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speed. Dry drilling trials are conducted using high-speed steel drill bits and the Al6061-
T6 alloy. The CIMCO MDC-MAX software is employed to monitor machine performance
and accumulate comprehensive data. The study investigates the effect of varying feed
rates on hole circularity, chip development, and chip thickness. Findings indicate that
higher feed rates result in increased circularity error and chip thickness. The circularity
graph shows inconsistencies due to workpiece vibration during drilling. Chip thickness
rises with the feed rate, particularly with an increased number of drilled holes,
attributed to factors such as tool rubbing and improper cutting. Additionally, the study
highlights the correlation between machine performance and product quality. The
CIMCO MDC-MAX data reveals that a feed rate of 0.260 mm/rev corresponds to high
machine performance and low circularity. Conversely, Drill 6, operating at a feed rate
of 0.230 mm/rev, exhibits poor machine performance and higher average circularity.
The research enhances understanding of chip formation and hole circularity in drilling

Keywords: applications for aircraft components. The results emphasize the importance of
Aircraft; Drilling; Hole circularity; Chip optimizing drilling parameters to achieve superior hole quality. Practical implications
formation; Industrial revolution 4.0 are provided for enhancing the drilling process in aerospace manufacturing

1. Introduction

Drilling is a manufacturing procedure that is widely utilized in various sectors, including the
automotive and aerospace industries, where a large number of holes are required for assembly [1,2].
In addition to being able to be utilized as a cutting operation, drilling is used to create holes of all
different sizes and shapes for items like screws or bolts. Drilling is an important part of many
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industries' machining processes. Two businesses which are automotive and aerospace produce
millions of holes and are highly dependent on the production, quality, and accuracy of drilled holes.
Holes must fulfil the demanding specifications of the aviation industry sector as well as aircraft
manufacturers’ regulations to ensure the safety and dependability of aircraft especially in hole
quality.

The aviation industry imposes stringent requirements on hole specifications to ensure the safety
and reliability of aircraft components. The aviation sector establishes specific standards that
manufacturers closely adhere to. Hence, it is critical to employ drilling procedures, tools, and
parameters that meet the exacting tolerances and requirements of aviation assembly. According to
ISO 286, "hole basis fits (as opposed to shaft basis fits) have four preferred hole tolerances (H11, H9,
H8, and H7)." When holes are created with typical machine tools (drills, reamers, or end mills), hole
basis fits are employed. The hole tolerances listed above are used to describe the accuracy of drilled
holes in aerostructures [3]. The presence of poorly drilled holes creates severe implications, including
structural fractures that decrease the aircraft's lifespan and escalate maintenance costs. Therefore,
it is essential to prioritize proper maintenance for drills to operate optimally. This involves ensuring
correct lubrication, regular cleaning, and timely replacement of components to uphold the drill's
performance and efficiency.

The most critical characteristics in drilling operations are tool life, surface quality, cutting forces,
and burr formation [4,5]. Feed rate, spindle speed, cutting fluid, tool diameter and chip formation
are all process parameters that influence hole quality [2-6]. Chip formation in drilling is the work of
two primary blades as well as the crosspiece. Each blade is subjected to cutting forces with three
perpendicular components. The cutting force at the primary cutting edge consists of the components
P, tangential to the circle on which the blade's tip is located, Py passing across the bit axis, and Py
parallel to the bit axis as shown in Figure 1. On the other blade, similar forces are at work. The cutting
force in half of the crosspiece may be broken down into three components as well. However, because
the other components have such a minor impact on the overall drilling force, only Px is considered
[7]. Achieving optimal chip formation and hole circularity is challenging due to the complex
interactions between the cutting tool, workpiece material, and cutting parameters. Therefore, a
comprehensive analysis of chip formation and hole circularity is essential to enhance drilling
processes in aircraft component manufacturing.
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Fig. 1. Axial force Py and torque M as a function of the time
t (7]
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Chip formation has been extensively researched for turning and milling processes. These cutting
investigations have been expanded to include the drilling process. One popular technique for
examining the drilling process is to break the cutting edge into multiple tiny pieces and treat each
portion as a basic cutting tool. Although this approach gives a straightforward answer, it overlooks
several distinct characteristics of drill chip creation [8]. Chip formation affects various aspects of
drilling, such as cutting forces, tool wear, surface finish, and heat generation. Producing continuous
chips, which are easier to manage and remove, is typically preferred over fragmented chips. In the
context of aircraft components, uncontrolled chip formation led to surface defects, compromised
structural integrity and even catastrophic failures. Other researcher has been investigating the
performance and precision of component hole by using a fuzzy logic method, Taguchi, response
surface method in their analysis [9]. Investigating the parameters influencing chip formation and
developing ways to optimise chip morphology are crucial for optimising drilling operations.

Hole drilling is extensively used in aircraft production for a variety of purposes. Circularity of a
drilled hole at entrance and exit are significant qualities in micro-manufacturing that considerably
impact the quality of a drilled hole [10]. Hole circularity directly impacts the functionality and
reliability of aircraft components. Inaccurate circularity may result in misalignment of mating parts,
reduced load-bearing capacity, and increased stress concentration. Several factors, including the
drilling tool geometry, cutting parameters, workpiece material properties, and machine tool
dynamics, influence the circularity of drilled holes. Gaining insights into the correlation between
these variables and the circularity of holes is crucial for attaining the intended precision in drilling
procedures. Additionally, identifying potential sources of error and implementing mitigation
strategies can significantly enhance the quality and performance of drilled holes in aircraft
components.

This research paper aims to comprehensively analyse chip formation and hole circularity in drilling
applications for aircraft component manufacturing. The study will utilize a combination of
experimental and analytical techniques to investigate the influence of various parameters on chip
formation and hole circularity. The findings of this study will contribute to a deeper understanding of
the drilling process, providing valuable insights for optimizing drilling operations in the context of
aircraft component manufacturing. Ultimately, these results will facilitate the development of
improved machining strategies, leading to enhanced productivity, reliability, and safety in the
production of aircraft components.

1.1 Current Drilling Issue

The demand for hole quality measurements in the aerospace industry provides a substantial
problem for drilling in aeronautical structures. Numerous endeavours were undertaken to ascertain
the crucial process parameters that influence diverse aspects of hole quality, including hole
circularity, taper, microhardness, surface roughness, among others. Wang et al., investigated the
influence of process factors on hole quality attributes such as circularity and taper [11]. The research
conducted by Morar et al., employed the Taguchi technique to analyse the impact of crucial factors
on the recast layer [12]. Simultaneously, the investigation is currently focused on examining fracture
density. Marimuthu et al., focused on examining the impact of increasing power proportionally and
laser drilling speed on hole quality in the context of ms pulsed quasi-continuous wave laser drilling
of superalloys [13]. Hole surface finish, also known as hole surface roughness, burr development, and
dimensional precision, which includes departure from hole size and circularity error, are some of the
most essential characteristics of hole quality. To minimize component rejection during assembly due
to fracture initiation within the airframe structure, it is crucial to maintain acceptable hole quality.
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Additionally, understanding and documenting the deviation between actual component size and
target dimensions is necessary, considering the challenges of achieving consistent sizing.
Furthermore, evaluating the shape of chips formed during the drilling process might reveal insights
into the drilling operation's efficiency.

The advent of advanced manufacturing techniques in the era of aircraft component
manufacturing has brought about a revolution in drilling precision. The creation of high-quality and
precisely drilled holes in aeroplane components remains a crucial task as the aerospace industry
evolves. The drilling process plays a pivotal role in the creation of these holes, and achieving optimal
chip formation and hole circularity is essential for ensuring structural integrity and operational
reliability. This study aims to explore the current drilling issues and advancements in chip formation
and hole circularity in the context of aircraft component manufacturing.

2. Experimental Methodology

In this experiment, drilling will be executed with a vertical centre machine (Model: MAZAK Nexus
410A-Il). Feed rates of 0.100, 0.125, 0.150, 0.175, 0.200, 0.230, 0.260, 0.290, 0.320, and 0.360
(mm/rev) were utilized, while 31.4 was the spindle speed (rpm). The workpiece material was AL6061-
T6 alloy with 200 mm x 130 mm and a thickness of 20 mm. Table 1 and Figure 2 show the mechanical
properties of AI6061-T6 and the top view of the workpiece after the drilling operation respectively.
The twist drills utilized were made of uncoated high-speed steel (HSS) and had a 135 ° point angle.
Due to environmental considerations, all drilling tests were carried out in a dry environment. Dry
drilling lessens the need to clean the aeronautical structures before attaching rivets in order to obtain
high-quality holes [14]. The production of the chip at holes 1, 15, and 30 will be collected to analyse
the data.

The circularity error was measured by utilizing a coordinate measuring machine (Mitutoyo
CRYSTA-Apex, CMM). The workpiece is set down on the machine table, and a ruby probe of 2 (mm
diameter) was contacted with 20 points circulating around the inside wall of the hole, and the
measurement was taken at 6 mm below the entry side of the hole.

Table 1

Mechanical Properties of Al6061-T6
Parameters Values
Young’s modulus (GPa) 68.9
Poisson’s ratio 0.33
Tensile strength (MPa) 124-290
Density (g/cm?) 2.7
Thermal Conductivity (W/m.K) 151-202
Specific heat capacity (J/Kg.K) 897

Figure 2 shows the circularity reading obtained from the Coordinate Measuring Machine. The
digital micrometre (Mitutoyo Digital Micrometer IP65) was used to measure the chip thickness. To
accurately assess the circularity of each hole, high-pressure air was used to clear away any small
material from the hole wall.
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Fig. 2. Measurement setup of Hole Circularity and Top view of the workpiece

Figure 3 shows the UTHM laboratory computer and it was equipped with the CIMCO MDC-Max
software, which allows monitoring of the running machine, and gathering data on machine
performance during the experiment.
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Fig. 3. Circularity reading on screen

The CIMCO-MAX software is capable to obtain data collection on real-time machine performance
which comes from the CNC machine tools. The identified data aids in increasing output, making
machine maintenance schedules more effective, and automatically calculating machine productivity.
MDC-MAX collects machine data without requiring a computer to be placed near the machine tools.
Both machine and operator data are pooled across numerous jobs by utilizing an existing network.
Each machine linked to the network sends production data to MDC-MAX, and once configured,
machine data is gathered in real-time with timeline throughout the day. Using a mobile device,
tablets, PCs, or a barcode scanner, the operator machine reports machine downtime such as waiting
for service and scrapped parts. Figure 4 shows the real-time with timeline information gathered
during the operation.
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Fig. 4. Real-Time with timeline information

3. Results and Discussion
3.1 Hole Circularity

The highest circularity error at a low feed rate (fr= 0.100 mm/rev) is 0.066 mm. Figure 5 shows
the hole circularity result. Meanwhile, the highest circularity achieved at high feed (fr=0.360 mm/rev)
is 0.085 mm. This indicates that the circularity of the hole increased as the feed rate increased which
isin agreement with [15]. This might be due to the increase in cutting forces. As feed rate is increased,
the workpiece's deflections and vibrations also increase, accelerating penetration into the workpiece
and enlarging circularity defects.
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Fig. 5. Hole Circularity Result

The trend for hole circularity data obtained for each hole is unstable and inconsistent as shown
in Figure 5. Based on Figure 5, the highest value was on hole 29 as the tool wear increase, the hole
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become inconsistent. The lowest feed rate was on hole 28. In terms of feed rate, hole 23 had the
greatest value while hole 18 had the lowest value. Circularity and feed rate both have their
differences. The highest feed rate was (Fr = 0.360 mm/rev).

This might be due to the clamping issue. The experimental setup involved an improper clamping
of the workpiece. The workpiece's unsteady position results in vibration, which has an impact on the
drilling's overall quality. The amount of the imbalance force produced during drilling is determined
by the gap between the clamping points. The setup of the workpiece is shown in Figure 6.

Wo rkpjgce

Hanging
Workpiece -

Workpiegeistu,

o

Fig. 6. Hole CichIarity Result
3.2 Chip Formation

Properly broken and small size chips are preferred generally during machining of Aluminium alloy.
Figure 7 shows the chips produced at the lowest and highest feed rate. The chip formation on the
first hole of all drills created a conical helical shape. However, the radius of curvature of the conical
helical chip shape decreases from hole 1 to hole 30. It can be seen as the helical chips as they changed
to string chips when the hole drilled increases. It is due to the rubbing of the tool during the drilling
operation caused by the entangled of the aluminium chip along with the helical flute of the drill. The
first formed aluminium chip from the first hole was pushed upward to the end of the helical flute,
causing it to curl. The advancement is causing the tool to be improperly cut for the following hole.
The generation of the next chip is tended to change to the string chips [16]. Conical helical shapes
were discovered to break when the friction torque between the hole wall and the chip was greater
than the chip’s breaking torque. It also can be observed that the short, segmented, and discontinuous
chips were produced at a high feed rate [17].
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Fig. 7. Image of chips

Referring to Figure 8, from the observation, once the feed rate increase, thickness will increase,
which is in agreement with Amir [18]. The feed rate was more influential because the cross-sectional
area increased at a high feed rate, increasing the chip's thickness and making the chip prone to
breaking easily [18]. Thickness of the chip reflected toward the federate during cutting process and
effected by the friction due to the motion of cutting tool will increase the cutting temperature up to
entering the melting zone [19]. It will reduce the cutting effectiveness. The thickness for the lowest
feed rate is 0.22, 0.239, and 0.246 mm. Meanwhile, for the highest feed rate, the thickness reading
was 0.663, 0.684, and 0.702 mm. The thickness of the chip also rises from hole 1 to hole 30. When
more holes are drilled, the cutting tool is not adequately cut to the workpiece due to the wear
progress which results in rubbing. Rubbing generates additional heat, resulting in rom wear. For
assessing any cutting process's production capability, chip thickness is thought to be fundamentally
significant [20].

Chip Thickness
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Fig. 8. Image of Chip

It has been observed that the chip thickness greatly rises along with the feed rate. It is noted that
with faster cutting rates, the chip thickness drops, indicating that this connection is non-linear. The
interplay between feed rate, cutting speed, and chip thickness is complicated, as this phenomenon
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makes clear, and further research is required to completely grasp it. The analysis's findings have an
impact on how best to optimise the cutting parameters used in metalworking and machining
processes. Analysing the chip thickness, with the increase in the feed rate, the chip thickness
considerably increases. It is also observed that at higher speed the chip thickness decreases.

Feedrate
Cutting Edge
= . l 0.1 mm/min
Chip i .- 3 : 0.2 mm/min
Thickness : j
Produce GHEaa
0.3 mm/min

Fig. 9. The Influence of Feed rate over Chip Formation
3.3 Relationship Between Hole Circularity and Chip Formation

From Figure 10, hole circularity in Drill 9 with a feed rate of 0.320 mm/rev experimental is the
lowest compared to other Drill. It can be observed that small and segmented chips are produced in
Drill 9. It shows that with the small chips produced, the circularity error is excellent. Small chips can
prevent tool from worn and prolong tool life. Segmented chips are conical helical chip breaks before
becoming a long-pitch form due to restraint from the drill hole's wall brought on by a lack of ductility.
It is a top-notch chip discharge and disposal method. However, the highest average circularity is on
Drill 5 and Drill 10 which both produced a corkscrew and tangled shape of the chip. Consequently,
that the tangled and corkscrew chip is really uneven towards the quality of the hole. Uneven chip
shape really affects the hole quality.

Average Circularity for Each Feed Rate
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Fig. 10. The Influence of Feed rate over Chip Formation
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Figure 11 (a) shows the chip in Drill 9. Figure 11 (b) shows the chip in Drill 5. Figure 11 (c) shows
the chip in Drill 10.

] 2l

o 1’

Fig. 11. The fnfluence of Feed rate over Ch.ip Formation
3.4 CIMCO Analysis

The link between OEE Performance and hole circularity on an aluminium plate is depicted
graphically in Figure 12 below. (The consequences at drill 6 was investigate and there has been a shift
changes during the process which impacted the performance. The formula of OEE is

OEE = (Good Count x Ideal Cycle Time) / Planned Production Time)

The issue come from the ground floor planned production time whereas, at the tool no. 6, the
changes of shift time in the production occurred effected on the OEE. It may also not operate
precisely owing to slight misalignments and require minor modifications, or it may choose to work at
a slower speed. Its efficiency has to be kept at its peak.

The average circularity data for each feed rate was taken for analysis. From the data collected,
the best performance was achieved at Drill 7 with a feed rate of 0.260 mm/rev. The machine
performance is excellent while the average circularity error was low on Drill 7. This indicates that at
that the machine is operating efficiently and may affect the result of the workpiece. However, the
circularity on the drill 9. High percentage of OEE performance means it is also excellent in Availability,
Quality and Performance.

Correlation of OEE Performance & Hole Circularity
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Fig. 12. Correlation of OEE Performance & Hole Circularity
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4. Conclusions

The highest circularity at a low feed rate (0.100 mm/rev) is 0.066 mm meanwhile at a high feed
(0.360 mm/rev) is 0.085 mm. The hole circularity increases as the feed rate increase due to an
increase in cutting force. The hole circularity graph is also inconsistent due to the hanging workpiece
during the drilling operation. During machining, improperly positioned workpieces might generate
vibration and degrade the hole's quality.

The feed rate significantly influenced the variation of thickness. The thickness of the chip
increases as the feed rate increase. The highest thickness recorded is for a feed rate of 0.360 mm/rev
which is 0.702 mm meanwhile the lowest thickness is 0.22 mm for experiment Drill 1. The thickness
of the chip also rises from hole 1 to hole 30 due to tool rubbing and improperly cutting when the
number of holes drilled increases. Besides the feed rate and chip formation that affects the
circularity, the performance of the machine might be affecting the quality of the product 10. The
CIMCO MDC-Max records all the machine’s quality, performance, and availability. The high machine
performance and low circularity were achieved at a feed rate of (0.260 mm/rev). The poorest
performance of the machine is at Drill 6 with a feed rate of (0.230 mm/rev) which also recorded a
high average circularity of 0.049 mm.

In conclusion, the gathering and analysis of data pertaining to the drill's behaviour, encompassing
variables like speed, power consumption, and performance fluctuations, has provided a
comprehensive understanding of its performance. This research endeavour demonstrates
considerable promise in optimizing the manufacturing process of aircraft components. By closely
monitoring the performance of each drill, manufacturers able to effectively identify areas for
enhancement, ensure the maintenance of consistent and high-quality production standards, and
ultimately augment the overall efficiency and reliability of the manufacturing process. Implementing
these findings in practice has the potential to significantly contribute to the advancement of aircraft
component manufacturing, ultimately leading to improved productivity and product quality.
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