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The impact of pilot holes on the mechanical behaviour and macrostructure of metal joints under

i . th
various welding conditions was thoroughly evaluated. The incorporation of pilot holes in FSSW Published - 117 Dec. 2024

processes, particularly for similar aluminum alloy joints, can increase mechanical performance by KEYWORDS

up to 50%. This technique also enhances tool longevity, improves joint quality, and optimizes Pilot hole

surface finish. Several factors influenced by pilot hole optimisation are discussed, including the Welding parameter
significance of the pilot-hole-to-keyhole (PTK) diameter ratio. Notably, pilot holes with a PTK ratio Friction stir welding
below 1 have demonstrated superior results. In dissimilar material FSSW, pilot hole conditions Friction stir spot welding

significantly influence material flow and intermixing, thereby affecting joint strength. Additionally, the
diameter of the pilot hole plays a critical role in the welding process, significantly affecting joint
integrity. Based on these findings, several recommendations are offered to guide future research
and application in this field, including an exploration of the relationship between the PTK ratio and
its influence on material flow to enhance mechanical performance and joint quality.

1. INTRODUCTION

Welding is the process of joining two or more parts of a material by applying heat and/or pressure, forming a joint as
the parts cool [1]. There are two primary types of welding: fusion welding and solid-state welding. Fusion welding involves
melting the two parts to be joined, typically with the addition of a filler metal, to create coalescence. In contrast, solid-state
welding uses heat or pressure to join parts without melting the material or adding a filler metal [2][3]. Friction Welding
(FRW) is a solid-state welding technique that includes four primary processes: Friction Stir Welding (FSW), Friction Stir
Spot Welding (FSSW), linear friction welding, and rotary friction welding [4][5]. One of the most commonly used processes
is FSW owing to its versatile application, automation capabilities, and high metal joining rate. This process is mostly used
to join aluminium alloys [6].

Thomas et al. from ‘The Welding Institute’ in England originally developed FSW in 1991 [7]. It has gained wide
recognition as a pioneering technique for bonding a diverse range of materials, including metals, ceramics, and polymers,
and for joining different materials together to form dissimilar joints [7][8]. Figure 1 shows the schematic diagram of the
FSW process.
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Figure 1. Schematic diagram of the friction stir welding

No external heat source is utilized during the FRW process; instead, the connection forms as a result of frictional heat
generated along the tool's length and plastic deformation at the interface surfaces under high pressure. Throughout the
welding process, the heat generated by the friction of the tool’s rapid rotation makes it possible for the tool pin to plunge
slowly through the thickness of the workpiece, subsequently moving linearly to join the two workpieces together [7][9].
However, excessive force and heat may occur due to the high-pressure force used to produce metal-to-metal joints [9][10].
The outcome may lead to the emergence of defects and lower mechanical properties in the workpiece while also diminishing
the lifespan of the tool [10][11]. Consequently, one of the most effective ways to reduce the amount of excessive force and
heat during the process is by making a preexisting pilot hole since it is designed to reduce the force imposed on the tool
[11][12]. The pilot hole also known as a pre-hole or clearance hole is a through hole usually made or machined at the
beginning of a weld [13].
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Table 1. Pilot hole optimisation in chronological order from 2013 to 2023 [18-37]

Material and Thickness

No. Authors Year Method (mm) Parameter Findings
1 Amit Kumar 2013  Laser Welding Galvanized Heat and gas input Pilot holes are used to prevent welding defects
Sinha [18] Steel (1.4 & 1.8) such as porosity and spatter caused by the
accumulation of zinc vapor.

2 Yunxia Huang 2013  Friction Stir Aluminium (5) Tool material New self-support FSW eliminates root flaws,

[19] Welding Tool dip angle adapts to thickness variations, and does not
require predrilled pilot holes or backing bars.

3 Jingjing Li [20] 2014  Ultrasonic welding, Aluminium (3), Dwell time Pilot hole size influences the formation of IMC
friction stir blind copper (1) and Welding method at the interface between dissimilar materials in
riveting and magnesium (1) friction-stir-forming joints
Frictions stir spot welding

4 Galya Duncheva 2015  Welding and mandrel cold  S355 steel welded PTK=(<1) The study focused on the use of cold working on

[21] working method stiffened plate (3) Interference fit pre-drilled holes in noncircular openings’
Working scheme corners welded steel plates.
5  Xinjiang Fei [22] 2016  Laser-assisted Q235 steel (3) and 6061- PTK=(<1) Optimal pilot hole offset distance is crucial for
FSW T6 aluminium alloy (3) Laser power joint strength and inter-metallic compound
Rotational speed formation.
Transverse speed
6  Hossein Karami 2017  Threaded Hole AA5052 PTK =(<1) Pilot holes help achieve robust mounting,
[23] Friction Spot Aluminium (2) Melt flow index enough joint strength, and complete filling of the
Welding (THFSW) Polymer composite Thermal conductivity  hole with melt polymer when using THFSW
hybrid (2) Rotational speed
Dwell time
Temperature
7  Andre Carlos 2017  Friction Stir Aluminium PTK =(<1) Using pilot holes for temperature measurement
Ferreira Silva Welding alloy (3) Thermocouple on small FSW tools is risky.
[24] Rotational speed
Transverse speed
Axial force
Tool design
8  Moslem Paidar 2019  Friction-Stir- AA2219 (1.7) and PTK =(<1) A suitable pilot hole size and tool shoulder
[25] Spot-Welding PP-C30S Rotational speed design contributed to the improved fracture load
(FSSW) Sheets (2) Dwell time of the weld.
Tool design

Plunge depth
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Table 1. (cont.)

Material and Thickness

No. Authors Year Method (mm) Parameter Findings
9  Oluwaseun John 2020  Friction stir AA5083-H111 (2.8) Rotational speed The presence of a pilot hole will help eliminate
Dada [26] welding Transverse speed the pinhole at the weld nugget, significantly
Tool shoulder design  reducing tensile properties.
10  Tinu P. Saju [27] 2020  Dieless friction AA 5050 PTK=(<1>) For joint formation to be successful, the stir
stir spot lap joining H32 with Tool features tool’s center and the pilot hole center had to be
AA 6061-T6 (0.93 to Too; plunge depth collinear.
2mm) Welding method
Rotational speed
11 Yang Gao [28] 2020  Pre-hole Friction AA2219 (1.7) and PTK =(<1) PFSSW process leads to keyhole-free welds,
Stir Spot Welding AA3003 Rotational speed excellent metallurgical bonding, and improved
(PFSSW) Sheets (1.5) Dwell time joint strength.
Plunge depth
12 Joshi Gaurang 2020  Friction Stir Copper (2) and PTK=(>1) A pilot hole reduces the load on the (FSW) tool
[29] Welding Stainless Pre-heating current during the plunge phase, increasing its
Steel (2) Cooling medium reliability.
13 Moslem Paidar 2021  Friction spot AA5083- PTK =(<1) The triangle shape tool’s effect is better on pre-
[30] extrusion welding- H112 Shoulder geometry hole filling than the cylindrical shape tool.
brazing aluminium Rotational speed
alloy (1.5) and Dwell time
pure copper (2) Plunge depth
14 Venkadesh 2021  Friction stir AA2024 (6) PTK = (1) A pilot hole formed at the end of the weld helps
Samykannu [31] welding and AA6061 (6) Rotational speed to prevent cracks and control excessive
Transverse speed temperature distribution.
Pin diameter
Shoulder diameter
15  Miguel Costas 2021  Flow-drill screw AAB060-T6 (2.5) PTK = (1) A pilot hole can increase a connection’s ductility
[32] joints and Pilot hole and joint and decrease its maximum shear force in loading
AAB063-T4 (2) configuration conditions with a high shear force component.
16  Pabitra Maji [33] 2022 Friction stir Al (6), Mg (6) and Tool material and A modified bobbin tool design effectively
welding Cu alloys (6) geometry reduces root defects and torque exerted on the

tool thus eliminating the need for pilot holes in
FSW.
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Table 1. (cont.)

Material and Thickness

No. Authors Year Method (mm) Parameter Findings
17 Osamah Sabah 2022  Friction Stir Spot Pure Copper PTK =(<1) The pre-hole in the plate was filled with
Barrak [34] Welding (C11000) (2) Rotational speed aluminium, and the extruded copper in almost all
and AA5052 (2) Pin inserting rate of the joint samples showed that the heat and
Dwell time pressure of the friction process were sufficient
Plunge depth for reliable filling.
Pilot hole diameter
18 Timo 2023  Friction-Stir- AlMg6-H18 (1.5) PTK =(<1) The pre-drilled holes helped to relieve the
Nonnenmann Spot-Welding and a Mild Rotational speed pressure during the plunging stage and reduce
[35] (FSSW) Steel (1.5) Dwell time the vibrations of the spinning tool.
Tilt angle
19  Francisco Dias 2023  Friction Stir AAT7075 (3) and PTK=(<1) Pilot holes improved aluminium and titanium
[36] Welding Ti-6Al-4V (2) Rotational speed alloy joints and increased joint strength and
Transverse speed reliability.
Connection points
20  Qiaoying Zhou 2023  Flow-drill screw AA6061-T6 (1.8) PTK=(<1>) The pre-hole wall influenced the plastic strain
[37] and friction stir and DP590 Rotational speed distribution in the component, concentrating the
welding joints high strength Axial force equivalent plastic strain mostly on the left-side
steel plates (2.7) Torque boss.

Test Configuration
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Accordingly, a drill operation is used to make a pilot hole, where a drill bit is used to make a circular hole on the
workpiece. Besides reducing excessive force, this method also offers other benefits such as reducing the risk of
delamination, which indirectly helps improve the surface finish, increase the tool life, and reduce the energy consumption
in a joining process [13][14].

Table 1 highlights the recent progress of pilot hole optimization in various joining processes, mainly focusing on the
FRW processes chronologically. The number of publications in this field has risen consistently over the past decade.
Although the FSW process is one of the most popular in the FRW family, another joining method that utilizes the pilot
hole technique is FSSW [5][15]. FSSW is a variant of FSW that rotates, plunges, and retracts a two-piece material in an
overlapping configuration to create “spot" welds Figure 2. The tool has no linear movement through the part during FSSW
[15]. Previous researchers in joining processes, especially in FSW and FSSW, have shown great interest and are studying
the optimization of the pilot hole. This method suits many metal types well and combines dissimilar metals effectively
[16][17]. Thus, Table 1 presents the papers related to the pilot hole optimization study in chronological order from 2013
to 2023.

Shoulder

Pin Keyhole
f ! ™~ / -~
S S ) \ i 3
Plunging Dwelling Retracting

Figure 2. Schematic diagram of the FSSW process [38]

Based on the growing use of pilot-hole techniques in previous studies, thus this paper examines the advancements in
pilot-hole research, their impact on the mechanical response and macrostructural changes of metal joints under various
welding parameters, and the various aspects that can be enhanced by optimizing the pilot-hole diameter during the joining
process. The scope of the review will mainly focus on implementing pilot holes in FSW and FSSW processes. This paper
examines, in a critical manner, the impact of welding parameters on various process variables and material properties,
while also providing recommendations for future research.

2. PILOT HOLE DIAMETER AND ITS VARIATION

As mentioned earlier, a pilot hole is drilled before the welding process, where the initial plunging stage of the rotating
tool will be made. Conventionally, no pilot hole is pre-drilled, imposing a large downward force from the tool during its
plunging stage [39][40]. Once the temperature of the workpiece has been elevated due to the frictional heat, the plasticized
workpiece is gradually extruded from the top until the tool pin completely penetrates the workpiece, creating a permanent
keyhole. The keyhole follows the shape and diameter of the tool pin [41][42].

The pilot hole technique is utilized to mitigate the large force and excessive heat generation. Several works report that
the diameter of the pilot hole could influence the welding outcome [32][43]. Previous work conducted by J. C. Roukema
et al. examined the stability of the drilling process with various parameters including pilot hole diameters ranging from
4mm to 12mm by using a drill with a diameter of 16 mm [44]. To clarify, the pilot holes are not drilled using the 16 mm
bit. Instead, smaller drill bits are employed to create pilot holes of various sizes (4 mm, 8 mm, 10 mm, and 12 mm). These
pilot holes are designed to ready the workpiece for the larger 16 mm drill bit. Using smaller bits to create these preliminary
holes ensures that the 16 mm bit is properly guided and stabilized during the final drilling operation. The drill’s diameter
continuously increased until it reached a steady state, matching the hole’s diameter. They found that a small pilot hole
allowed for easier deflection but caused interference from the cutting lips near the hole. At the same time, the larger pilot
holes will mostly interfere with the drill’s progress. Thus, the appropriate pilot hole size is vital since it affects the process
and joint quality.

Correspondingly, prior studies by Tor et al. suggested that using a smaller pilot hole during the drilling operation helps
to improve hole accuracy and lengthen the bit’s lifespan. While a relatively larger pilot hole could further reduce the
plunging force and mitigate the wear of the tool pin, the pilot hole should not be too large to ensure no worm hole or void
defects will form due to lack of plasticized material in the weld zone [43][45]. Although the use of pilot holes offered few
advantages, improper selection of pilot hole criteria in FRW can reduce joint strength, create stress concentrations, and
alter heat distribution. Consequently, it adds complexity, increases costs and generates material waste. Therefore,
analyzing the optimal pilot hole-to-keyhole diameter (PTK) ratio from previous works is of utmost importance.
Henceforth, a PTK ratio of one signifies that the pilot hole diameter is similar to the keyhole diameter. In contrast, a ratio
larger than one or lower than one signifies that the pilot hole diameter is larger or lower than the keyhole diameter,
respectively. Based on the study mentioned, a PTK ratio of <1 is suggested. The details of the PTK criteria selection or
guideline will be discussed in the next few sections.
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3. MECHANICAL AND MACROSTRUCTURAL ANALYSIS OF THE METAL JOINTS

A critical aspect when evaluating the influence of the pilot hole in the FRW process is its impact on the mechanical
and microstructural properties of the welded joints [46][47]. Several aspects, such as surface finish and mechanical
performance, will be discussed below. Those effects are interconnected with metallurgical changes that directly influence
mechanical properties, and the optimal pilot hole diameter balances these factors for specific materials and applications.

3.1  Surface Finish of the Joint

As shown in Figure 3, K. Kimapong and T. Watanabe conducted the FSW process with various pilot hole diameters
from 10 mm to 20 mm on the aluminium plate [48]. Illustrated in Figure 3(a), the surface appearance of the weld using a
1 PTK ratio showed a smooth surface with minimal defects. However, when 1.3 and 1.5 PTK ratios were used, an
incomplete part occurred at the starting point, as seen in Figures 3(b) and 3(c). There was not enough agitated aluminium
volume to form a weld at the starting point, consequently affecting the joint quality since the weld joint forms worm hole
defects, which weakens the joint and make it more susceptible to fracture [48].

10 mm

15 mm

20 mm

Figure 3. Surface finish of weld joint with different pilot hole sizes [48]

W. M. Thomas et al. also demonstrated that when a pilot hole is drilled smaller than the pin (<1 PTK ratio) depicted
in Figure 4(a), sufficient backfilling of the hole can be accomplished. An incomplete backfilling is produced when a pilot
hole with a diameter greater than the pin diameter (>1 PTK ratio), as Figure 4(b) [49] illustrates. It has also been
demonstrated that the pilot hole plays a role in the plasticization-assisted filling process, which reduces external flash
[49][50].

INEBUNNREERRRERRURRERY

@ (b)

Figure 4. Macrosections of backfilled pilot holes (a) Showing complete backfilling of a pilot hole with a hole smaller

than the pin diameter, and (b) Showing partial backfilling of a pilot hole made with a hole slightly larger than the pin
diameter [47]

3.2 Force and Torque

Force and torque are process variables strongly related to the FRW and friction drilling processes [12][51][52]. Figure
5 and Figure 6 show the comparison of the force induced during the friction drilling process with and without a pre-drilled
pilot hole with 0.5 and 0.85 PTK ratio respectively [51]. The material used in the study is aluminium alloy. Both studies
presented by the authors revealed that the pilot-hole setup plays a significant role in the force imposed on the setup.
Mutually, pilot-hole samples facilitated the lowering of the initial plunging force up to 50% compared to those without a
pilot hole [49, 50, 52]. Since torque and force are directly proportional, the torque imposed during the process will also
decrease, potentially enhancing tool and machine life [12][51][53][54].
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3.3 Shear Strength and Elongation

Miguel Costas et al. have thoroughly studied the mechanical performance of a flow drill screw connection (FDS)
between two aluminum plates with and without pilot holes [13]. The FDS process generates heat and experiences
significant plastic deformation, similar to the FSW process. Both processes utilize the friction between the plates and
tools to soften the material, pass through the workpiece, and form a sold or threaded connection. [37][55][56]. Therefore,
mechanical performance testing on the FDS samples can also be used as a reference to compare the FSW process done
towards aluminium plates with and without a pilot hole. Material behavior, microhardness, thermal cycle temperature,
and microstructure of FSW compounds were measured and compared with FDS compounds. Although the process differs
from FSW, the core principles of stress analysis and testing methods share similarities, particularly concerning the impact
of various testing approaches or reinforcement strategies on mechanical properties like shear strength[13][14]. Figure 7
shows the force-displacement curve obtained from the FDS cross-shear experiment. Note that the original length of the
specimen is 120 mm. The samples with pilot holes elongated more [13].

—— With pilot hole
—— Without pilot hole

Force [kN]

0 2 4 6 8 10 12 14
DIC displacement [mm]

Figure 7. Force-displacement curves of FDS cross shear tests with and without pilot hole [13]
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The works on FDS by Miguel Costas et al. involved two different aluminum plate joints with varying parameters such
as the joint configuration and different test modes. To support the result shown in Figure 7, another experiment was
conducted using a cross-joint configuration as illustrated in Figure 8. The joint samples underwent two loading angle
tests: a mixed-mode test (Figure 9(a)) at 45 degrees and a normal shear test (Figure 9(b)). Every test was run at a steady
crosshead speed of 5 mm/min. The data is presented in Table 2 and Figure 10.

T30

10«- "' ) - =
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Figure 8. Cross-joint configuration [13]
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Figure 9. (a) Mixed mode test at 45 degrees and (b) normal shear test [13]

Table 2. Cross-joint shear test data

Elongation with Pilot ~ Elongation without Pilot

Sample Test and Description Hole (mm) Hole (mm)

A Normal Shear 20 14
(center top plate)

B Mixed Mode 20 10
(center top plate)

C Normal Shear 15 7
(adjusted top plate position)

D Mixed Mode 14 11

(adjusted top plate position)

I
I I = WITH PH
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Figure 10. Cross-joint test with vs. without pilot hole
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The findings demonstrate how the pilot hole affects the connection’s mechanical performance. The specimens with a
pilot hole using 0.6 PTK ratio experienced more elongation up to 53%, which showed higher ductility than those without
it. This may be due to the hole’s ability to hold the screw while it rotates. Since the increased flexibility of screw rotation
is different due to its limitation, then the maximum force in the pilot hole design is less. The greater stiffness of the
configuration in the experiment without the pilot hole produced a greater force, which eventually led to screw failure
[13]. As mentioned earlier, the pilot hole proportionally contributes to the reduction of the external flash through the
filling process, aided by plasticization [49][50][57][58]. According to works by Yang Gao et al., utilizing a 0.3 PTK ratio
in the pre hole friction stir spot welding (PFSSW) procedure results in a bigger bonded region (stir zone), which may
have an impact on the spot weld’s shear strength [28].

As shown in Figure 11, they found that the shear strength of the weld produced between dissimilar AA2219 and
AA3003 aluminium plates using the PFSSW process is much higher (156 MPa) than the weld made by the conventional
FSSW process (103.56 MPa), with an increase up to 50.6 % elongation. It has been attributed to the mechanical
interlocking and material mixing between these alloys [28].

180

160

3

-
N
=]

g8

00
t=1

Stress (MPa)

60 ——— 156 MPa 103.56 MPa  pu—

PFSSW FSsw
Figure 11. Comparison of PFSSW and FSSW shear strength [28]

On the other hand, Aliff et al. compared the shear strength between aluminium (AA7075) and magnesium (AZ31B)
dissimilar joints using 1 PTK ratio under different pilot hole conditions [59]. The samples were stacked in a lap joint
configuration, with the aluminium workpiece consistently on the top. Samples with the label ‘ph’ are workpieces that
have been pre-drilled with a pilot hole. All tests were performed at a constant dwell time of 5 seconds and rotational speed
of 1000 rpm. The data is tabulated in Table 3 and summarised in Figure 12.

Table 3. Summary of USS, Young’s modulus, and standard deviation of all sample
Ultimate shear strength

Samples USS (MPa)
Al-Mg(ph) 187.62 + 17.41
Al(ph)-Mg(ph) 190.72 + 22.41
Al-Mg 160.58 + 11.42
Al(ph)-Mg 168.53 + 10.58
250
200
€ 150
3
3 100
-]
50
0
AL-MG (ph) AL (ph)- AL-MG  AL(ph)- MG
MG(ph)
SAMPLE

Figure 12. USS for different types of welding conditions
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Based on the bar graph, the ultimate shear strength (USS) for aluminium magnesium (Al-Mg) dissimilar joints, the
highest USS is 190.72 MPa. Other Al-Mg specimens also show approximately the same (USS) value, except for the
aluminium magnesium joint, when no pilot hole was applied [59]. While the presence of pilot holes generally contributes
to better mechanical properties for similar welds, the study shows that pilot holes can increase or decrease the USS based
on the pilot hole condition (on both workpieces, only one or none at all).

To summarise, the effect of pilot holes with PTK ratios <1 on the mechanical properties of the load joint offers better
mechanical performance than conventional joints. Shear strength for joints with a pilot hole has been increased up to 50%
and experienced enhanced elongation of 56% compared to joints without a pilot hole [13][28][59].

3.4  Material Flow

In the case of FRW processes such as FSSW, the weld strength relies heavily on the material mixing to form
mechanical interlocking between both materials [27]. The presence or absence of a pilot hole has been shown to affect
the material flow of the weld zone. The study by Aliff et al. mentioned earlier examined the material intermixing of the
specimens, comparing the specimens with the highest and lowest USS values. Figure 13 shows the macrostructure of
weld zones for specimens produced where pilot holes have been pre-drilled in both (Al-Mg) plates. This condition
facilitates the plunging process, i.e., lowering the plunging force helps the material intermix well during welding. Once
proper material plasticisation and mixing are achieved, no voids or porosity are observed in the specimen producing high-
quality joints with higher USS values [27][59][60][61]. For the specimen where the pilot hole is only drilled at the
magnesium plate (Figure 14), there is only partial mixing, resulting in an incomplete consolidation. This leads to
premature cracking and fracture during the shear test, resulting in the lowest USS value among all specimens. [59][62].

Figure 13. Macrosections of complete back-filled specimens with pilot holes at both plates

Figure 14. Macrosections of incomplete back-filled specimens with pilot holes at magnesium plate only

Prior studies by T. P. Sajua and R. G. Narayanan also examined the material flow using a pinless FSW joining process
with various pilot hole diameters ranging from 2.5 mm to 5 mm with a few types of load performance tests [50]. Figure
15 provides a general overview of the macrostructure comparison for various hole diameters, highlighting distinctive
zones and providing a schematic representation of the metal flow directions. As previously stated, joints are created when
mechanical interlocking and metallurgical bonding coincide. The formation of an internal collar on the lower sheet metal,
intended for pinless stir weld friction joining processes limits the production of extruded upper sheet metal. It affects the
mechanical interlocking of the joint [50][63][64][65]. This occurs when the top sheet is plastically deformed owing to the
stirring action and downward plunge of the tool. In contrast, the bottom sheet is plastically deformed owing to the
transmitted frictional heat flow and tool impact force. Thus it was not completely penetrated since there was no tool pin.
The central part of the junction shown in this section is formed by an extruded pin that surrounds the adhesive area
between the two sheets.

In all loading performance analysis tests, the samples manufactured with a pilot hole diameter of 3 mm (Figure 15(b))
were found to have significant overall performance. Samples with a pilot hole diameter of 3 mm exhibit 95% of the
greatest peel-breaking load recorded (1.05 kN), 83% of the maximum transverse tension-breaking load (2.89 kN), and
95% of the maximum tensile shear-breaking load (7.42 kN) [50]. The optimal mechanical performance was found from
the macrostructural analysis at 2.5 mm pilot hole diameter samples (Figure 15 (a)). Since the hole is quite small, thus
there is a noble chance for the pilot hole to close rapidly. The upper sheet material partially extended into the pre-drilled
hole owing to the plastic deformation in the surrounding area. As a result, the metal that was extruded is separated from
the top sheet. Thus, that particular specimen inhibits collar development and the ensuing pin formation [50].
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Figure 15(b) shows a pin extruded from the upper sheet metal interlocks with collar growth within the joint, with a
pilot-hole width of 3.5mm. Additionally, these joints have metallurgical bonding, and no hook defects are visible.
Nevertheless, there is a lower chance of pre-drilled hole closure as the hole diameter increases. No major improvement
was observed in the mechanical interlocking with a 5 mm pilot hole diameter [50] [66]. To summarise, elements such as
the joint interface’s substantial metallurgically bonded region and the potential of the hole closure are present due to
macrostructure analysis. The extruded pin’s neck grew along with the pilot hole diameter, indicating a lower probability
of hole closure [50][67][68]. Nevertheless, the development of these internal joint features did not significantly boost
strength when the pilot hole diameter was increased further, up to 5 mm [50].
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Figure 15. Schematic illustration of the cross-section of pinless friction joints at (a) 2.5 mm hole diameter, (b) 3.5 mm
hole diameter, and (c) 5 mm hole diameter with direction of metal flow [50]

To conclude, the diameter of the pilot hole is critical for the mechanical and microstructure properties of dissimilar
aluminum joints welded using FSW and FSSW [69]. In terms of mechanical properties, an optimal diameter maximizes
tensile strength, while deviations reduce joint strength. Yield strength is influenced by heat input and material flow, both
affected by hole size. Ductility depends on the level of plastic deformation during welding, and fatigue resistance relates
to stress concentrations and residual stresses, which vary with hole diameter [70][71]. Hardness distribution across the
weld zone changes with heat input and cooling rates, while toughness is modified by the microstructural changes due to
different pilot hole sizes. The residual stress distribution is also impacted by hole size, affecting heat distribution and
material flow during welding [72][73].

The diameter of the pilot hole also significantly influences the metallurgical properties of dissimilar aluminum joints
in FSSW. Smaller holes result in finer grains due to increased forging, whereas larger holes produce coarser grains. The
heat-affected zone (HAZ) is impacted by hole diameter, which controls heat generation and distribution [74][75].
Recrystallization of the weld region occurs with heat input, with hole size affecting the type of recrystallization. Hole size
also affects cooling rates, influencing phase transformations and precipitation in the alloy. The formation of intermetallic
compounds is governed by interface temperatures and materials, both related to hole size [76][77]. Those effects are
interconnected with changes in the metallurgical properties that often directly influence the mechanical properties. The
optimal pilot hole diameter aims to balance these factors for specific materials and application requirements.

4. RELATIONSHIP BETWEEN PILOT HOLE RATIO AND JOINT EFFICIENCY

T. P. Sajua and R. G. Narayanan analyzed the relationship between the pilot hole ratio and joint efficiency by using a
few FRW methods. Researchers found that the optimal mechanical performance and macrostructure analysis occurred
when the pilot hole size was between 0.2 and 0.3 PTK ratio, with an average pilot hole diameter 75% smaller than the
tool diameter, resulting in successful overall performance [50].

The larger size of the pilot hole compared to the tool or diameter with a 1.5 PTK ratio was not too effective due to
severe frictional heat generation during the plunging or welding process which led to incomplete welding or voids.
Smaller or equal-sized pilot holes, compared to the tool diameter range from 0.8 to 1 PTK ratio offer better performance
where the joint efficiency can reach up to 50% [50][59][61][78]. On the other hand, few studies have used pinless tools
during the pinhole-assisted welding process, and the results show that joint efficiency reaches up to 90% [50][79][80][81].
Although it offers high joint efficiency, using a pinless tool during the welding process needs extra attention, especially
during the dwelling stage of the stir tool. Proper control of dwelling and plunging processes can prevent rapid plastic
deformation and severe frictional heat generation in dieless friction-stir lap (DFSL) joints, potentially causing damage to
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mechanical interlocking and metallurgy bonding [50]. It is thus evident that, while adding pilot holes offers better
performance compared to conventional FSW and FSSW, the PTK ratio is one of the parameters that should be considered
and chosen wisely.

5. RELATIONSHIP BETWEEN PILOT HOLE SIZE AND MATERIAL THICKNESS

The relationship between pilot hole size and material thickness in friction welding (FRW) is crucial for optimal weld
quality and efficiency. The material thickness affects heat input requirements, with thicker materials needing more heat
for proper plastic deformation [64][82][83]. Pilot hole size ensures proper tool-material fit and influences material
displacement during welding. In processes like FSW, this relationship is determined by several factors, balancing heat
input, material flow, and tool engagement [84][85][86].

Thicker materials typically require larger pilot holes to manage the heat generation and material flow, allowing better
tool penetration and stronger bonding [82][87][88]. The pilot-hole size affected the material flow and heat distribution
during welding [73][89]. While larger holes may be necessary for thicker materials to ensure mechanical interlocking and
heat management, excessively large holes can weaken joints, especially in thin materials [90][91]. The literature study
suggests that the pilot hole diameter is smaller than the material thickness, often by 70-80%, [92][93]. This guideline
helps avoid excessive heat and deformation from too-small holes or insufficient friction and poor welds from large holes.
The relationship between hole size and weld quality is also influenced by factors such as material characteristics
(including hardness and thermal conductivity), welding variables (such as rotational speed and axial force), and the
desired weld properties [84][94][95][96].

To conclude, the size of the pilot hole should increase proportionally with the material thickness to balance heat input,
material flow, and mechanical strength of the joint [96][97][98]. This proportional relationship ensures that sufficient
heat is generated to facilitate proper material mixing while avoiding excessive heat that could degrade the joint's properties
[83][93][99][100]. However, the exact relationship often requires experimentation and may be adjusted based on specific
application requirements.

6. CONCLUSION
The following conclusions can be made based on the results and discussions given above.

a) Incorporating a pilot hole can increase the mechanical performance of similar aluminium FSSW by up to 50%.

b) The pilot hole decreases the load and force onto the FSW tool during the plunging phase potentially offering better
tool life.

c) Optimization of the pilot hole in the joining process especially in FRW processes has positive impacts on joining
process quality and surface finish. It is suggested that a pilot hole with a PTK ratio of less than one is utilized since it
has been shown to yield the best results.

d) The pilot hole size should increase proportionally with the material thickness to balance heat input, material flow, and
joint strength, and it is recommended that the pilot hole diameter be 70-80% of the material thickness.

e) Varying the pilot hole conditions in incompatible dissimilar FSSW can change the material flow and intermixing,
resulting in an increase or decrease in the joint strength.

f) The optimal pilot hole diameter balances metallurgical and mechanical factors, tailored to specific materials and
application requirements.

In summary, though pilot holes provide useful criteria, they are limited by the lack of research on the subject. The
effects of welding parameters and setup are complex making it challenging to draw definitive conclusions. For instance,
the study on how pilot holes can alter the material flow in the weld zone is still lacking. Thus, it is recommended that
future work looks further into the relationship between the PTK ratio and its effect on the material flow toward better
mechanical performance and joint quality.
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