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Abstract

Layered structures consisting of CFRP composites and aluminum alloys are most commonly used in the aerospace, marine,
construction and automotive industries. One of the most important aspects associated with their use is the difficulty of
machining them due to the anisotropic nature of the structures. These structures are often jointed to each other by mechanical
joints that require mounting holes. The purpose of this study was to determine the effect of drill bit diameter, cutting speed
and the way the specimen is clamped during machining (drilling strategy) on the quality of holes drilled in a II-layer structure
consisting of CFRP composite and aluminum alloy. The quality of the holes was expressed by the hole accuracy index D.
A visual evaluation of the holes after the drilling process was also carried out. The most accurate holes (the lowest value of
the hole accuracy index D) were obtained at the exit of the drill bits with @4 mm and @8 mm diameters, a cutting speed of vc
=90 m/min and an AlI/CFRP drilling strategy. The lowest dimensional accuracy of the hole was also obtained at the exit of
the drill bit, but using a cutting tool with a diameter of @6 mm, a cutting speed of vc = 30 m/min and an Al/CFRP drilling
strategy. The values of the D index and visual evaluation of the holes also made it possible to note that for this type of material
it is more favorable, considering the dimensional accuracy of the holes, to use a CFRP/AL drilling strategy.
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Streszczenie

Konstrukcje warstwowe sktadajace si¢ z kompozytow CFRP i stopdw aluminium sg najczesciej stosowane w przemysle
lotniczym, morskim, budowlanym oraz motoryzacyjnym. Jednym z najwazniejszych aspektow zwiazanych z ich
zastosowaniem jest trudnosc ich obrébki wynikajaca z anizotropowosci konstrukcji. Konstrukcje te sa czesto faczone ze soba
za pomoca polaczen mechanicznych, ktore wymagaja wykonania otworéw montazowych. Celem niniejszej pracy byto
okreslenie wptywu Srednicy wiertla, predkosci skrawania i sposobu zamocowania probki podczas obrobki (strategia
wiercenia) na jakos¢ otworow wykonywanych w II warstwowej konstrukcji sktadajacej sie¢ z kompozytu CFRP i stopu
aluminium. Jako$¢ otworoéw wyrazono za pomocg wskaznika doktadnosci wykonania otworu D. Przeprowadzono takze ocene
wizualng otworow po procesie wiercenia. Najdoktadniejszy otwor (najmniejsza wartos¢ wskaznika D) otrzymano na wyjsciu
otworow z wykorzystaniem wiertet o srednicach @4 mm i @8mm, predkosci skrawania ve = 90 m/min oraz strategii wiercenia
Al/CFRP. Najmniejsza doktadnos¢ wymiarowa otworu uzyskano réwniez na wyjsciu narzedzia, jednak z zastosowaniem
wiertta o Srednicy @6 mm, predkosci skrawania ve = 30 m/min i strategii wiercenia AlI/CFRP. Otrzymane wartosci wskaznika
D oraz ocena wizualna pozwolily zauwazy¢ takze, ze dla tego typu materiatow korzystniejszym rozwigzaniem, biorac pod
uwage doktadnos¢ wymiarowa otwordw, jest zastosowanie strategii wiercenia CFRP/Al (wejscie narzgdzia skrawajacego
w warstwe kompozytowa, wyjscie wiertta w warstwie metalowej).

Stowa kluczowe: wiercenie, konstrukcje warstwowe Al/CFRP, otwory montazowe, parametry skrawania
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1. Introduction

One of the basic machining processes applied
to heterogeneous materials, which include layered
materials that are a combination of metal and polymer
matrix composite, is the drilling process. Drilling holes
in such structures is an important step in their assembly
process — holes can be used to attach auxiliary units
(e.g., bolts, rivets), introduce assembly components
(e.g., adhesives, clamps, bushings) or carry out other
assembly operations (Kausar et al., 2023). Layered
materials are used in many industries due to their
mechanical and physical properties, including light
weight, bending and shear strength, ability to carry
heavy loads, and impact resistance (Hosseinkhani et
al., 2024). Performing the drilling process in structures
that are a combination of materials with very different
properties is a major challenge (Changze et al., 2023).
Therefore, it is necessary to adapt the machining
conditions to the specifics of the materials to ensure
the desired surface quality after machining. This can
be achieved by using appropriate cutting tools and
cutting parameters (Kilickap, 2020).

When drilling holes in sandwich structures
consisting of aluminum alloy and CFRP (Carbon Fibre
Reinforced Plastic) composite having abrasive fibers
in its structure, various problems may arise due to the
specific structure and properties of the material so
formed. The anisotropic structure of fiber composites
is the main factor that has a significant impact on their
strength, but on the other hand it makes the process of
their processing largely difficult (Zhang et al., 2020).
Difficulties in obtaining holes with reproducible
dimensional and shape accuracy, excessive cutting
tool wear, the occurrence of typical machining defects
such as delamination, fiber pullout, matrix cracking,
undercut fibers, and frayed edges at the entrance and
exit of the cutting tool are examples of phenomena that
can occur when drilling holes in CFRP composites and
layered materials formed on their basis (Ciecielag,
2022). The main phenomenon that hinders the process
of drilling holes in this type of structures is dela-
mination, which leads to a loss of cohesion of the
individual layers of the CFRP composite and the entire
layered structure (Ergiin et al., 2021). An enlargement
of the delamination area can occur even when the
cutting edges of the tools are slightly dulled. Dela-
mination during drilling can occur at the entrance
and exit of the drill bit from the workpiece material. In
the entry zone, delamination is characterized by the
winding of carbon fibers on the drill bit and their
tearing before the material is removed. In the exit zone,
delamination occurs as a result of the lower layers of
the composite being pushed out and separated from the
remaining fibers (Isbilir et. al., 2013). Delamination

can lead to damage to the integrity of the structure and
a reduction in strength. Studies have shown that proper
adjustment of drilling conditions (rotational speed,
cutting force and tool cooling system) can effectively
reduce the risk of material delamination (Melentiev et
al., 2016). In addition, improperly selected cutting
tools, such as the use of brittle or vulnerable tool
materials, can lead to the formation of micro-cracks in
the surfaces, which reduces its strength and reduces the
quality of the hole finish (Natarajan, et al., 2022;
Alagan et al., 2023.).

A significant number of holes made in sandwich
structures are assembly holes. After machining, the
quality of the holes is often defined by the presence of
defects on the machined surfaces. Delamination
occurring between the inner layers, is caused by the
tool passing through different cutting resistances
(Yang et al.,, 2024). This type of delamination is
a hidden material defect and is particularly dangerous
from the point of view of structural safety. A signi-
ficant problem that can be encountered when drilling
metal-polymer composite layered materials is the
insufficient quality of the machined hole, which can
lead to difficulties in the assembly of structural
components or a reduction in the aesthetics of the final
product. A review of the literature indicates that the
use of tools with appropriate geometries, such as rake
angle and blade geometry, can significantly improve
the quality of the hole (Isbilir et al., 2013; Saoudi et
al., 2018).

The purpose of this study was to determine the
effect of drill bit diameter, cutting speed and the way
the specimen is clamped during machining (drilling
strategy) on the quality of holes drilled in a II-layer
structure consisting of CFRP composite and alumi-
num alloy. The work is a continuation of research
conducted on the machinability and quality of holes
drilled in layered structures.

2. Materials and methods

The subject of the study was a Il-layer metal—
polymer composite structure. The shape and dimen-
sions of a spacement are shown in Fig. 1.

DETAIL A

Fig. 1. Geometry and shape of the sample
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The experiment investigated the effect of ma-
chining conditions on the dimensional accuracy of
holes after the drilling process. Fig. 2 shows a diagram
of the experiment conducted.

Constant factors:
» feedf, =0.09 mm/blade,
* machined materials,

Input factors: * geometry and shape of the samples,
* cutting speed v, [m/min], * machining center AVIA VMC 800 HS.
+ diameter of the drill bit @ [mm], v
* drilling strategy: AI/CFRP and CFRP/AI —_—

Research object:

\ II-layer construction P

— *» hole accuracy index D.
S

Interfering factors:
* dimensional inaccuracy of the
samples,
* dimensional inaccuracy of the tool,
* tool wear,
* oscillations.

Fig. 2. Plan of the experiment

The structure consisted of two materials: a CFRP
composite and an EN AW-2024 T3 aluminum alloy.
The materials were chosen because of their frequent
use in the aerospace and automotive industries. The
layers were joined using an adhesive process. The
characteristics and properties of the materials used and
details of the bonding process are given in (Doluk,
2023).

The experiment examined the effects of cutting
speed, drill bit diameter and drilling strategy on the
dimensional accuracy of holes after the drilling
process. The test was conducted using an AVIA VMS
800HS vertical machining center. The drilling process
was carried out without the use of coolant due to the
nature of the material to be machined (CFRP). The
machining scheme is shown in Fig. 3.

Fig. 3. Diagram of the drilling process: 1 — workpiece,
2 —machine vise, 3 — tool, 4 — spindle

Drill bits with diameters of @8 mm, @6 mm and
04 mm were used in the study. The manufacturer of
the tools used is Kennametal. The drills were made
of tungsten carbide and coated with TiAIN (Titan

Aluminum-Nitride) tool coating. This coating has good
resistance to large temperature ranges, which allows
machining with high cutting speeds.

Two machining strategies were adopted in the

study:

e drilling of holes in the II-layer aluminum alloy
type structure EN AW-2024 T3composite
CFRP, where the entry layer is aluminum alloy
(Al/CFRP) (Fig. 4a),

e drilling holes in a II-layer CFRP-aluminum
alloy EN AW-2024 T3 composite structure,
where the entry layer is CFRP composite
(CFRP/AI) (Fig. 4b).

a)

Fig. 4. Adopted drilling strategies: a) Al/CFRP strategy,
b) CFRP/ALl strategy

The values of the independent variables consi-
dered in this research are shown in Table 1. The study
used a static, determined complete plan (PS/DC).

Table 1. Independent variables adopted in the experiment

Variable Value
Cutting speed ve [m/min] 30 60 90
Drill bit diameter [mm] 08 06 04
Drilling strategy AUCFRP | CFRP/AI

The diameters of the treated holes were measured
using a Keyence VHX-500 digital microscope. This
device allowed recording the image with high
accuracy (0.001). The dimensional accuracy of the
holes was measured for all adopted machining variants
at the entry and exit of the drill bit from the workpiece
material. To determine the dimensional accuracy of
the holes, the value of the hole accuracy index D was
determined from the ratio of the arithmetic mean of the
actual hole diameters Dy, obtained after machining and
the nominal value of the hole in question. Hole
diameters were measured using the Keyence VHX-
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500 digital microscope. The quality of the machined
holes was determined by the hole:

D=|1-2= (1)

where: D — hole accuracy index, D,. — diameter of the
hole after machining [mm], Dy — nominal diameter of
the hole [mm)].

The hole accuracy index D was assimilated to 0 —
values closer to this digit indicated better dimensional
accuracy of the hole. Each machining variate was
performed three times to average the obtained
diameter values, while each hole was expressed as the
arithmetic average of three measurements.

When machining structures, comparing machining
effects by dimensional accuracy alone may not be
sufficient. It is also necessary to determine the
condition of the hole edges. For this purpose, the holes
were visually evaluated using the Keyence VHX-500
digital microscope with 100x magnification.

3. Results and discussion

Figures 5-10 show the effect of the tested ma-
chining conditions on the values of the hole accuracy
index D at the entry and exit of the cutting tool.

0,060 @8 mm, AlI/CFRP
H Entry zone
A m Exit zone
% 0,040
=]
.8
> 0,019 0,021
g 0,020 0012 0012 '0012 0,010
: H
. N
%’ 0,000
jus 30 m/min 60 m/min 90 m/min
Cutting speed v,

Fig. 5. Hole accuracy index D at the entry and exit of the cutting
tool using AI/CFRP drilling strategy and drill bit diameter
08 mm

The maximum value of the D index (0.021)
obtained after machining with the drill bit diameter @8
and the AI/CFRP drilling strategy was obtained at the
entry of the cutting tool for the cutting speed of v. =90
m/min, while the minimum value (0.010) was obtained
at the exit of the drill bit and the same cutting speed
(Fig. 5). In the above case, higher values of the D index
were observed at the entry of the cutting tool,
indicating poorer hole accuracy than at the exit of the
drill bit. Analyzing the above data, it can be observed
that the values of the D index at the entry of the tool
increased with an increase in the cutting speed ve,
while at the exit of the drill bit they remained at the

same level or decreased with an increase in the cutting
speed ve.

@8 mm, CFRP/Al

0,060 ® Entry zone
A m Exit zone
5
2 0,040 0,036
>
8 0,022  0022%0%
S 0,020 0016 0,015
<
2
]
jan)
0,000
30 m/min 60 m/min 90 m/min
Cutting speed v,

Fig. 6. Hole accuracy index D at the entry and exit of the cutting
tool using CFRP/AI drilling strategy and drill bit diameter
08 mm

In the case of using the drill bit diameter @8 mm
and the CFRP/AI drilling strategy (Fig. 6), the lowest
value of the D index (0.015) was obtained at the entry
of the cutting tool when using a cutting speed of

=90 m/min. The highest value of the hole accuracy
index D (0.036) for the adopted cutting conditions was
obtained at the cutting speed v = 90 m/min at the exit
of the cutting tool. The values of the D index obtained
at the entry of the drill bit were equal to or higher than
the values of the D index obtained at the exit of the
cutting tool. Increasing the cutting speed in this case
caused an increase in the value of the D index at the
exit of the cutting tool.

06 mm, AI/CFRP

® Entry zone

0,060 0,059 = Exit zone
a
<
Q
2 0,040
'z 0,028
§ 0,025 0,023
-
3 0,020
Q
&
2
£ 0,000

30 m/min 60 m/min 90 m/min
Cutting speed v,

Fig. 7. Hole accuracy index D at the entry and exit of the cutting
tool using AI/CFRP drilling strategy and drill bit diameter
06 mm

Fig. 7 shows the obtained results of the D index for
the drill bit diameter @6 mm and the Al/CFRP drilling
strategy. The highest value of the considered index
(0.059) was obtained at the exit of the drill bit when
using the cutting speed of ve = 30 m/min. The lower
value of the hole accuracy index D (0.014), and
therefore the highest dimensional accuracy, was also
observed at the exit of the cutting tool, but using the
cutting speed of v. = 60 m/min. Lower values of the D
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index were obtained at the exit of the cutting tool
compared to the entry of the drill bit, except when
using the lowest cutting speed, where the maximum
value of the D index was obtained.

06 mm, CFRP/AI

H Entry zone

0,060 m Exit zone
e 0,041
Q
g 0,023 0,025 0,024
-
3 0,020
Q
&
2
S
T 0,000

30 m/min 60 m/min 90 m/min
Cutting speed v,

Fig. 8. Hole accuracy index D at the input and output
of the cutting tool using CFRP/AIl drilling strategy
and drill bit diameter ©6 mm

In Fig. 8 were presented the values of the hole
accuracy index D for the drill bit diameter @6 mm and
the CFRP/Al drilling strategy. The maximum value of
the hole accuracy index D (0.041) was obtained at the
exit of the cutting tool when using the cutting speed of
Ve = 90 m/min, while the minimum value of the index
D (0.023) was obtained at the entry of the drill bit for
the cutting speed of v. = 30 m/min. Comparing the
results, it can be seen that the higher values of the D
index were obtained at the exit of the cutting tool.

@4 mm, Al/CFRP

0,060 | | Entry zone
A m Exit zone
P
5 0,040
8 0,028 0,029
g 0’0230 018
<
£ 0,020 A 0,017
3] ' ' 0,010
<
2 []
£ 0,000
30 m/min 60 m/min 90 m/min

Cutting speed v,

Fig. 9. Hole accuracy index D at the input and output
of'the cutting tool using AI/CFRP drilling strategy
and drill bit diameter ¥4 mm

Analyzing Fig. 9, which presents the values of the
hole accuracy index for the drill bit diameter @4 mm
and the AI/CFRP drilling strategy, it is noted that for
cutting speed ve = 90 m/min, the lowest value of the
hole accuracy index D (0.010) was obtained at the exit
of the cutting tool, while the highest value (0.029) was
obtained at the entry of the drill bit. Higher values of
the D index were obtained at the entry of the cutting

tool. Increasing the cutting speed in the analyzed case
resulted in an increase in the value of the D index at
the entry of the tool and a decrease in its value at the
exit of the drill bit.

04 mm, CFRP/AI

H Entry zone
A 0,060 m Exit zone
% 0.038 0,044
=]
0,03 >
£ 0,040 037
>
3
é 0.016 0.015 0,017
g 0,020 > 2
2
7
0,000

60 m/min 90 m/min

Cutting speed v,

30 m/min

Fig. 10. Hole accuracy index D at the input and output
of the cutting tool using CFRP/ALl drilling strategy
and drill bit diameter 04 mm

Considering the values of the hole accuracy index
D obtained for the drill bit diameter @4 mm and the
CFRP/Al drilling strategy (Fig. 10), it can be seen that
the lowest value of the index D (0.015) was obtained
at the entry of the drill bit at a cutting speed of v, = 60
m/min, while the highest value was obtained at the exit
of the tool using a cutting speed of v = 90 m/min. For
all the considered cutting speeds, higher values of the
D index were obtained at the exit of the cutting tool.
For most of the results obtained, an increase in cutting
speed resulted in an increase in the hole accuracy
index D.

In order to determine the influence of individual
input factors (cutting speed ve, drill bit diameter @ and
the drilling strategy S) and their interactions (vc X © X
S, ve X O, ve X S and @ X S) on the dimensional
accuracy of the machined holes, a multivariate
analysis of variance (ANOVA) was conducted at the
significance level of a = 0.05. Table 2 and Table 3
show the results of the statistical analysis.

Table 2. Three-factor ANOVA analysis of variance for
the hole accuracy index D at the entry of the drill bit

Source SS DF MS F p-value
Ve 0.004 2 0.002 5 0.024
(6] 98.652 2 49.326 146792 <0.001
S 0.002 1 0.002 7 0.017
VeX O 0.004 4 0.001 3 0.064
Ve X S 0.002 2 0.001 4 0.039
D xS 0.004 2 0.002 5 0.022
VeX Ox S 0.002 4 <0.001 1 0.249

Technologia i Automatyzacja Montazu, Volume 125, 2024, Pages 21-28

ISSN 2450-8217



E. Doluk, I. Miturska-Baranska, O. Krupovych

26
Table 3. Three-factor ANOVA analysis of variance for
the hole accuracy index D at the exit of the drill bit

Source SS DF MS F p-value
Ve 0.012 2 0.006 0.7 0.491
0 98.182 2 49.091 5778.7 <0.001
S 0.073 1 0.073 8.6 0.009
Ve X O 0.040 4 0.010 1.1 0.375
Ve X S 0.038 2 0.019 2.3 0.131
0 xS 0.012 2 0.006 0.7 0.488
vex 0% S 0.024 4 0.006 0.7 0.619

Based on the data presented in the tables, it can be
seen that the dimensional accuracy of the holes at the
entry of the cutting tool was most influenced by the
drill bit diameter (F = 146792; p-value < 0.001). The
interaction of all three independent variables (v. x @ x
S), like the interaction of v, x 0, did not statistically
affect the values of the index D. At the exit of the
cutting tool, only two variables influenced the
dependent variable: the drill bit diameter (F = 5779.7;
p-value < 0.001) and the drilling strategy (F= 8.6;
p-value =0.009). The other factors had no effect from
a statistical point of view on the obtained values of the
hole accuracy index D.

Fig. 11. Hole after drilling with drill bit diameter @8
for CFRP/ALl drilling strategy and cutting speed ve = 30 m/min:
a) at the entry of the drill bit, b) at the exit of the drill bit

The quality of post-drilling holes in layered ma-
terials was also assessed visually to identify material
defects after machining. Special attention was paid to

holes drilled in the CFRP composite. Figures 11-13
show images of the holes for selected cutting con-
ditions.

(1166730 &

Fig. 12. Hole after drilling with drill bit diameter ©6
for AI/CFRP drilling strategy and cutting speed ve = 60 m/min:
a) at the entry of the drill bit, b) at the exit of the drill bit

Fig. 13. Hole after drilling with drill bit diameter 04
for AI/CFRP drilling strategy and cutting speed ve = 30 m/min:
a) at the entry of the drill bit, b) at the exit of the drill bit
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A visual evaluation of the holes after machining
made it possible to note the occurrence of typical
forms of destruction of polymer composites, During
machining of the aluminum alloy there was mainly
breaking of the hole, as a result of which in most cases
holes with larger diameters were obtained in the metal
layer than in the composite layer. Making holes in the
CFRP composite was associated with the occurrence
of typical forms of damage in fiber composites, i.e.
torn and undercut fibers, matrix cracking, delami-
nation and inclusions of aluminum chips. The
occurrence of these defects led in many cases to
a reduction in the diameter of the machined holes,
resulting in lower value of the hole accuracy index D
and misleadingly indicating holes with higher di-
mensional accuracy. This phenomenon can directly
lead to difficulties in the implementation of the
assembly process.

4. Conclusions

The aim of this study was to determine the effect
of the cutting conditions on the quality of holes drilled
in a layer structure. Based on the results obtained, it
was found that the lowest value of the hole accuracy
index D (0.010) indicating the best hole accuracy, was
obtained at the exit of the cutting tool when using the
drill bits with diameters @8 mm and @4 mm and the
cutting speed ve = 90 m/min and the Al/CFRP drilling
strategy. The highest value of the D index (0.059) was
observed at the exit of the drill bit diameter @6 mm
using the cutting speed of v. = 30 m/min and the
AI/CFRP drilling strategy.

Both at entry and exit of cutting tools, the D index
was most influenced by the drill bit diameter, while
the interaction of the three considered independent
variables (ve X © x S) had no statistically significant
effect on its values.

The CFRP/Al drilling strategy proved to be
a better machining method compared to the AI/CFRP
drilling strategy due to the avoidance of delamination
of the composite material at the exit of the cutting tool.

Increasing the cutting speed for most of the cases
considered resulted in an increase in the dimensional
accuracy of holes made in the composite layer and its
deterioration in the metal layer.

The dimensional accuracy of holes made in metal—
polymer composite layered materials should not be
analyzed solely by means of the index D. A visual
assessment taking into account post-machining defects
on the machined surfaces should also be considered.
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