diameter. They have reported
that the best quality of bushing in copper sheet was obtained at optimum conditions of
4000rpm spindle speed, 50mm/min feed rates and 2.5mm tool diameter. Also, the
sufficient quality of bushing in the a-brass sheet was achieved at the conditions of process
parameters of spindle speeds varied from 500rpm to 1000rpm, feed rates varied from
100mm/min to 300mm/min. Afterward, Boopathi etal. [78] examined the thermal drilled
brass sheet metal and measured thrust forces involved in thermal drilling process for
different spindle speeds and feed rates. Also, changes in hardness and temperature
distribution occurred for different spindle speeds were measured.

5. Future scope

Even though some investigates about thermal drilling have previously been done, there are
still plenty of issues needed to be addressed. The main objective of the research is to
provide a deeper knowledge of the non-traditional hole-making process. It consists of
fundamental parameters study in the improvement of the bushing shape, investigation of
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joining sheet metals by thermal drilling. Also, tool wear of the thermal drills used can be
studied for determining the tool life. Variation in the hardness of the work material before
and after hole making by friction drilling can be studied. Better tool geometry can also help
to reduce the thrust force and deflection. Thermal effect of the process on the tool material
as well as the work material can be studied with the support of microstructures.

6. Conclusions

The thermal drilling process is extensively used in all engineering industries due to the
benefits of screw connections of different types of thin sheet metals. In this review study,
the basic philosophy about thermal drilling process, the tools used and the materials
applied are studied in depth and the work is done in this area is compiled. The main results
found from the application of the thermal drilling process are discussed. During this
process, the sheet metal is reshaped or deformed without any loss. Therefore, the bushing
length is about three times greater than the original thickness of the sheet metal can be
formed. Thermal drilling process does not need any special machines, however, can be
carried out in one step by using the conical thermal drill. It is also a more cost-effective
process since it does not require additional processes such as welding of nuts and inserting
of rivets. Also, it does not pollute the surroundings for the period of operation since it is a
chipless hole manufacturing method. It has been perceived that the value of hardness at
drilled zones increases with the influence of frictional heat, and this circumstance increases
the strength. By preheating of the workpiece and high spindle speed, the requirement of

thrust force and torque could be reduced.
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