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Abstract

GLARE laminates are multi-layered metal-composite materials created from bonding sheets of metallic alloys with carbon or
glass fibre layers. The application of hybrid-conventional machining processes such as ultrasonic-assisted drilling (UAD) is
becoming of great interest to the aerospace industry due to its capability in reducing the cutting forces and tool wear which are
directly responsible for drilling-induced delamination. There is rich literature on the conventional drilling (CD) of GLARE,
but no work reported using UAD process. This study will fill this gap and investigate the UAD of GLARE laminates using
an indigenously developed UAD system. The influence of spindle speed and feed rate on thrust force and surface roughness
metrics (R, and R,) were investigated under CD and UAD regimes. The quality of the borehole and damage mechanisms
in the laminate constituents was examined using scanning electron microscopy (SEM). The contribution of the drilling
parameters on the measured outputs was further evaluated using the analysis of variance (ANOVA) statistical analysis. It
was found that UAD resulted in a significant reduction in thrust force by up to 65% while surface roughness metrics R, and
R, were unaffected by the type of drilling process used. SEM analysis showed irregular and fuzzier surfaces in glass fibre
layers in holes machined using UAD due to the longitudinal vibration of the tool.

Keywords Ultrasonic-assisted drilling - GLARE - Thrust force - Surface roughness - Scanning electron microscopy

1 Introduction

Fibre metal laminates (FMLs) are a group of aerospace
multi-materials made from bonding thin metal sheets —
usually made from aluminium— and fibre/adhesive lay-
ers —usually made from R-glass or S2-glass fibres [1, 2].
Most common FMLs include GLARE® which is made
from aluminium and glass-reinforced epoxy, ARALL
(FML based on aramid fibres) or CARALL (FML based
on carbon fibres) [2, 3]. The alternating nature of FMLs
gives it enhanced mechanical properties such as fatigue
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China density of composite layers relative to metals. The thick-
ness of the metallic sheets typically ranges from 0.25 to
0.5 mm, while the laminate thickness can vary between
1 and up to 20 mm [4, 5]. ARALL FMLs were previ-
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ously tested for use in Boeing 777 cargo floors and liners
and on the cargo doors of the C-17 Globemaster III [3].
Currently, composites make up a quarter of the Airbus
A380 airframe, with GLARE laminates making up to 3%
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[6]. It is estimated that more than 1000 kg weight reduc-
tion in Airbus A380 is due to the installation of GLARE
laminates instead of monolithic aluminium [7, 8]. The
installed GLARE panels in Airbus 380 (about 400 m?)
showed promising cost savings due to a 25.9% weight
reduction [3, 9]. It is estimated that up to 3 million holes
are installed in a passenger aircraft, and poor hole quality
in aeronautical structures is the main reason for rejection
accounting for more than half of all rejected parts [10, 11].
Future projections of air traffic indicate that 33,000 new
passenger aircraft will be required annually to meet the
rising demands at an estimated value of US$5.2 trillion
in the years 2016-2035 [12]. Therefore, it is important to
achieve excellent hole quality to maintain and improve the
longevity of aircraft structures [8]. The machinability of
FMLs has been the focus of many studies since their intro-
duction. The focus was mainly on conventional drilling
(CD) and milling processes as they are the most commonly
used machining processes for riveting and assembly opera-
tion [2]. Abrasive water jet cutting and laser drilling —
which are non-conventional machining processes— were
previously used in machining FMLs to evaluate their suit-
ability [13—16]. Early literature on drilling FMLs investi-
gated the influence of drilling parameters, tool coating and
geometry, laminate thickness, fibre orientation and cool-
ing strategy on thrust force, torque and a variety of hole
metrics. Generally, non-conventional machining of FMLs
is not widely reported. Moreover, none of the previous
studies investigated UAD process of GLARE laminates.
UAD is hybrid conventional machining that occurs
when the cutting tool vibrates (at frequencies around
20,000 Hz and amplitudes of 2-20 pm) [17, 18]. The
excitation of the cutting tool causes it to vibrate either
in a torsional or an axial motion [19, 20]. The latter was
used in a majority of applications for cutting metals and
composites [21, 22]. The purpose of ultrasonic vibrations
is to improve chip breakability and reduce friction
between the drill and the workpiece [23]. During UAD
process, cyclic ultrasonic vibrations reduce the overall
contact period of the drill bit with the chips. [18, 24].
UAD can be characterized by the phase shift between the
vibrating drill and workpiece such that for vibrational
amplitudes at a micro level there is a transition system
in which recurring discontinuous contact develops. The
recurring discontinuous contact during UAD reduces the
cutting forces and tool wear. In addition, the recurring
discontinuous contact between the drill and chips
means that heat exchange due to thermal conduction
becomes less while cooling due to heat convection with
the surroundings becomes more [25, 26]. The majority
of past research on vibrational and ultrasonic-assisted
machining studies reported better tool life, reduced
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cutting forces and enhanced hole quality due to the
recurring discontinuous contact between the drill and the
workpiece [27-30]. There are other types of frequency-
assisted machining processes which use different ranges
of frequencies and amplitudes such as vibration-assisted
machining (VAM) which uses lower frequency range
and ultrasonic machining (UM) which uses water-mixed
abrasives to erode the workpiece material [17]. UAD is
particularly effective for deep-hole drilling where chip
clogging is a problem [31]. Previous research reported
that UAD tended to improve the surface roughness, burr
formations and hole circularity and reduce chip size,
tool wear, cutting forces, cutting temperatures and exit
delamination (in composites) compared to conventional
drilling [32-35]. Nevertheless, some studies reported
that UAD process increased the cutting temperatures
compared to those generated from CD process using
the same cutting parameters and setup [36, 37]. Other
studies indicated that the oscillation amplitude and the
feed rate affect the thrust force, hole quality parameters
and delamination (in composites) compared to spindle
speed [18, 38, 39]. It was also reported that UAD reduced
cutting forces and produced good hole quality up to a
certain level of feed rate and cutting speed beyond
which it starts to behave like a CD process [40, 41]. The
diminishing influence of ultrasonic vibrations on the
cutting action at higher feed rates occurs because of the
reduction in maximum value of the effective normal rake
angle [18, 36, 41]. Increasing the ultrasonic frequency
and its amplitude tended to reduce the cutting forces [39,
42-44]. A limitation from previous studies on vibrational
and ultrasonic-assisted machining processes was that
most of these systems have been designed for limited
range of drill diameter ranging from 3 to 10 mm and
using low spindle speeds and feed rates [18]. Previous
studies on vibrational and UAD studies show that a
frequency of 22 kHz is typical for ultrasonic processes
but higher frequencies of up to 40 kHz were also used
when machining metals and composites [45-48]
According to the literature, none of the previous stud-
ies investigated the machinability of GLARE laminates
using UAD process. Therefore, this work aims to ful-
fil the gap in the literature on this subject and aims to
study the UAD of GLARE. The study evaluates the effect
of the spindle speed and the feed rate on the developed
thrust force and surface roughness parameters (R, and
R,). Full factorial design (four levels of spindle speed and
feed rate) was implemented to establish the relationship
between the spindle speed and feed rate —under CD and
UAD regimes— on the studied responses. The study also
aims to validate whether the UAD process provides any
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significant advantage over CD process in terms of the
analysed outputs.

2 Materials and methods
2.1 Workpiece details

A GLARE 2B laminate was used in the current study as
shown in Fig. 1a. The metal sheets are A12024-T3 sheets;
the composite layers are S2/FM94 glass fibre. The glass
fibre layers are unidirectional and oriented normal to the
rolling direction of the metal sheets as shown in Fig. la.

Additional details of the laminate are given in Fig. 1b, the
thickness of the laminate is 5.96 mm, and the distance
between holes centres was 10 mm in X and Y directions.
The laminate was manufactured at Delft University of
Technology and the FMLC (fibre metal laminates centre
of competence). Some of the mechanical properties of
S2-Glass fibre prepreg and A12024-T3 are given in Table 1.

2.2 CNC machine setup and drill bit details
The tests were performed on an Ultrasonic-850 machine

tool developed by Tsinghua University as shown in
Fig. 2. The TSINGDING BT40-ER11-EL ultrasonic tool

S2/FM94
elass fibre

0.3 mm

0.266 mm

}0.133 mm

Holes drileld for the
current study

—150 mm ——88

(b)

210 mm

Fig. 1 Schematic representation of a GLARE laminate constituents and b plate after machining tests
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Table 1 Mechanical properties
of S2-glass fibre prepreg and
Al2024-T3 [49-52]

Mechanical property UD S2 Al2024-T3 Units
Glass/FM 94 Epoxy
Prepreg
Vi =60%
Young’s modulus (E) L 54-55 72.2 GPa
T 9.4-9.5 -
Ultimate tensile strength (o) L 2640 455 MPa
T 57 448
Ultimate strain % (&) L 3.547 19 -
T 0.6 -
Shear modulus (G) L 5.55 27.6 GPa
T 3 -
Poisson’s ratio (v) L 0.33 0.33 -
T 0.0575 -
Density (p) - 1980 2770 kg/m®
Thermal expansion coefficient («) L 3.9-6.1 234 (1/°C) -107°
T 26.2-55.2 234
Thermal conductivity (K) L 1.1-14 121 W/m K
T 0.43-0.53 -

The symbols L and T stand for longitudinal (the rolling direction for the metal) and transverse directions

respectively
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Fig.2 Schematic of UAD process setup of a GLARE laminate and cutting tool and b thrust force measurement

holder and TSINGDING UMSMT-20-500 intelligent
ultrasonic generator were used. The resonant frequency
of this ultrasonic tool holder at room temperature and
without external loads is 18.7 kHz. During the machining
process, the resonant frequency changes with the tem-
perature rise and cutting loads. During this drilling, the
resonant frequency ranges from 18.5 to 18.8 kHz. The
ultrasonic generator can automatically adjust the electri-
cal output according to the properties of the machining
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system, making sure that the system works at its reso-
nant frequency with steady amplitude. The frequency and
oscillation amplitudes were measured before the UAD
tests to measure the amplitude which the machine can-
not provide beforehand. A Keyence laser sensor device
was used to measure the vibration amplitude at the tool
tip. At 50% duty cycle of UMSMT-20-500 ultrasonic
generator, the amplitude is 8 um (peak to peak amplitude
16 um). Four-millimetre-diameter AICrN-coated carbide
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drills were used in the current study. The 4-mm drill size
is typical for riveting in aeronautical structures in general
and in Airbus A380 in particular. The drills bits have a
140° and 30°-point angle and helix angle, respectively,
as they tend to improve chip removal and reduce burr
formation.

The tests were conducted using a set of four feed rates
and four spindle speeds. The aim is to form a full-fac-
torial design made up of sixteen holes (L4 orthogonal
array) as shown in Table 2. The drilling test was repeated
twice under the same cutting parameters to confirm the
repeatability. Six drills were used, one for each set of
holes to avoid any influence arising from the tool wear.
ANOVA was employed to examine the significance of the
spindle speed, the feed rate and their linear interaction
on the measured outputs. The CD and UAD tests were
performed without the use of any coolants. The range of

Table 2 Details of parameters used in the UAD study

Machining parameters Level 1 Level 2 Level 3 Level 4

Spindle speed (rpm) 1000 1500 2000 2500
Feed rate (mm/min) 50 100 150 200
Peak to peak amplitude 16

(um)

Frequency (kHz) 18.5t0 18.8

Fig.3 Schematic representa-
tion of the a roughness profiles
in GLARE and b measurement
process of the surface roughness
metrics

-
; |

[§S]
2

the drilling parameters was determined according to the
available literature on machining GLARE and similar
aeronautical materials.

2.3 Measurement of thrust force

A piezoelectric 6-component KISTLER 9119AA1
(compact multi-component) dynamometer was
used to measure the thrust force (up to 4000 N) as
shown previously in Fig. 2b. The dynamometer has
four 3-component force sensors that can record the
compression forces in all directions and translate that
to thrust force. DynoWare software version 3.2.5.0,
KISTLER data acquisition system type 5697A1 and a
charge amplifier type 5S080A with 8 channels were used
for signal conditioning and data acquisition.

2.4 Surface roughness measurement

R, (the arithmetic average surface roughness) and R,
(average of the five highest peaks and five lowest val-
leys) were measured using a Mitutoyo SJ-210 portable
surface profilometer. SurfTest SJ USB communication
tool version 5.007 software was used to control the
roughness tester. The surface roughness parameters were
labelled according to ISO 4287 as R, (arithmetic mean
roughness value) and R, (maximum height of profile

Hole entrance
Hole exit

_ 5

Stylus path

(a)

I A12024-T3 sheets [Jj S2/FM94 glass fiber layers

(b)
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Fig.4 Schematic representation
of the SEM inspection setup

within a sampling length). The roughness metrics were 2.5 Scanning electron microscopy

measured four times for each hole at four different loca-

tions around its periphery from the hole entry to exit as  The holes were cross-sectioned from their centre into two
shown in Fig. 3a, and the mean value of the four readings  parts using a band saw to observe the condition of the
was reported. The roughness profile of one of the holes  internal surfaces and damage mechanisms in the lami-
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Fig.5 Thrust force profile at n= 1000 rpm and feed rate of f= 200 mm/min
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Fig.6 Average thrust force
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scanning electron microscope was used to inspect the
cross-sectioned holes as shown in Fig. 4. The samples
were sputter-coated since the glass fibre layers are non-
conductive and can cause difficulties during the scanning
process.

3 Results and discussion
3.1 Thrust force analysis

The thrust force F, was measured from the first interac-
tion of the drill with the top surface of the laminate and
until the drill bit exits from the bottom side indicating
the end of the drilling process. The reported F, values
are the average of the three runs. Figure 5 shows the F,
profile at n= 1000 rpm and f= 200 mm/min for CD and
UAD tests. It can be seen that there are three distinct
stages which reflect the position of the chisel edge in
the laminate at different periods of the drilling process.
Initially, the drill and the laminate are not in contact, and
therefore, no forces are recorded. Next, the drill becomes
in contact as it progresses into the laminate, and a sud-
den rise in thrust force is observed. It can be seen that
the thrust force in the upper and lower aluminium sheets
and glass fibre layers is lower than that in the rest of the

laminate layers. This is because the chisel edge is not in
full contact with the laminate [53, 54]. The F, propagates
up to the point where the chisel edges of the drill are
in full contact with the laminate, after which a steady
maximum force profile is observed [55-57]. Finally, F,
continuously drops down as the drill disengages from
the workpiece indicating the end of the drilling process.
From Fig. 5, it can be also seen that the F, required for
removing material from the aluminium sheets is higher
than that required for removing material from the glass
fibre layers. Aluminium alloy Al12024 is more dense/
compact than the S2 glass fibre layers. In addition, the
glass fibre layer has weak resin inside. Moreover, the
modulus of elasticity of aluminium alloy A12024 is much
higher than that of S2-glass fibre in secondary and ter-
tiary directions and 31% higher in loading direction [53].

Figure 6 shows the average F', obtained from the three
runs of the UAD and CD drilling tests for the tested cut-
ting parameters. It can be seen that F, increased with
the increase of the feed rate and with the decrease of the
spindle speed which is in agreement with past studies
on CD of GLARE [53, 54, 58, 59]. In CD and UAD, the
feed rate was more influential than the spindle speed on
the level of F,. For example, in CD, F_ at f =200 mm/
min was 94.9% higher than that at f = 50 mm/min and
a constant n = 1000 rpm. Similarly, increasing n = 1000
rpm to n = 2500 rpm at a constant f = 50 mm/min, F,
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Fig. 7 Variation of thrust force under UAD and CD with a feed rate
at 2000 rpm and b spindle speed at 50 mm/min

decreased by 40.5%. The same trend is observed in UAD
tests; however, the rise in F, as the feed rate increased
(at a constant spindle speed) is relatively much lower
than that observed under CD tests. The same can be said
for the decrease in F, with the rise in spindle speed (at
a constant feed rate). This is mainly attributed to the
effect of the vibration on diminishing F, which means
that drilling time can be significantly reduced without a
significant increase of F,.

In both the CD and UAD tests, F, was minimal at f =
50 mm/min and n = 2500 rpm. Similarly, the highest F,
was at f =200 mm/min and n = 1000 rpm. Drilling at feed
rates/spindle speeds of 100/1000, 150/1500 and 200/2000
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did not cause any significant change in F, (~5.5%); this is in
disagreement with past studies reported on drilling GLARE
[53, 54] which is due to the use of a lower range of drilling
parameters in the current study compared to previous studies
which used cutting parameters up to n = 9000 rpm and =
900 mm/min, respectively.

The average F, generated from UAD tests was sig-
nificantly lower than those generated from CD tests. For
example, under the UAD regime, the average F, obtained
at n = 2500 rpm and f =200 mm/min was reduced by
49.22% in comparison to that generated from CD tests.
Generally, the average F, was reduced by 35.16% and up
to 64.20% under UAD tests in comparison to those gener-
ated from CD tests using the same drilling parameters.
The results indicate that UAD can significantly reduce
F, which is in agreement with most of the reported
studies in the open literature. It was also observed that
increasing the feed rate improves the effectiveness of
the UAD system as shown in Fig. 7a. The reduction is
attributed to the higher separation time between the drill
and the laminate, and hence, the friction between the
tool and the workpiece decreases [60]. On the contrary,
increasing the spindle speed leads to increased contact
between the workpiece and the cutting tool—which at
a certain point— reduces the UAD effect to behaving
like CD process as shown in Fig. 7b. The principle of
ultrasonic drilling is to cause the drill to segregate from
the workpiece in each vibratory cycle [36]. However,
at higher spindle speeds, the contact time at which the
drill remains fully engaged with the workpiece increases
resembling that found in a CD process [36]. Therefore, as
evident from Fig. 7, there is a critical maximum spindle
speed and a critical minimum feed rate beyond which
the UAD becomes ineffective (i.e., becomes unable to
significantly reduce the thrust force in comparison to
CD process) which is also influenced by the ultrasonic
process parameters (i.e., frequency and amplitude).

When looking at past literature on UAD of different
materials, there are no studies reported on FMLs and
more specifically on GLARE. However, one can refer to
the available literature on UAD of GLARE constituents,
i.e., metals (specifically UAD Al2024 and aluminium
alloys) and composites (specifically UAD of glass fibre
composites) to explain the trends observed in the current
study. A significant reduction in thrust force with the
increase of the feed rate was also observed in past stud-
ies on UAD of Al2024 compared to CD [60]. The study
also reported that when using UAD, long continuous
chips were produced while broken and fragmented short
chips were produced using CD tests. In another study on
UAD of Al2024 in a stack made of Ti6Al4V/AI2024-
T351 [61], it was found that a vibration frequency of



The International Journal of Advanced Manufacturing Technology (2022) 123:3657-3672 3665
Table 3 ANOVA results of the average thrust force
Source DF Seq SS Adj SS Adj MS F-value P-value Contribution
Model 33 110,406 110,406 3345.6 229.63 0 99.19%
Blocks 2 196 196 97.9 6.72 0.002 0.18%
Linear 7 96,526 96,526 13,789.4 946.43 0 86.72%
Vibration 1 64,855 64,855 64,855.4 4451.32 0 58.27%
Spindle speed 3 12,621 12,621 4206.9 288.74 0 11.34%
Feed rate 3 19,050 19,050 6350 435.83 0 17.11%
2-way interactions 15 13,268 13,268 884.6 60.71 0 11.92%
Vibration*spindle speed 3 6163 6163 2054.2 140.99 0 5.54%
Vibration*feed rate 3 6338 6338 2112.7 145.01 0 5.69%
Spindle speed*feed rate 9 768 768 85.3 5.85 0 0.69%
3-way interactions 9 416 416 46.2 3.17 0.003 0.37%
Vibration*spindle speed*feed rate 9 416 416 46.2 3.17 0.003 0.37%
Error 62 903 903 14.6 0.81%
Total 95 111,309 100.00%

Showing the input parameters with significant contribution on thrust force (highlighted in bold)

20 kHz produced the shortest chip in comparison to CD
and UAD other higher frequencies. The studies also
reported that the reduction in thrust force as the spindle
speed increased was much lower than that when the feed
rate was increased [60, 61].

The conclusion which can be drawn from this study is
that UAD of GLARE can reduce the thrust force. Also,
since the thrust force generated from cutting the aluminium
sheets is always greater than that from cutting the glass fibre
layers, then it can be suggested that optimisation of the UAD
process should be focused on reducing the cutting forces in
the metallic sheets in GLARE rather than in the glass fibre
layers. The ANOVA analysis is given in Table 3 to highlight
the percentage contribution of the machining process (i.e.
CD vs UAD), cutting parameters and their linear interaction
on the thrust force. The findings show that the vibration had
the highest contribution on thrust force with 58.27%, while
both drilling parameters also had some effect on the thrust
force with a slightly higher contribution for the feed rate with
17.11% followed by the spindle speed with 11.34% similar
to previously reported studies [62]. The linear interaction
between the two drilling parameters and vibration had a
somewhat equal contribution with 5.54-5.69%.

3.2 Surface roughness metrics analysis

R, and R_reported here represent the arithmetical mean rough-
ness and the mean roughness depth, respectively, similar to past
research on CD of GLARE®. The glass fibre layers had higher
roughness than the aluminium sheets due to their fibrous and
fuzzy nature after machining as shown previously in Fig. 3b.
Figure 8 shows the average measured roughness metrics at

different cutting parameters for UAD and CD tests. For UAD
tests, R, was between 1.39 and 1.67 um. For CD tests, R, was
between 1.42 and 1.78 um. The highest R, occurred at n =
2500 rpm and f = 100 mm/min. The lowest R, occurred atn =
1500 rpm and f = 50 mm/min, which indicates that the rise
in cutting parameters would increase R,,. Similarly, for UAD
tests, R, ranged between 8.09 and 10.45 um. For CD tests, R,
ranged between 8.47 and 10.18 pm.

Generally, under CD, the increase in R, due to the rise
in the feed rate was greater than that due to the rise in the
spindle speed. The rise in R, with the spindle speed is due
to ploughing rather than cutting with chip formation as the
un-deformed chip thickness decreases [63]. Comparing R,
results of UAD against CD, the R, in UAD was slightly
lower than that in CD at n = 1000 rpm and was higher with
the higher spindle speeds of n = 1500, 2000, and 2500 rpm.
However, the difference in R, between UAD and CD is not
significant according to the standard deviations or scatter
bands. For example, at n = 1000 rpm, R, was 0.03 to
0.14 pm higher than those obtained in CD under the same
drilling parameters, while the reduction in R, at higher
spindle speeds in UAD did not exceed 0.22 pm compared
to CD. A firm conclusion can be made that —under the
investigated drilling parameters— the UAD process does
not provide any significant reduction in surface roughness
metric R, and R, compared to CD.

During UAD of Ti6Al4V alloy, the results showed that
at a low feed rate (0.005 mm/tooth), the UAD did not
show any significance in terms of surface roughness when
compared with conventional drilling, whereas, at a high
feed rate (0.015 mm/tooth), the UAD showed considerable
improvement at 35 kHz frequency and 8.3 pum amplitude
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Fig.8 Comparison of the average a R, and b R, under CD and UAD

[64]. In UAD drilling of composite (epoxy matrix
reinforced by glass fibre), the surface roughness showed
a significant reduction (more than 50%) using 384 rpm,
1 mm/s, 18.5 kHz frequency, and 0.23um amplitude
[65]. At lower spindle speed (below 1000 rpm) and low
frequency below 338 Hz, the surface roughness did show
any pattern for surface roughness, but with the rise in
spindle speed (above 1000 rpm), the surface roughness
decreased with the rise in frequency [66]. CFRP composite
showed significant improvement in reduction of surface
roughness (up to 25%) at low vibration-assisted drilling
(LVAD) at frequency 1.5 osc/rev and amplitude of 0.2 mm
when compared with conventional drilling [67]. Similarly,
the UAD of Al6061 showed that the surface roughness is
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mainly affected by the vibration frequency and was less
affected by the cutting speed [68]. It showed that with
an increase in frequency from O to 7.5 Hz, the surface
roughness increases and then decreased when it increases
from 7.5 to 22.5 Hz. The surface roughness decreased
with the rise in spindle speed (535-1525 rpm) but was
not significant. In another study during UAD of Al12024,
the vibration greatly reduced the surface roughness values
[69]. Therefore, it can be said that R, is mainly dependent
on the number of vibrations per unit length, and as it
increases, the surface roughness decreases. Therefore,
higher surface roughness reduction in UAD compared
to CD can be achieved as high vibration frequency and
low spindle speed. The increases in spindle speed also
helped in the reduction of the surface roughness due to the
reduction in feed rate (mm/rev) which decreases the gap
between two consecutive cuts leading to a higher surface
finish. The same trend has been reported in UAD of GFRP
such that with an increase in cutting speed and decreased
feed rate (mm/rev), the surface roughness decreases [70].
A different surface roughness behaviour was observed
during UAD of GLARE laminate to that of other isotropic
and composite materials. This could be due to the fact that
the variation in the mechanical properties of aluminium
and glass fibre combined in layers helps in dampening
vibration and does not affect the surface roughness
compared to other isotropic/composite materials.
Literature showed that the surface roughness is mainly
affected by the feed rate. The low feed rate helped reduce
the surface roughness, but during these experiments, the
opposite trend was seen wherein with the rise in the feed
rate, the surface roughness decreased which needs more
detailed experiments to understand the influence of cutting
parameters on the surface finish [71].

The ANOVA results reported in Tables 4 and 5 show
that the cutting parameters and use of vibration did not
have any contribution to R,. Meanwhile, the feed rate had
some contribution (26.18%) on R, followed by the spindle
speed (6.79%), while the use of vibration did not have
any impact. There is no acceptable surface roughness
for machined GLARE laminates reported in the previous
literature or technical documents. However, according
to past literature, machined aeronautical structures
should have a surface roughness below 3.2 and 1.6 pm
in composite and metallic alloys, respectively [54, 63,
72], which means that the range of R, in this study from
CD and UAD tests is within the bounds of acceptable
roughness values for metals and composites.

3.3 Scanning electron microscopy analysis

Drilled surfaces, damages caused by the mechanical drill-
ing process and damage types were examined using SEM.
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Table 4 ANOVA results of the average surface roughness R,

Source DF Seq SS Adj SS Adj MS F-value P-value Contribution
Model 33 0.83672 0.83672 0.025355 0.78 0.782 29.28%
Blocks 2 0.14728 0.14728 0.073639 2.26 0.113 5.15%
Linear 7 0.24307 0.24307 0.034724 1.07 0.396 8.51%
Vibration 1 0.01283 0.01283 0.012829 0.39 0.533 0.45%
Spindle speed 3 0.18102 0.18102 0.06034 1.85 0.147 6.33%
Feed rate 3 0.04922 0.04922 0.016407 0.5 0.681 1.72%
2-way interactions 15 0.40727 0.40727 0.027151 0.83 0.638 14.25%
Vibration*spindle speed 3 0.08989 0.08989 0.029965 0.92 0.437 3.15%
Vibration*feed rate 3 0.13875 0.13875 0.04625 1.42 0.246 4.86%
Spindle speed*feed rate 9 0.17863 0.17863 0.019847 0.61 0.785 6.25%
3-way interactions 9 0.0391 0.0391 0.004345 0.13 0.999 1.37%
Vibration*spindle speed*feed rate 9 0.0391 0.0391 0.004345 0.13 0.999 1.37%
Error 62 2.02115 2.02115 0.032599 70.72%
Total 95 2.85787 100.00%
Table 5 ANOVA results of the average surface roughness R,
Source DF Seq SS Adj SS Adj MS F-value P-value Contribution
Model 33 30.339 30.339 0.9194 2.19 0.004 53.85%
Blocks 2 1.2081 1.2081 0.6041 1.44 0.245 2.14%
Linear 7 18.906 18.906 2.7009 6.44 0 33.56%
Vibration 1 0.329 0.329 0.329 0.78 0.379 0.58%
Spindle speed 3 3.8279 3.8279 1.276 3.04 0.035 6.79%
Feed rate 3 14.749 14.749 49163 11.72 0 26.18%
2-way interactions 15 7.173 7.173 0.4782 1.14 0.342 12.73%
Vibration*spindle speed 3 1.0286 1.0286 0.3429 0.82 0.489 1.83%
Vibration*feed rate 3 0.7161 0.7161 0.2387 0.57 0.637 1.27%
Spindle speed*feed rate 9 5.4282 5.4282 0.6031 1.44 0.192 9.64%
3-way interactions 9 3.0519 3.0519 0.3391 0.81 0.61 5.42%
Vibration*spindle speed*feed rate 9 3.0519 3.0519 0.3391 0.81 0.61 5.42%
Error 62 25.9993 25.9993 0.4193 46.15%
Total 95 56.3383 100.00%

Figure 9 shows the state of the borehole of metal surfaces
under SEM for CD and UAD tests. It demonstrates that the
borehole surface of the A12024-T3 sheets, produced by CD
tests, was rough including a number of mechanical damages.
Plastic deformation, material side flow, debris, broken fibres,
powder glass fibre and resin chips were observed. The rise
in spindle speed shows increased plastic deformation on the
surfaces of the metal sheets in the direction of the spindle
speed rotation. Meanwhile, no damage was observed in the
transition region from aluminium sheets to glass fibres. CD
tests in the aluminium region of the hole, defects can be
seen in the borehole surface, including debris, material side
flow, plastic deformation, broken fibre, powder glass fibre
and resin debris. In the UAD tests, debris and broken fibre

were observed. In general, it can be said that the A12024-T3
region is somewhat smoother in UAD tests, and there is very
little debris at the borehole. Ultrasonic impressions were not
formed on the borehole surface in UAD tests.

At low spindle speed, the UAD effect is more dominant.
The longitudinal vibration with a low feed rate means
that the cutting is mostly due to the vertical movement
(vibration) of the tool which produces irregular cuts on the
fibre layer, which in return results in a fuzzier surface in the
glass fibre layers and hence the slightly higher R, and R,
when drilling at n = 1000 rpm as shown previously in Fig. 8.
This also increases the deformation in the aluminium sheets,
and some chips can be forced or settle on the fuzzy fibre
layers. With the increase in the feed rate, the deformation
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Fig.9 SEM images of the Al
2024-T3 region for CD and

UAD tests
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of the aluminium layer is less compared to that observed
at low spindle speeds. With the increase in the feed rate,
the effect of vibration decreases due to decreases in cutting
by the vertical vibration of the tool which results in almost
the same quality as that of CD. Increasing the spindle
speed while at a constant feed rate reduces the feed per
revolution which results in a reduction of chip thickness.
When longitudinal vibration is acting on thin chips, it results
in the chip breakage and produces serrated chips. At the
hole entry, the serrated chips can easily be removed which
results in a smoother surface, but at the exit of the hole, the
chips are difficult to evacuate. The presence of the chips
results in scratches on the hole surface. A small deformation
was also observed in the glass fibre layers due to the tool
vibration which is not enough to cut/break the longitudinal
long exposed fibres.

Damages in the glass fibre zone caused by drilling with
CD and UAD are given in Fig. 10. No cracks, separation
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or delamination occurred at the glass fibre layers-alumin-
ium sheet interface. Surface damage such as fibre bending,
fibre breakage, debonding, fibre pull-out and fibre debond-
ing were extensively observed on the conventional drilled
surface. Glass fibre dust particles were scattered all over
the borehole surface, and finer dust particles were formed
when drilling at low feed rates, especially under CD pro-
cess. In CD tests performed with a combination of n =
1000 rpm and f = 100 mm/min, extensive fibre breakage
occurred on the drilled surfaces. In UAD tests under the
same cutting conditions, very little fibre breakage occurred,
and a small amount of fibre bending and debonding was
observed. In CD experiments, debonding and broken fibre
damage occurred intensively in the tests performed with
1500 rpm—200 mm/min. Fibber breakage occurred in UAD
experiments. While a smooth surface was obtained in UAD
tests at 2500 rpm—100 mm/min and 200 mm/min cutting
conditions, significant surface damage occurred in CD tests.
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Fig. 10 SEM images of the
Al 2024-T3 region for CD and 80
UAD tests
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In the CD tests, debonding, fibre pullout, fibre bending and
fibre breakage occurred intensively. Finally, no matrix burn-
ing was observed on the hole surface in both methods (CD
and UAD) under the selected cutting parameters.

4 Conclusions

The current study investigated the drilling of GLARE
fibre metal laminates using ultrasonic-assisted drilling at a
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frequency of 18.5-18.85 kHz and amplitude of 16 um. The
aim is to analyse the impact of the ultrasonic vibration on
the developed thrust force and surface finish (R, and R,). The
results of UAD tests were compared against conventional
twist drilling tests. The motivation for conducting this study
arises from the fact that the influence of UAD process was
performed on metals and composites but not on FMLs such
as GLARE. According to the experimental results of this
study, the following can be concluded:
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e The thrust force was reduced by up to 65% under UAD
compared to CD process; this is mainly attributed to the
continuous variation in the cutting depth of the laminate
constituents and periodic separation between the cutting
tool and the laminate.

e To reduce the thrust force, a low feed rate and a high
spindle speed are recommended.

e The surface roughness R, and R, ranged between 1.4 and
1.8 um and between 8 and 10.5 um, respectively, under
CD and UAD regimes.

e The surface roughness (R, and R,) results under CD and
UAD regimes were similar, which means that the use of
vibration during drilling of GLARE laminates will not
yield any significant improvement in the laminate surface
finish. This is mainly attributed to the way GLARE
constituents are stacked alternatively in the form of thin
sheets/layers.

e There are other factors which can affect the UAD process
other than the feed rate and spindle speed such as chip
removal mechanisms, frequency, amplitude, duty cycle
and phase shift all of which require systematic experi-
ments to evaluate their impact on the drilling process.
These factors will be investigated in future studies.
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