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Abstract
Friction drilling is one of the most promising methods for hole making in thin sheets of conventional structural alloy materials
(aluminum, steel, copper, titanium, etc.) and novel polymer composites. Despite almost a hundred year history of studying
friction drilling, it is still highly relevant and is actively developed. The aim of the present review is to cover as fully as possible all
aspects of this technology. The paper analyzes the advantages and disadvantages of friction drilling, discusses the influence of
technological parameters on the drilled hole quality. The technological parameters considered are not only the feed rate and
spindle speed, but also the tool configuration. The quality of the holes refers to their strength, inner surface hardness, hole
geometry and roughness, bushing geometry, and so on; therefore, they are also analyzed. From a fundamental point of view,
frictional drilling is interesting in that it causes structural changes in the material as a result of severe plastic deformation, which is
discussed in a separate section. Approaches for the process modeling are considered which quite accurately predict the material
behavior. A technically more advanced technology of a new generation is discussed, namely flow drill screwdriving. A general
conclusion is that despite the widespread use of friction drilling, including bywell-known engineering companies, the technology
continues to develop with regard to the changing needs of the industry and the market and strengthens its position in the industry.
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1 Introduction

The current trend for energy saving makes it an urgent me-
chanical engineering problem to reduce the weight of struc-
tures. This task is successfully accomplished through the use
of light and high-strength materials for the production of crit-
ical structures. Moreover, the thickness of sheet materials is
significantly reduced, making difficult their thread fastening
due to the impossibility to form a sufficient number of thread
turns in a thin sheet. The use of spot welding for the joining of
thin sheet materials often proves to be inefficient. Spot friction
stir welding has a great potential, but it is suitable only for
permanent joining, which is not always required. Often, engi-
neering structures are manufactured using special fittings, but
it complicates the technology and increases the cost of
production.

A more productive technology in this respect is friction
drilling, which allows making holes in thin sheet materials
with bushings for thread forming. In friction drilling, a rotat-
ing conical non-consumable hard alloy tool comes into con-
tact with the workpiece, heats the workpiece material to a
plastic state due to the frictional force, penetrates the work-
piece due to the axial force, forming a hole and bush-
ing, and then leaves the hole in the opposite direction
(Fig. 1). The process temperature in a well-chosen mode
does not exceed 0.85 Tm [1] and hence deformation
occurs in the solid phase.

The following technological features of friction drilling
make it advantageous over conventional drilling with the use
of fittings and over other sheet joining techniques:

– bushing formation for thread forming immediately during
drilling;

– hardening of the bushing material and, consequently,
high thread strength;

– no need to use cleaning and lubricating agents, which
makes the process more technological and environmen-
tally friendly;

– no chips, i.e., material saving;
– high rate and efficiency of the process;
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– high quality of holes, with low roughness and high
accuracy;

– high volume production capability.

The friction drilling process is also more environmentally
friendly than conventional drilling techniques as it consumes
less power [3] (Fig. 2). In some categories, the impact of
friction drilling on the environment is orders of magnitude
less.

The limitations of the technique include the fact that high-
quality holes cannot be formed by manual drilling due to the
difficulty of maintaining a constant load or feed rate; the tech-
nology requires automatic equipment. Another fact is that the
process is very sensitive to material, tool, and technological
mode, which complicates the selection of these parameters
and the optimization of friction drilling [4].

According to the FlowDrill company manual [5], the fric-
tion drilling technology was invented by Jan-Claude de
Vallière in 1923 in France. This information is widespread

among researchers, but it is not confirmed. The earliest record-
ed mention of a similar method for making holes in pipes is
contained in a 1933 patent issued to W.L. Enghauser [6]. The
patent proposes a two-step scheme: (1) a hole is drilled by the
conventional method with the aim of marking the hole place
and easier formation of a flange, and (2) a flange is formed by
a rotating swaging tool.

A one-step process similar to modern technology was de-
scribed in a 1957 patent issued to A. Leroy [7], who proposed
to form holes with flanges in pipes and sheet materials in one
step using a rotating tool shaped as an elongated pyramid. The
tool configuration closest to the currently used one was pro-
posed in a 1974 patent by J.A. van Geffen [8]. Commercial
success of the technologywas achieved after the improvement
described in 1982–1984 patents by A.J. Hoogenboom [9],
G.J. Dekkers [10], and G.D. Head, Jr et al. [11].

Despite a nearly century-long history of friction drilling, it
is still a new technology. Its development actually began in the
1970s. That is why there is no established terminology of the

Fig. 1 Steps of the friction
drilling process [2]

Fig. 2 Environmental impact of
various drilling techniques [3]
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process, both in research and in industry. Friction drilling is
also called flow drilling, form drilling, thermal drilling, plastic
drilling, thermoplastic drilling, thermomechanical drilling,
chipless drilling, or friction stir drilling. The main reason for
its slow development at the beginning of the twentieth century
is the lack of a sufficiently resistant material for the manufac-
ture of tools. The widespread adoption of numerically con-
trolled machines promoted the introduction of the technology
into industry. Today, friction drilling is used by many produc-
tion companies, e.g., Ford, Voestalpine, and Gestamp for the
production of cars, various tanks, accessories, and the con-
struction of bridges, roads, and buildings.

In view of extensive industrial applications, friction drilling
is also a subject of the interest for researchers. The number of
research papers and reviews in this area increases exponen-
tially, e.g., [12–14]. Here we seek to highlight as completely
as possible all aspects of friction drilling investigated to date.
The search for publications used the capabilities of the
ScienceDirect platform, the ResearchGate social network,
and the Google search engine. The search was performed
using different variations of the technology name. The refer-
ence lists of already found documents were also examined.
Patent searches were performed using the INPI patent data-
base, EPO database, and Google Patents.

2 Process technology

The efficiency of the friction drilling process directly depends
on a set of initial conditions: physical properties of the work-
piece and tool materials and their geometry, spindle speed,
tool feed rate or thrust force, the presence or absence of
lubrication.

2.1 Tool

The friction drilling tool is studied in terms of its durability
and the quality of drilled holes. The most common shape of
the tool used today was proposed in a 1984 patent by
Hoogenboom [9] (Fig. 3). The tool is a pyramid with rounded
equilateral triangle or square cross-section. This configuration
was invented in order to reduce tool wear in comparison with
previously proposed cylindrical tools.

Most often, the tools are made of tungsten carbide and are
cemented or covered by other coatings to increase their lives.
For example, Kerkhofs et al. [15] deposited PVD (Ti,Al)N
coatings onto cemented carbide tools with rounded triangular
cross-section. The life of the coated tools used for friction
drilling of austenitic stainless steel with a ZnS-based lubricant
increased from 5000–15000 to 100000–160000 bushed holes.
Modern friction drilling tools are more durable than conven-
tional twist drills [16]. Tools are also made of H13 steel. For
example, in [17], coatings on this steel were compared when

drilling AZ31B magnesium alloy. It was found that PVD TiN
coating (physical vapor deposition) keeps tool conicity better
than plasma nitriding and liquid nitriding. The wear charac-
teristics of tungsten carbide tools in friction drilling of low
carbon steel were investigated by Mutalib et al. [18]. The
authors revealed several types of tool wear in friction drilling,
such as adhesive, abrasive, and oxidative wear.

The measured tool profile after 200, 400, 600, 800, and
1000 holes showed that only the conical tool parts are worn
out due to the high axial force at the initial stages of drilling.
The tool mass was reduced by 3.7% after 1000 holes.
However, the diameter of the drilled holes decreased slightly
with tool wear because the diameter of the cylindrical tool part
remained almost unchanged. A similar tool used for the dril-
ling of 11000 holes in low-carbon steel AISI 1015 also gen-
erally maintained its shape during wear. The most severe wear
was observed in the center, where the cone angle changed
(Fig. 4).

Ku et al. [20] used friction drilling tools with different cone
angles θ (30–60°) and different friction contact area ratios
(FCAR = 50–100%), as shown in Fig. 5. The effect of these
parameters on the bushing length was studied by a variational
analysis with regard to the influence of the feed rate and spin-
dle speed. The analysis showed that the FCAR has the greatest
influence on the bushing length: the smaller the area, the great-
er the bushing length, all other things being equal. From the
viewpoint of the torque-to-load ratio, a tool with 50% FCAR
is the most efficient for drilling AISI 304 stainless steel [21].
In general, tools with reduced FCAR provide better holes and
therefore they are more common. Increasing tool diameter
leads to an increase in the hole diameter error, as shown for
AISI 304 steel by El-Bahloul et al. [22].

The torque and axial force are also strongly affected by the
cone angle. With increasing cone angle, the torque decreases
and the axial force increases [23]. As was shown in a model-
ing study of friction drilling [24], the cone angle increase to
90° leads to an increase in torque, axial force, and temperature,
but the drilling time is almost halved.

One of the important factors in tool wear in industrial ap-
plications of the technology is high temperature. Tool heating
can cause structural changes in the tool material and increased
oxidation. For better production efficiency, it is reasonable to
drill holes in minimum time intervals, but then the tool does
not have time to cool down. This problem is solved using
various tool holders with cooling disks. Despite the different
design solutions, all holders are generally constructed based
on the same principle of air pumping into the drilling zone.

2.2 Technological mode

There are two types of friction drillingmodes: soft modewhen
drilling is carried out with a constant load on the tool, and hard
mode with a constant feed rate. In soft mode, the material
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flows smoothly and the workpiece is not damaged due to the
absence of overloads. The time variation curve of the feed rate
in soft mode is non-linear. This non-linearity is caused by the
natural mechanisms of material flow under the tool. The dis-
advantage of the soft mode is either an insufficient load for the
necessary heating, or vice versa overheating due to too high
load. The given mode is not suitable for mass production.

Hard mode is more convenient for mass production with
the use of numerically controlled machines. Its main draw-
back is that if the tool is plunged into the workpiece without
taking into account the response of the material, there may be
an uncontrolled increase in the axial force resulting in damage
to the workpiece or the tool. A possible solution to this prob-
lem is to set a different feed rate for each stage of the drilling
process.

The characteristic variation curves of the torque and axial
force in the hard-mode drilling of sheet materials are illustrat-
ed in Fig. 6 [25]. The maximum axial force is reached at the
beginning of the tool–workpiece engagement and then

decreases due to heating. The axial force decrease is non-
linear because the tool geometry changes along the length.
The highest temperature is reached at the end of phase V
[26], after which the axial force sharply increases again due
to the expansion of the upper bushing by the tool shoulders. In
doing so, the torque continuously increases from the begin-
ning of drilling with increasing tool–workpiece contact area.
When the lower surface is ruptured by the tool, the torque
sharply decreases as the cylindrical part of the tool is engaged
with the workpiece and then increases again when the shoul-
ders come into contact with the upper bushing part.

In the case of constant spindle speed and increasing feed
rate, the load on the tool increases. With constant feed rate but
increasing spindle speed, the axial force decreases. The max-
imum temperatures reached in drilling aluminum, brass, and
stainless steel sheets of 1.5-mm thickness with the spindle
speed 3500 rpm were respectively 164°С, 252°С, and 468°С
[27]. In this work, the temperature was measured with an
infrared thermometer. The accuracy of such devices is up to

Fig. 3 Schematic view of the
friction drilling tool: 1— rotating
spindle, 2— tapered center point,
3— first conical part, 4— second
prismatic part, 5 — collar, 6 —
shoulder, 7 — shaft [9]

Fig. 4 Measured profiles of the
friction drilling tool after 0–11000
holes [19]
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1 °C. However, it should be kept in mind that when using non-
contact methods, any measurement will only show the surface
temperature. In this case, the maximal temperature can be
registered at the tool-material interface, where friction occurs
directly. The resulting value will actually be the average tem-
perature in that area, since the measurement spot can be up to
several millimeters in size. Nevertheless, this method allows
temperature estimates to be made when significant deviations
are observed. In general, temperature measurement in any
such process is extremely difficult. Non-contact methods mea-
sure only the surface temperature. Thermocouples allow to
obtain only the average temperature of a material’s
macrovolume.

Demir and Ozek [28] studied friction drilling of aluminum
alloys 1050, 5083, 6061, and 7075 with feed rates of 25–100
mm/min and spindle speeds of 1200–4200 rpm. It was shown
that the process temperature value correlates with the shear
strength of the material. The highest temperature of 241°С
was achieved in AA5053 alloy with 25 mm/min feed rate
and 4200 rpm spindle speed. The lowest temperature of
87°C was observed for AA1050 with 100 mm/min feed rate
and 1200 rpm spindle speed. With constant feed rate and
increasing spindle speed, the temperature in all alloys in-
creased monotonically. With increasing feed rate and constant
spindle speed, on the contrary, the temperature decreased due
to the shorter contact time of the tool with the material. In the

Fig. 5 Front and side views of
thermal friction drills for two
different friction contact area
ratios (FCARs) [21]

Fig. 6 Variation of the axial force
and torque during friction drilling
[25]
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case of low spindle speed and a large thickness of the work-
piece, friction drilling cannot be completed due to a lack of
thermal energy; the tool is only pressed through the workpiece
material.

An important process parameter is the sheet thickness to
tool radius ratio. The greater this ratio, the higher the torque
and the axial force on the tool, all other things being equal
[29]. Variational analysis and the Taguchi method showed
that the most optimal value of this ratio in terms of the balance
between axial force and torque is 0.11. However, if this ratio is
reduced, the roughness of the walls increases, which reduces
the hole quality. The larger the diameter of the hole, the more
material is affected. Material from the central portion is affect-
ed the most. Also, increasing this ratio can cause the formation
of petals. Thus, a balance must be maintained.

Krasauskas [26] studied the influence of the drillingmodes,
material, and its thickness on the drilling force and torque on
the tool for hot rolled S235 steel (2.5-mm thick), AISI 4301
stainless steel (1.5 and 2 mm), and Al 5652 aluminum alloy
(1.5 mm). The study was carried out within the spindle speed
range 2000–3000 rpm and the feed rate range 60–140 mm/
min. It was shown that a higher spindle speed corresponds to a
lower drilling force due to higher heating, and the feed rate is
directly proportional to the axial force. Statistical analysis of
the drilling force data showed that the axial force is most
strongly affected by the sheet thickness, feed rate, and yield
strength.

According to Rao et al. [30], the greatest influence on the
material deformation during friction drilling is produced by
the tool feed rate (in comparison with the spindle speed, ma-
terial, and tool cone angle). The hole surface roughness is
most affected by the spindle speed: the higher the speed, the
lower the roughness [2]. Dogru et al. [31], on the contrary,
showed based on empirical data and variational analysis that
the feed rate contributes more to the roughness: the higher the
feed rate, the greater the roughness. This contradiction can be
explained by the fact that Boopathi conducted research on
2024 aluminum alloy, while Dogru studied AISI 1010 steel.
Nevertheless, the spindle speed has a significant effect on the
hole surface roughness, as shown by Pantawane and Ahuja
[32] for a similar AISI 1015 steel. As the spindle speed in-
creases, the temperature of the friction surface rises, facilitat-
ing the material plastic flow. According to [31], the second
and third most important inversely proportional contributions
to the roughness are the tool cone angle and the spindle speed,
respectively. The feed rate has the most pronounced directly
proportional effect on the temperature.

Upon reaching a certain threshold, the increasing feed rate,
on the contrary, causes an increase in the hole surface rough-
ness, which can be attributed to the lack of time required for
material heating [33]. In general, friction drilling of single
non-ferrous and steel alloy sheets is currently not a technolog-
ical problem, in contrast to the drilling of titanium alloys,

sandwiches, and end drilling. As shown by Biermann et al.
[34], friction drilling can be applied for making holes in the
ends of sheet materials, but this requires preheating the tool.
When drilling an AlSi10Mg alloy profile of 6-mm thickness,
the best quality bores were produced with tool preheating to
200°C. In the case of overheating or underheating, the bore
walls were damaged or their shape was distorted (Fig. 7). In so
doing, the preheating temperature slightly affected the axial
force and torque on the tool.

Dehghan et al. [35] carried out friction drilling of a 3-mm-
thick titanium alloy Ti-6Al-4V using a tungsten carbide tool.
The spindle speed varied in the range of 1500–5500 rpm and
the feed rate ranged from 65 to 145 mm/min. The best holes in
terms of the bushing geometry were obtained in the modes
with lower frequency and feed rate. The tool wear was the
lowest under the same conditions. With the maximum feed
rate, the tool was broken after the first drilling operation. From
the viewpoint of maintaining a rounded shape, the quality of
friction-drilled holes is, on the contrary, directly proportional
to the spindle speed. This was shown by Somasundaram and
Boopathy [36] in a study of drilling aluminum silicon carbide
metal matrix composite. An increase in the proportion of re-
inforcing SiC particles negatively affected the quality of the
holes.

In general, each material has a specific range of acceptable
parameters. As shown in [37], high-quality joints can be ob-
tained by flow drill screwdriving at different parameter ratios.
In this sense, friction drilling, flow drill screwdriving, and
friction stir welding are very similar. It is known [38], for
example, that the range of permissible parameters for friction
stir welding of different aluminum alloys can vary greatly.

Despite there are recommendations and extensive data on
the influence of technological parameters on the friction dril-
ling process, each time when the technology is introduced into
production, it is necessary to select a mode for specific tasks,
because even a slight change in the initial conditions can
greatly affect the complex process behavior. In this regard,
of particular interest is the use of new parameter selection
methods, e.g., neural networks ormachine learning algorithms
applied in the works of Bustillo et al. [25] and Hynes et al.
[39].

3 Hole geometry

The formation of bushings is themain reason for using friction
drilling. Therefore, the drilling process optimization is mainly
aimed at producing high-quality bushings to provide reliable
threaded connections. When evaluating the bushing quality, it
is first of all necessary to account for the type of connection
and the direction of load application on the final product dur-
ing operation.
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In the general case, the thread strength can be determined
by the formula [40]:

Fsh ¼ πdLscKgKmτ ð1Þ

where d is the thread diameter, Lsc is the thread length, Kg is
the thread fullness coefficient, Km is the coefficient of inho-
mogeneous plastic strain distribution in thread turns over
height, and τ is the shear strength of the material.

The practical use of this formula in the context of friction
drilling is complicated for the following reasons. As already
noted, a friction-drilled thread connection can be subjected to
various operational loads: along the bolt axis, perpendicularly,
or at a different angle. Another difficulty is the shear strength
included in the equation. As will be discussed below, the
material near the hole is hardened; therefore, the tabular value
of the material strength cannot be used to calculate the con-
nection strength. Also, recrystallization in the drilling process
can cause the softening of the material.

From the viewpoint of increasing strength, it makes sense
to increase the thread length, which is limited by the bushing
height. The material removed from the hole during friction
drilling flows both upwards and downwards, forming the up-
per and lower bushings, which can be determined by the for-
mula:

πd2

4
δ ¼ Vlb þ Vub ð2Þ

where Vlb and Vub are the volume of the lower and upper
bushings, respectively, δ is the workpiece thickness, and d is
the hole diameter.

As established experimentally [41], the material density
changes slightly during friction drilling, which allows us to
neglect the loss of volume and equate both sides of the equa-
tion. The shape of the bushing can be simply represented as a
truncated paraboloid for the purpose of calculating its thick-
ness and height [42]. At first glance, this suggests that the
bushing thickness and height depend only on the hole diame-
ter and workpiece thickness. However, the volume ratio of the

upper and lower bushings varies depending on the axial force
and spindle speed, up to a complete absence of the upper
bushing (Fig. 8).

In practice, a threaded joint is most often produced by
cutting the thread into the lower bushing, and the upper part
is removed or expanded by a tool. This means that the excess
material flowing upwards is used inefficiently and thus the
usable length for thread making is reduced. Consequently,
the technology optimization for a particular material involves
the selection of such a spindle speed and axial force as to
obtain a bushing of required length. From the viewpoint of
bushing strength, its thickness, which decreases with height,
should also be increased. As shown in drilling austenitic stain-
less steel pipes [43], the bushing thickness varies unevenly
along the length depending on the technological mode. With
increasing spindle speed, the bushing thickness decreases in
the upper part and increases in the lower one. The thickness of
the lower part also increases with increasing feed rate.

Major defects in friction drilling are cracking of the bush-
ing and petal formation. These defects result from improper
process parameters. According to Vergara et al. [44], the op-
timal parameters for high-quality bushing formation depend
on the properties of the workpiece material. For example, for
pure copper, it is preferable to perform drilling with high spin-
dle speeds but low feed rate (1–2-mm thickness, 4.5-mm hole
diameter, 4000 rpm, 50–100 mm/min). With the same work-
piece thickness and tool diameter, α-brass should be drilled
with low spindle speeds and medium feed rate (100–500 rpm,
100–300 mm/min), because this material is embrittled in high
heating. Thus, it is not always possible to achieve a balance of
the geometric characteristics of the hole and the absence of
defects by optimizing the technological parameters.

For improving the quality of the formed bushing, Su et al.
[45] proposed to use a counter-bore die for drilling with con-
trolled material flow (Fig. 9). This approach was shown to
eliminate the formation of cracks and petals. In addition, the
formed bushing was more uniform in thickness.

In the work [46], threaded holes were produced by a com-
bined method of dissimilar material joining on the following

Fig. 7 Quality of bores in the profile ends at different tool preheating temperatures [34]
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couples of materials: AISI 1045/Al 5754, AISI 304/Al 5754,
and AISI 304/Al 6082. A drawback of this method is the
formation of a gap between the joined sheets. The presence
of the gap can lead to ingress of moisture and other contam-
inants between the sheets, their corrosion, and therefore
shorter life of the joint. The gap can be reduced by varying
the technological parameters. For example, it was unambigu-
ously demonstrated that increasing the spindle speed reduces
the gap size, as well as decreasing the tool feed rate.
Nevertheless, within the spindle speed range of 1500–
4500 rpm and the feed rate range of 150–450 mm/min, the
smallest gap for the AISI 1045/Al 5754 couple was observed
at a ratio of 3500 rpm to 150 mm/min. The gap formation was
also shown by Lacalle et al. [47] when drilling AA5754 and
S235 steel tube.

El-Bahloul [48] performed friction drilling of a cast alumi-
num alloy A380 workpiece sandwiched in between sheets of

316 steel, 6060 aluminum alloy, and red copper alloy.
Optimization of technological parameters by fuzzy logic tech-
niques confirmed that the smallest gaps between the surfaces
and the largest bushing length are achieved at lower tool feed
rates. The best quality holes were drilled in sandwiches with
red copper.

4 Mechanical properties

One of the pioneering works of France [49] showed good
applicability of friction drilling for joining tubular columns.
Cantilever testing of a beam connected to a column revealed
that an increase in the endplate thickness, column wall thick-
ness, and a greater beam depth lead to an increase in stiffness
and strength, which is characteristic not only of friction
drilling.

Fig. 8 Geometry of holes formed by friction drilling in sheet metal [42]

Fig. 9 Schematic of friction drilling using a counter-bore die and examples of bores drilled in aluminum alloy AA6061 with and without the die [45]
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The microhardness of the material near the surface of con-
tact with the tool is higher by 20–70% than in the initial ma-
terial and decreases monotonically with increasing distance
from the hole down to the value of the initial material. This
was demonstrated for such materials as AISI 1020, 4130 steel,
Al 5052 [50], brass [27], and AISI 304 [51] (Fig. 10).

In addition to the change in mechanical properties with
distance from the hole, Kumar and Hynes [52] observed a
change in microhardness along the bushing length on galva-
nized DP 600 steel. Deformation during friction drilling is
complex, and the load varies non-linearly with time. As a
result, each bushing region has its own thermal and deforma-
tion history, which affects its structure and properties. A total
of 5 regions were distinguished: tail-end region, Luders band
region, lower critical region, upper critical region, and bend-
ing region. The highest microhardness is achieved in the lower
critical region, and the smallest one is observed in the upper
critical region. It was also found that the bushing microhard-
ness generally decreases with increasing heat release, i.e., in-
creasing spindle speed. When drilling titanium alloy Ti-6Al-
4V, microhardness, on the contrary, decreases by 25% near
the friction surface [35]. And the longer the thermal effect, the
greater the microhardness decrease, associated with the struc-
tural transformations of the material.

Another important factor of strength, along with the mate-
rial properties and drilling mode, is the thread cutting method.
Wittke et al. [53] studied the mechanical characteristics of
internal threads produced by friction drilling in flat profile
specimens of 6061 aluminum alloy. Comparisons were made
between different manufacturing techniques, such as thread
tapping (or cutting), forming, and milling. As an object of
comparison, the authors used a thread drilled in a bulk mate-
rial specimen by a conventional method. The tapped thread
showed the best results in both cases, because tapping causes
surface layer hardening. Due to the elongated shape of the
bore, the friction-drilled thread withstood half the load and

30% lower amplitude in fatigue testing. Similar results for
AlSi10Mg and AZ31 alloys were observed in a different paper
[54]. The oval shape of the hole in AlSi10Mg alloy led to
lower joint strength compared to AZ31 (Fig. 11). It is worth
noting, however, that the hole diameter changes after thread
tapping. As reported in the paper [55]: “Tap manufacturers
usually recommend initial diameter lower than the just geo-
metrical one.”

Later, the same authors [56] studied the mechanical prop-
erties of an internal thread produced by friction drilling in a
flat AZ31 magnesium alloy profile. As in the work [34], dril-
ling was carried out with tool preheating to 200°C. In general,
preheating had a favorable effect. As shown by the results of
X-ray computed tomography, preheating contributed to a
higher quality of the formed thread in the hole. Obviously,
this is main reason for the high strength of the threaded joint
drilled with preheating, since preheating did not affect the
thread microhardness and fatigue characteristics. Drops in
the load curves are explained by thread stripping. With in-
creasing test temperature, the thread failure was softer, which
led to higher strength and ductility values.

Different authors understand the quality of the hole differ-
ently, depending on the focus of the investigation. In general,
the hole quality is an integral characteristic that includes geo-
metric characteristics, structure of the material at different hi-
erarchical levels, and defects. The strength of the friction-
drilled joint generally depends on the bushing geometry,
thread cutting method, and strength properties of the material.
As shown in Section 2, the joint strength is proportional to the
length and thickness of the bushing. It can be reduced by the
presence of defects in the form of petals, cracks, burrs, and
others. The strength properties of the bushing material directly
depend on the state of the initial material as well as on the
temperature and deformation conditions during drilling. The
effect of technological parameters on the geometric and
strength characteristics of the bushing can be contradictory.

Fig. 10 Hardness test points and hardness at different distances from the hole edge for different drilling speeds in AISI 304 [51]
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For example, according to Engbert et al. [57] who studied
friction drilling of an extruded AlMgSi0.5 alloy profile rein-
forced with X10CrNi18-8 steel wire, an increase in the spindle
speed (and hence temperature) led to a better bushing geom-
etry and material softening, but the thread strength generally
decreased. The presence of the reinforcing steel wire, which
retains heat in the material after drilling, did not significantly
affect the thread strength. This case shows that the friction
drilling process involves multiple factors. In particular, the
presence of visual bushing defects may not always indicate a
low strength of the thread. One of the most important quality
parameters is the structure of the material around the hole.

5 Microstructure

The extruded material of the bushing is subjected to severe
deformation and elevated temperatures during friction dril-
ling, due to which its microstructure is refined [50]. This is
true for steels, aluminum alloys, and commercially pure tita-
nium. In addition, elevated temperatures and deformation af-
fect the material around the hole. The influence can extend to a
distance of 5–7 mm, and several structural zones can be dis-
tinguished in the material (Fig. 12). As shown in the works of
Eliseev et al. [58–60] on aluminum alloys, the mechanisms
and effects of friction drilling are similar to those of friction
stir welding, and therefore the structural zones can be denoted
in the same way. Stir zone (SZ), which is in direct contact with
the tool and is subjected to severe plastic deformation and
elevated temperature; thermomechanically affected zone
(TMAZ), which is not in contact with the tool but is affected
by deformation and elevated temperature; and heat affected
zone (HAZ), which is only affected by heat.

The SZ contains recrystallized equiaxed grains of solid
solution. During friction drilling of AA2024 sheet metal, the
initial elongated grains with sizes 69×21 μm were reduced to

3 μm. Grains in the TMAZ grew more than 2 times, became
even more elongated, and turned upwards and downwards in
the deformation direction. The TMAZ also has localized de-
formation regions. The material layers move relative to each
other and are partially recrystallized. This explains differences
in microhardness values in the given zone. The grain structure
of the HAZ cannot be characterized because this zone is
etched in aluminum alloys.

Severe plastic deformation also causes the dissolution of
intermetallic compounds in the material around the hole.
Scanning electron microscopy with phase contrast (Fig. 13)
demonstrates a sharp contrast of the structure at the interface
between the SZ and TMAZ. Bright objects in the image are
incoherent second phase particles. The volume fraction of
these particles in the SZ decreases twice and their average size
is reduced 3–5 times compared with the original aluminum
alloys AA2024, AA3005, and AA5056. Since the friction
drilling time is short, the dissolved particles do not have time
to precipitate again in the same amount, as occurs during
friction stir welding. In the TMAZ, the volume fraction and
average size of incoherent second phase particles can both
decrease and increase, depending on the deformation condi-
tions and the amount of heat. The distribution of particles also
varies depending on their location in the layer of locally de-
formed material.

The described feature is also characteristic of the SZ. As
shown for AA2024 alloy [61], the size and volume fraction of
semi-coherent second phase particles change with distance
from the hole. In particular, the particle size at a distance of
350 μmwas smaller than at a distance of 90 μm from the hole
(Fig. 14). The volume fraction of particles remained almost
unchanged. In this case, the decisive factor for the mechanical
properties is the dispersion factor D, which is the ratio of
volume fraction Fv to particle size d. The higher the dispersion
factor, the higher the microhardness value and material
strength σ:

Fig. 11 Experimental setup for mechanical testing of a friction-drilled thread in a flat profile, and force vs. total strain curves [54]
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D ¼ Fv

d
∝σ ð3Þ

Since the temperature is insufficient for dissolution, the
particles during friction drilling dissolve due to deformation.
The greatest refinement of semi-coherent particles was ob-
served at a distance of 350 μm from the hole. Such a particle
distribution illustrates the discrete nature of material deforma-
tion around the tool in friction drilling according to the con-
cept of adhesive/cohesive layer-by-layer material transfer.

Hynes et al. [39] showed that Luders bands may appear on
the inner surface of the bushing in galvanized steel under the
influence of elevated temperatures (798°C) and axial force,
and the band spacing is uneven due to inhomogeneous defor-
mation in friction drilling. In general, the microstructure of the
material around the hole is poorly studied. However, it is
already known that the material has a complex heterogeneous
structure. The detected structural features are similar to FSW
joints.

6 Numerical modeling

In the work [19], heat transfer during friction drilling is de-
scribed by the equation

ρc
∂T
∂t

¼ k
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
þ G ð4Þ

where T, ρ, and t are respectively the temperature, material
density, and time; k and c are the specific thermal conductivity
and heat capacity; and G is the heat release rate density deter-
mined by the sum of the heat fluxes due to friction q̇f and
plastic deformation q̇p:

G ¼ q̇ f þ q̇p ð5Þ
q̇ f ¼ 2πRNμFn ð6Þ
q̇p ¼ ησε̇pl ð7Þ

where R is the tool radius, N is the spindle speed, μ is the
coefficient of friction, Fn is the normal force, η is the inelastic

Fig. 12 Structural zones of the
hole cross-section in AA2024 (a);
grain structure in the stir zone (b)
[58]

Fig. 13 BSE image of a friction-
drilled hole in AA2024 (a) and
AA5056 (b) [58, 60]
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part of heat, σ is the true stress, and ε̇pl is the plastic strain rate.
A different method for heat transfer determination was pro-

posed by Bilgin et al. [62]. Based on the technological param-
eters, the torque power Pc and the axial power Pf are calculat-
ed, the sum of which is reduced to the heat energy:

Q ¼ Pc þ P f ð8Þ
Pc ¼ Mω ¼ M2πN ð9Þ
Pf ¼ FnV ð10Þ

where M is the torque, ω is the angular velocity, and V is the
feed rate.

In fact, these methods look at the solution of the problem
from different sides. In the case of Eqs. (6)–(7), specific phys-
ical processes that occur with the material — friction and
deformation — are considered. On the one hand, this is the
correct approach; however, the problem is in the physical
properties of the material itself. The material during severe
plastic deformation is in a unique state, so there is no way to
reliably establish its stress, friction coefficient between sur-
faces and other its properties. In fact, the strain rate cannot
be determined experimentally. Therefore, any estimates by
this method can only be verified indirectly. On the other hand,
Eqs. (9)–(10) are very easy to apply, all quantities are exper-
imentally determined, and the actual total energy input to the
system can always be calculated. And herein consists the dis-
advantage of the method— it is impossible to simulate with-
out experiment. In addition, both methods do not take adhe-
sion into account. An important mechanism of the friction
drilling (like friction stir welding) is adhesive transfer.
During drilling, the surface of the tool grips the material,
transfers it to another location, slips, adhesion occurs, and a
new transfer occurs. That is, sliding friction and mass transfer
occur alternately. Both of these processes consume energy,
but so far it has not been possible to determine the relationship

between them. Nevertheless, attempts to describe the process
continue.

Miller [19] also performed analytical modeling of torqueM
and thrust force F during drilling separately for each tool part.
The thrust force and torque for the conical part are

F ¼ πp h22−h
2
1

� �
tan2

θ
2
þ μapπ h22−h

2
1

� �
tan

θ
2

ð11Þ

M ¼
2πμp h32−h

3
1

� �
tan2

θ
2

3cos
θ
2

ð12Þ

where p is the pressure; h2 and h1 are respectively the dis-
tances from the cone apex to the upper and lower surfaces,
the difference of which determines the truncated cone height;
θ is the cone apex angle; and μa is the coefficient of friction in
the axial direction.

In the cylindrical part:

F ¼ 2πμapRh3 ð13Þ
M ¼ 2πμpR2h3 ð14Þ
where h3 is the height of the cylindrical part.

This model is in good agreement with the experimentally
measured thrust force in friction drilling. Later, the model data
for calculating the thrust force [63] and torque [64] were im-
proved for the conical part as follows:

F ¼ πp h22−h
2
1

� �
tan2

θ
2
þ 2πμp

v
ω

h2−h1ð Þcos θ
2

ð15Þ

M ¼ πμp
2tan

θ
2

cos
θ
2

h32−h
3
1

� �
−πμp

v2

ω2
h2−h1ð Þcos θ

2
ð16Þ

where ω is the angular velocity, and v is the feed rate.

Fig. 14 Bright field TEM image
of AA2024 microstructure in the
SZ at 90 μm (a) and 350 μm (b)
below the friction-drilled hole
surface [61]
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Meanwhile, the article [63] aims primarily to calculate the
friction coefficient, which is derived from Eq. (15) when the
force is experimentally determined.

For the cylindrical part, the thrust force and torque were
transformed as follows [64]:

F ¼ 2πμpRh3vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ ω2R2

p ð17Þ

M ¼ 2πμpR3h3ωffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ω2R2

p ð18Þ

The thrust force calculated by this model is somewhat clos-
er to the experimental results. Thus, the model in [19] is not
relevant at this time and is given as a historical reference.

A similar modeling performed by Raju and Swamy [65]
showed that an increase in the spindle speed and feed rate
increases the true strain in friction drilling, but a too large
spindle speed increase leads to the formation of an irregular
bushing, due to which the true strain is sharply reduced.

Dehghan et al. [66] carried out numerical modeling of the
friction drilling of an aluminum alloy by a three-dimensional
finite element method. They used the Johnson–Cook model
that depends on temperature and strain rate. Thus, the yield
stress:

σy ¼ Aþ B εpl
� �n� �

1þ Cln
ε̇pl

ε̇0

" #
1−

T−Ttran

Tmelt−Ttran

	 
m	 


ð19Þ
where A, B, C, and n are respectively the initial yield stress,
hardening modulus, strain rate sensitivity, and strain harden-
ing exponent; m is the thermal softening effect; ε̅pl, ε̇̅pl, and ε̇0
are the equivalent plastic strain, equivalent plastic strain rate,
and reference strain rate; T is the current temperature; and Tmelt
and Ttran are the melting and transition temperatures.

Since the tool penetrating the workpiece breaks the mate-
rial, a failure criterion is needed that would not reach 1:

D ¼ ∫
1

ε f
dεpl ð20Þ

The fracture strain was defined as:

ε f ¼ d1 þ d2e
−d3 p

σ

 !
1þ d4ln

ε̇pl

ε̇0

" #
1þ d5θð Þ ð21Þ

where d1, d2, d3, d4, and d5 are experimentally determined
constants, and p is the hydrostatic pressure.

Modeling showed that the highest stresses are achieved in
the contact area at the initial stage of drilling. In this case, the
inverse dependence of temperature and stress points to mate-
rial plasticization without reaching the melting temperature.
The shape of the hole is basically similar to the real one, but

there are some flaws. In particular, the wall thickness and
bushing height are lowered. The inner surface of the hole is
irregular, which does not correspond to the experiment (Fig.
15). In addition, the weaknesses of the model include an abun-
dance of constants, whose physical sense is unclear. In the
more recent works of these authors, it has not yet been
achieved to bring the shape of the hole model closer to that
of a real hole [67].

Kumar and Hynes [68] modeled the friction drilling of
galvanized steel by the finite element method using
DEFORM-3D software. The equations of continuity, conser-
vation of momentum, and conservation of energy were solved
simultaneously during modeling. The mechanical properties
were determined as follows:

δt ¼ 2ε̇μ ð22Þ
where ε̇ is the strain rate, δt is the deviatoric stress tensor, and
μ is the viscosity.

The energy conservation equation corresponds to the above
given Eq. (4), but the heat release rate is described differently.
Only the component that is caused by plastic deformation is
taken into account and is described by Eq. (7). The modeling
results for material deformation during friction drilling
showed good agreement with the experiment. The calculated
bushing length was 5.98 mm, and that measured on the exper-
imental sample drilled with the same parameters was 5.94
mm. However, the use of this approach in itself is highly
disputable. Despite the high temperature, the material is still
a solid. Some problems occur in viscosity determination dur-
ing severe plastic deformation at high strain rates. In particu-
lar, the problem is the experimental verification of viscosity.

Modeling also revealed a non-uniform temperature distri-
bution along the bushing length. The maximum temperatures
are reached close to the middle plane of the hole and amount
to 709°C. The temperature measured experimentally by ther-
mal imaging was 747°C, which is close to the calculated val-
ue. The inhomogeneity of the temperature distribution was
confirmed by a microstructural study. It was found that the
maximum temperature region in the material around the hole
contains larger grains.

In fact, such a result was fairly obvious from the experi-
mental results. In this context, so far, simulation of frictional
drilling can hardly provide any new scientific knowledge or
improve the understanding of physical processes. At least,
within the framework of the described approaches. First, these
approaches do not take into account the adhesive nature of
drilling. Second, the modeling methods themselves were not
originally designed to simulate severe plastic deformation. In
particular, for example, element birth and death techniques
lead to distortions at high strains and strain rates. Agreement
with experimental data is often achieved by using empirical
coefficients with unclear physical sense. Nevertheless, work is
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continuing. An adequate prediction of the hole geometry will
be a success in this field. This can be used to solve technical
problems, such as the selection of technological parameters.

7 Flow drill screwdriving

Flow drill screwdriving is a technological process that com-
bines hole making with bushing by friction drilling, thread
forming, and immediate joining of parts. In so doing, a screw
is used as both the fastener and the tool. The earliest patent for
this method was issued to Amanda Kay Freis in 2013 [69] and
is described as a technique for fastening two or more sheets
with and without gaps.

The process steps of flow drill screwdriving are in general
similar to those of friction drilling (Fig. 16): (1) the workpiece
is heated by friction from the rotating fastener (2000–6000
rpm); (2) the rotating fastener penetrates the workpiece mate-
rial; (3) an extrusion or bushing is formed while the fastener
continues to penetrate; (4) the rotating fastener forms a thread
in the bushing material (~ 2000 rpm); (5) the screw is driven
into the hole (~ 200 rpm); and (6) the screw is tightened to the
appropriate value. The highest axial force is achieved in step 3
of bushing formation, and then decreases in threading,
screwing, and tightening. The load is one of the most impor-
tant parameters in flow drill screwdriving from the viewpoint
of obtaining the correct joint geometry. According to [70], the

higher the fastener load, the higher the deflection of the joined
sheets.

As in friction drilling of sandwiches, a gap is formed be-
tween the upper and lower sheets in flow drill screwdriving.
The gap size is determined by the ratio of technological pa-
rameters. This gap is dangerous in terms of contaminant ac-
cumulation and corrosion in the joint material. As shown by
Scholz et al. [72] in corrosion tests on lap-shear specimens of
dissimilar materials AlMgSi1–X5CrNi18-10, AlMg4.5Mn–
X5CrNi18 -10 , A lMg4 .5Mn–HC340LA, AZ31–
AlMg4.5Mn, the tensile strength does not decrease signifi-
cantly due to corrosion, but the fatigue life of the joints is
reduced. The gap itself also reduces the joint strength. For
example, the gap in coach peel specimens of AA6082 reduces
by 7% the joint strength [73]. Typical defects for flow drill
screwdriving are chip formation, bushing fracture, and sheet
deflection. Chips are formed in high-speed drilling; bushing
fracture and deflection occur at a low spindle speed but high
load [74]. These defects deteriorate the machinability condi-
tions, but have almost no effect on the axial strength of the
joint, as was observed in joining HCT780X steel and
AA5152-O.

Meschut et al. [75] compared the strength of lap joints
obtained by conventional and new methods: clinching, self-
pierce riveting (SPR), flow drill screwdriving (high-speed bolt
joining RIVTAC), self-pierce riveting with solid rivets
(SSPR), resistance element welding (REW), friction element
welding (FEW), and resistance spot welding (RSW). As can

Fig. 15 Comparison of cross-
sectional view between
experimental and simulated
drilled hole [66]

Fig. 16 Stages of the flow drill screwriving: (a) warming up, (b) material penetration, (c) bushing forming, (d) thread forming, (e) full thread
engagement, (f) tightening [71]
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be seen from the diagrams in Fig. 17, the flow drill screw joint
(RIVTAC curve) is second only to the FEW joint in terms of
strength.

The estimation of heat release rate in flow drill
screwdriving, proposed by Skovron et al. [76], resembles
Eq. (6) in Section 6, but normal force is calculated using yield
strength σy and contact area A:

Fn ¼ σyA ð23Þ

The additional heating of the AA6053-T5A workpiece to
247°C [76] did not lead to a change in the joint geometry and a
decrease in the gap size, but reduced the process time by
almost half. After heating to 143°C, the microhardness of
the material near the fastener decreased, but the overall joint
strength increased due to better contact between the fastener
and the hole. Heating to high temperatures weakens the joint.
Composite structures of reinforced plastics and metals have
recently gained great popularity, especially in automotive in-
dustry. The use of such materials reduces the weight of prod-
ucts and, consequently, air pollution. Great differences in the
properties of metals and plastics determine a very limited
number of methods for their joining. The most commonly
used one is riveting. Flow drill screwdriving can also be used
for joining plastics and metals.

The main problem in metal/plastic joining is the formation
of plastic chips, which complicates thread forming, reduces
the thread quality and the overall joint strength. This problem
can be solved by selecting a tool that would cut off the top
layer of plastic material and remove chips from the joint zone,
with a suitable configuration for metal sheet drilling. As
shown by Nagel and Meschut [77] for joints of fiber-
reinforced plastic with thermoplastic or thermosetting matrix
and HC340LAD steel or EN AW-6181 aluminum sheets, the
largest push-out strength is observed for screws with a cutting
tip with a hole.

Szlosarek et al. [78] conducted mechanical tests with dif-
ferent loading angles on a sandwich of carbon fiber-reinforced
plastic and EN-AW6060-T6 aluminum alloy joined by flow
drill screwdriving. The test results showed that the loading
angle does not affect the maximum joint strength, but
strongly affects its ductility. The larger the angle, the
lower the ductility. In similar tests performed by
Sonstabo et al. [71] on AA6061-T6 aluminum alloy
joints, the highest strength was observed in shear, i.e., at
a loading angle of 0° (Fig. 18). In tensile tests and com-
bined tensile-shear tests, the joint failure occurred by
thread stripping in the bottom sheet material. Shear tests
resulted in failure of the bottom sheet. The general failure
modes observed in tests on single connectors and compo-
nents were screw rotation, screw pull-out, screw push-out,
and screw fracture. The anisotropy of the mechanical
properties of sheet metal had no effect on the mechanical
test results. Thus, flow drill screwdriving showed good
applicability in components under complex loading
conditions.

In their subsequent paper [79], the authors carried out me-
chanical tests on a component made of aluminum alloys
AA6005T5 and AA6060T6 connected by flow drill
screwdriving. The results showed similar deformation behav-
ior of the component under dynamic and quasi-static loading
(Fig. 19).

The failure of 6082 aluminum alloy lap-shear specimens
under quasi-static and cyclic shear loading occurs in different
ways [80]. The most frequent situation under quasi-static
loading is the failure of the upper sheet to screw fracture.
Under cyclic loading, failure is most often observed in the
lower sheet. The measurements of residual stresses in
AA6063-T5A sheets joined by flow drill screwdriving [81]
revealed the presence of high tensile stresses, which decreased
with increasing distance from the fastener. This behavior was

Fig. 17 Comparative strength of
lap joints produced by different
techniques [75]
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observed in all directions. With increasing load during dril-
ling, the residual stresses increased in the upper sheet but
reduced in the lower one.

Modeling of the mechanical properties of flow drill screw
connections by existing methods generally yields values close
to experimental ones [82–84]. Nevertheless, for both assem-
blies and single connections, model calibration is still re-
quired. The problem here lies, in our opinion, in the use of
material constants. In fact, the microstructure of the material
around the hole has a complex gradient. This also results in a
gradient of properties, which has been shown in the previous
sections. Actually, very little is known about the properties of
this new material around the hole. The microstructure of such
joints has not yet been studied at all due to the novelty of the
technique, which nevertheless has proved to be efficient for
specific applications. Also one of the serious problems of the
technology is the failure of the fastener. Since the tool is also a

fastener, it is not economical to produce it using expensive
materials such as tungsten carbide. Fasteners are often made
from case hardened mild steel. However, such material is not
suitable even for single drilling of high-strength alloys.
Therefore, application of the technology has so far been lim-
ited to relatively soft materials.

8 Summary

Despite the long history of friction drilling, this technology is
still new, relevant, and developing. It has been the subject of
extensive research over the past decade and is actively intro-
duced into production as one of the most technologically ad-
vanced, environmentally friendly, and economical way to pro-
duce thread connections of thin sheet materials. The obvious
ways to improve friction drilling are the selection of new tool

Fig. 18 Schematic illustration of the testing rig and force vs. displacement curves from cross tests [71]

Fig. 19 Model of the test specimen and force vs. displacement curve of dynamic test compared to quasi-static test [79]
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configurations and coatings (especially for titanium alloy
drilling); optimization of technological parameters, in-
cluding using variational analysis and neural networks;
and the use of supporting means, such as additional
heating/cooling sources and special dies. A breakthrough
friction drilling technology of a new generation is flow
drill screwdriving. It combines the well-known steps of
making a threaded connection, but at an advanced tech-
nological level.

Today, friction drilling and its modification are successful-
ly applied to produce high-quality threaded joints in most
homogeneous non-ferrous and steel structural sheet materials.
The effect of technological parameters on heat generation and
deformation during friction drilling, which determine the joint
quality, is well studied. Quality is generally understood as an
integral characteristic of various properties of the material
around the hole: bushing geometry, structural state that deter-
mines the material strength, the absence of defects, and hole
surface roughness. Most of the literature investigates the in-
fluence of technological parameters on the joint strength, on
its relationship with geometry, microhardness, and existing
defects. Threads are most often formed in the lower part of
the bushing, so the drilling modes are selected in such a way
as to increase its length and to make it uniform along the
length. These aims are usually achieved with high spindle
speeds. Dangerous effects in the high-speed mode are the
overheating, structural changes, and softening of the drilled
material, which is typical, e.g., of thermally hardened alumi-
num alloys or α-brass. However, there are very few micro-
structural studies of the bushing material due to the complex-
ity of research. The microscopic dynamics of the drilling pro-
cess is not understood, although the mechanics of drilling and
heat generation are well studied in view of the presence of
adequate models. However, of course, it will take a long time
to be able to solve the technical problems of selecting drilling
parameters within the framework of existing models. The
problem here is that the material around the hole is poorly
understood. Another problem is the inadaptability of existing
approaches for modeling such complex processes of severe
plastic deformation. It has also been established that friction
drilling is similar to friction stir welding. The material around
the hole undergoes severe plastic deformation at elevated tem-
peratures (up to 0.85 Tm) and is extruded into a bushing, with
some structural changes. The resulting structural zones can be
called in the same way: stir zone, thermomechanically affect-
ed zone, and heat-affected zone.

In view of the current technological trends, more and more
researches are oriented towards the connection of dissimilar
materials, titanium alloys, metal, and polymer composites,
which is a specific subject. It poses new requirements for tool
durability (especially for titanium alloys), process details (e.g.,
removal of polymer chips), and joint quality control.
Consequently, further researches will be aimed at improving

technology for new advanced materials and developing the
physical foundations of friction drilling.
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