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Abstract

Hybrid composite-metal stacks (HCMS) combine metal alloys and composite materials and are used in the manufacturing
and maintenance of aircrafts. Drilling is an important manufacturing process necessary for installing rivets in fuselages.
This work sought to identify the influence of cooled compressed air and high-speed cutting (HSC) on drilling multi-material
joints with different configurations. Among the factors observed are the composite type (carbon- or glass-fiber-reinforced
polymer), joint type with 2024 aluminum alloy (simple or composed), presence or absence of cooled air, cutting speed (40
and 220 m/min), and feed rate (0.02 and 0.08 mm/rev) in HCMS drilling. Adjusted delamination factor, hole-wall rough-
ness, hole roundness, and thrust force were evaluated. The combined effect between cutting speed and cooled air did not
significantly impact the defects generated, making it possible to use HSC without harming the joint. Cooled air showed a

tendency to decrease defects in HCMS drilling.

Keywords Drilling hybrid composite-metal stacks - Cooled compressed air - High-speed cutting - Delamination - Hole

quality

1 Introduction

Drilling hybrid composite-metal stacks (HCMS) is challeng-
ing due to the fiber delamination, tool damage, and matrix
damage caused by the thermal and mechanical character-
istics of the machining process [1]. In addition, it is chal-
lenging to select cutting parameters to guarantee machin-
ing quality and surface integrity for all constituents [1-3].
The most common problems during the drilling process of
hybrid materials are damage on the contact surface of the
composite resulting from its interaction with chips formed in
the machining of aluminum (continuous chips) or titanium
(saw-tooth chips). Furthermore, the thrust forces generated
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during drilling may be able to separate the composite from
the metal, contributing to accumulating metallic chips and
fiber fragments at the metal-composite interface, in addition
to the adhesion of metallic material along the entire cutting
edge of the tool [1].

Delamination defects on fiber-reinforced polymers (FRP)
directly affect the quality of the assembly of structures and
decrease the mechanical performance of the parts, especially
when subjected to cyclic loads (fatigue). These defects can
be identified in the entrance and exit regions of the cutting
tool [4]. Delamination at the hole entrance is mostly related
to the pull force exerted on the upper layers of the FRP by
the main cutting edges in the vicinities of the tool periphery
and by the secondary cutting edges due to the sliding of the
first ply up the drill flutes; at the exit, it is mainly attributed
to the effect of the thrust force on the lower layers of the
laminate [4-9]. Different studies have concluded that the feed
rate is the most influential input parameter on the delamina-
tion factor [7-14] and thrust force [8-18] for the FRP drilling
process. Other studies have reported the influence of the
drill (diameter, geometry, and wear) on delamination [2, 7,
8, 10-14, 19, 20] and thrust force [4, 8, 10, 13-17, 19, 20].

Delamination defects on fiber-reinforced polymers
(FRP) directly affect the quality of the assembly of
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structures and decrease the mechanical performance of the
parts, especially when subjected to cyclic loads (fatigue).
These defects can be identified in the entrance and exit
regions of the cutting tool [4]. Delamination at the hole
entrance is mostly related to the pull force exerted on the
upper layers of the FRP by the main cutting edges in the
vicinities of the tool periphery and by the secondary cut-
ting edges due to the sliding of the first ply up the drill
flutes; at the exit, it is mainly attributed to the effect of
the thrust force on the lower layers of the laminate [4-
9]. Different studies have concluded that the feed rate is
the most influential input parameter on the delamination
factor [7-14] and thrust force [8-18] for the FRP drilling
process. Other studies have reported the influence of the
drill (diameter, geometry, and wear) on delamination [2, 7,
8, 10-14, 19, 20] and thrust force [4, 8, 10, 13-17, 19, 20].

Crown burrs on metallic plates are produced using drills
with a lower point angle, resulting in intense forces and plas-
tic deformation in the central region of the hole. Larger point
angles allow better distribution of the forces on the periph-
ery of the holes, producing a total or partial fracture in the
area and generating smaller and uniform burrs (more easily
removed). If this rupture is partial, hat burr occurs [21, 22].
The evaluation of burrs generated between the input and out-
put surfaces of the plates is essential to determine the occur-
rence of crushing, a defect where the burrs resulting from
the drilling of the metallic plate affect the performance of
the fiber-reinforced polymer (FRP) acting as support (back-
plate). During the drilling of the metallic plate, chips are
generated, failures occur in the tool, and burrs are produced
at the hole exit. In addition, there is challenging to select
cutting parameters and optimized tools to ensure the drilling
of holes with high dimensional quality while maintaining
the integrity of all constituent materials [10, 23]. Among
the consequences of burr formation on the entrance and exit
surfaces, plastic deformations depend on the material’s duc-
tility and surface heating. These are sources of dimensional
errors, interferences, misalignments, and initial crack points
[24, 25].

Because of the low thermal conductivity of FRP com-
posites, the hard and abrasive characteristics of the rein-
forcement material cause greater friction by the tool/part
contact, increasing the tool heating (it dissipates around 90%
of the heat generated in the machining) and, therefore, the
tool wear [20, 26]. The polymer matrix degradation tends
to occur between 150 and 250 °C, which makes it essential
to reduce the temperature in the cutting region [27-30]. A
commonly used device is the Ranque-Hilsch vortex tube,
which uses only compressed air separated into two streams
of different temperatures: hot air and cold air. Physically, the
vortex tube consists of a cylindrical tube into which high-
pressure gas enters radially, tangent to the inner face of the
tube. Secondary gases leave the vortex tube in axial and
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opposite or coincident directions, depending on the type of
construction used, with reverse temperatures [31].

Although some studies pointed out that cutting speed
(v.) did not influence the quality of the drilled holes, dis-
tinct research mentioned that a higher v_, combined with a
low feed rate (f), significantly improved this quality, both in
micro- and macro-geometric terms. This effect occurs due
to the minor influence of the low f; including lower vibration
generation and lower thrust forces. Thus, high-speed cutting
(HSC) emerges as a solution for drilling hybrid composite-
metal stacks [32]. Using HSC allows greater productivity
during the process [7, 33], and its combination with cooled
compressed air can bring multiple benefits to the hole qual-
ity when applied in multi-material joints.

Considering the hindrances of drilling multi-material
stacks, this work aims to identify the effects of cooled air,
combined with high-speed drilling, on the drilling process
of multi-material joints formed by 2024 aluminum alloy and
glass- or carbon-fiber-reinforced polymer (GFRP or CFRP).

2 Materials and methods

In this study, the influence of the cutting conditions, includ-
ing cutting speed, feed rate, cutting tool; the use of cooled
air; and the joint composition on the drilling of multi-mate-
rial hybrids stacks, was investigated. Figure 1 presents the
analyses performed and the different experimental combina-
tions. The drilled workpieces were distributed in the follow-
ing configurations and respective joint thicknesses:

CP1: GFRP+ Al 2124 (5.6 +0.2 mm);

CP2: CFRP+ Al 2124 (6.2 +0.2 mm);

CP3: Al 2124+ GFRP+ Al 2124 (9.7 + 0.4 mm);
CP4: A1 2124+ CFRP+ Al 2124 (10.3 +£0.4 mm).

In order to avoid slipping during positioning and subse-
quent displacement on the holder, the plates were bonded
in their periphery using an ethyl-cyanoacrylate-based Loc-
tite adhesive. After being positioned, the joints are fitted
using the screw-fixing system of the plate support. After the
machining of each hole (sample), the drilling of the follow-
ing sample is set, including the assembly of the correct stack
(drilling of all samples in each stack was not allowed due to
randomization). To guarantee the stiffness during machin-
ing, each hole was produced at a 15-mm distance from each
neighbor (see Fig. 2b). The fastening system has slots that
allow chip flow and do not obstruct the generation of burrs.

In this study, the influences of feed rate, cutting speed,
tool type, and cooled compressed air are evaluated for
drilling the aforementioned multi-material hybrid stacks.
The results include the thrust force during the drilling
process, the delamination of the composite plates, the
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Experimental configuration (factors)

| Measurement and evaluation sequence |

Joint type (jr) and composite type (cf)

"Tool type (1f)
) o | (85C ou 86C) |
Composed joint
(AVCFRP/A)) Cooled air (ca)
I (yes or not) |
Simple joint | GFRP i I.Szo.lmmi I Cutting parameters
(GFRP/AL) v, [m/min] =220 ou 40
Smm/rot] = 0,02 ou 0,08
(CFRP/Al)
Composed joint
v
(AVGFRP/AI) GHRP UL 0.l

1) Thrust force (/)

2) Delamination (F,)

3) Roughness (R,)

4) Circularity (1)

5) MEV/EDS

Fig. 1 Experimental combinations and analyses

(a)

(b)

Fig.2 Workpiece: a experimental system assembly for fixing and distributing the cooled compressed air; b a set of fixing holes; ¢ cooled air

temperature measurement system

circularity of the machined holes, and the roughness
of the aluminum plates. Scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) were
also used, as well as X-ray analysis. The levels of the
process parameters (factors) used in the experiments are
presented in Table 1.

The tests were carried out in a DMG MORI DMU 60 eVo
linear universal machining center, with a maximum rotation
of 18,000 rpm. The runout was measured at each tool change
and remained below 1.3 pm throughout the study. The meas-
urement of thrust force was performed with a Kistler® 9272
stationary piezoelectric dynamometer. The force signals
were conditioned by a Kistler® 5070A charge amplifier
and acquired by a Measurement Computing® PCIM-DAS

Table 1 Input parameters considered for the study

Parameter Low level (— 1) High level (+1)
Cutting speed (v,) 40 m/min 220 m/min

Feed rate (f) 0.02 mm/rev 0.08 mm/rev
Composite type (ctf) GFRP (1.5+0.1 mm) CFRP (2.1+0.1 mm)
Joint type (jt) Simple (SJ) Composed (CJ)

Tool type (tt) 85C (6=118°) 86C (6=130°)
Cooled air (ca) Yes (Y) No (N)

1602/16 data acquisition board. A workpiece-fixturing sys-
tem was specially developed to position the sample in the
dynamometer and distribute the cooled compressed air at
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the entrance and exit of the hole (Fig. 2a). Figure 2b shows
the assembly of the fixturing system in the dynamometer.

Two Sandvik-Precorp uncoated twist drills with split
point (cross point) sharpening, helix angle of A=27°, 6-mm
diameter, and 110-mm length were used. The Sandvik
85C has a point angle (o) of 118°, while the 86C drill has
0=130°. Cooled compressed air was provided by a Euro-
tools Turbo Air FTA-12-MC vortex tube. According to the
manufacturer, the vortex tube generates a 22.5-m>/h flow
rate with an exit temperature of — 10 °C when supplied by a
6-bar (600 kPa) compressed-air line. However, the cooled-
air temperatures, measured before drilling each sample with
a portable thermometer (Fig. 2¢), varied between 1.8 and
2.2 °C. A cooling time of 120 s was adopted between the
drilling of the samples.

The measurement of the hole-wall roughness of the alu-
minum plates was performed with a Hommel Tester TS8000
profilometer equipped with a TkL.300 probe with a tip radius
of 5 um and a 90° angle. The hole-wall roughness measure-
ment covered only the metallic plate (aluminum) and used
a 0.8-mm sampling length (/,). Due to the low thickness
of the metallic plates (4.1 mm), the maximum evaluation
length was 3-/, (2.4 mm), plus 1.6 mm for the signal filtering
[30]. The roughness parameter considered was the average
roughness (R,).

The measurement of the hole roundness deviation was
performed on a Mitutoyo Crysta-Plus M7106 coordinate
measuring machine (CMM) using the GEOPAK V2.4 R14
software; in this case, eight measuring points distributed
along the drilling circumference were considered. The
roundness analyses were accomplished at the FRP and
metallic plates. The roundness value was considered at the
bottom plate metal in the composed joints compared with
the aluminum plate in the simple joints. Jointly, scanning
electron microscopy (SEM) images of the holes were per-
formed with a Carl Zeiss AG EVO® 50 microscope to iden-
tify fractures in the fibers, analyze the surface aspect of the
matrix of composites, and examine surface irregularities of
holes in the Al 2124 alloy. In addition, elemental chemical
microanalysis with energy dispersive spectroscopy (EDS)
was performed to characterize the residues observed in the
tools.

Contrast radiography was the non-destructive technique
chosen to assess the extent of damage in the periphery of
the drilled holes. This analysis employed a Kodak 2100
Intraoral X-ray equipment (with a 0.16 s exposure time)
associated with the Kodak RVG 5100 digital radiography
system and the AnalaR NORMATOR diiodomethane con-
trast. The acquisition of the images used the Kodak Dental
Imaging Software. Finally, the images were processed using
the ImageJ public domain software. The use of contrasting
liquid is commonly necessary to identify some defects in
radiography, such as delamination. The contrast must have a
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radiopaque character. The parameters of exposure time in the
liquid solution and exposure time to X-rays contribute to the
final result. The adjusted delamination factor (F,,), defined
by Eq. (1) [6], was a result of the voids on the surface of the
holes observed due to the contrast penetration, where Fj is
the ratio between the maximum diameter (D,,,,) of the lami-
nated area and the nominal diameter of the tool (D,). The
composition of defects observed at the hole entrance, exit,
and internally was observed by radiography [12].

—_AO> - (Fi—Fa) (1)

max

Ad

The design of experiments (DOE) included two tests (T1
and T2) and a fractional factorial (2 ~!) with six factors,
resulting in 32 holes for each test. Table 2 exhibits the input
parameter combinations (cutting conditions) for each drilled
hole generated. This experiment used 4-factor and 5-factor
interactions for the experimental error term. Combinations
of five factors were applied to determine the fractioning of
the investigation. The confidence interval adopted was 95%.
Factors and interactions with a P-value < 0.05 were consid-
ered significant. In addition, considering further analysis in
this work, a confidence of 90% was also considered. The
experiments were randomized to reduce and minimize the
noise levels associated with the investigation. Two holes
were performed with each condition tested, totaling 64
holes. The evaluation of the drilled-joint properties with
these conditions was carried out to assess the impact of dif-
ferent levels of defects on the mechanical properties.

3 Results and discussions

The analysis of the results focused on evaluating the influ-
ence of the different input parameters on the output vari-
ables. Thus, the results were divided into thrust force (F)),
delamination, hole-wall roughness, and hole roundness. In
addition, the tools used in the experiments were evaluated
for possible wear. Lastly, an analysis of the cost associated
with the process was performed.

3.1 Thrust force (F,)

Table 3 presents the P-values obtained by the analysis of
variance (ANOVA) for the thrust force (F,) results. The com-
posite type (ct) was the only input factor that did not signifi-
cantly influence F, for a 95% confidence interval. According
to [4], the mechanical properties of CFRP are generally bet-
ter than GFRP. However, the resulting thrust force is only
3% higher for CFRP than for GFRP. Among the interaction
effects, the significant factors were jt X ca, ct X ca, v, X tt,
and ct x tt. The further factors and their interactions were
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Table2 Combinations of input iy poles v, (m/min) £ (mm/rev) ct jt it ca

parameters -
Tl T2
1 33 220 0.08 CFRP N 85C N
2 34 40 0.08 GFRP a 85C Y
3 35 220 0.02 GFRP SJ 85C N
4 36 220 0.08 CFRP a 86C N
5 37 220 0.08 GFRP N 85C Y
6 38 40 0.02 CFRP SJ 86C Y
7 39 220 0.08 GFRP a 86C Y
8 40 40 0.08 CFRP al 86C Y
9 41 40 0.02 GFRP N 85C Y
10 42 40 0.02 GFRP SJ 86C N
11 43 220 0.08 CFRP SJ 86C Y
12 44 220 0.02 CFRP al 85C N
13 45 220 0.02 CFRP al 86C Y
14 46 220 0.08 GFRP N 86C N
15 47 40 0.02 CFRP N 85C N
16 48 40 0.08 CFRP N 86C N
17 49 40 0.08 GFRP SJ 86C Y
18 50 220 0.02 CFRP SJ 85C Y
19 51 220 0.02 GFRP CJ 85C Y
20 52 40 0.02 GFRP CcJ 86C Y
21 53 40 0.08 CFRP CJ 85C N
22 54 40 0.08 GFRP Ccl 86C N
23 55 220 0.02 GFRP SJ 86C Y
24 56 40 0.08 GFRP SJ 85C N
25 57 40 0.08 CFRP SJ 85C S
26 58 40 0.02 CFRP cl 85C Y
27 59 220 0.02 GFRP al 86C N
28 60 40 0.02 CFRP CJ 86C N
29 61 220 0.02 CFRP N 86C N
30 62 40 0.02 GFRP a 85C N
31 63 220 0.08 GFRP a 85C N
32 64 220 0.08 CFRP a 85C Y

Table 3 . P-values for main and Main effects P-value Interaction effects P-value

interaction effects by ANOVA

of F, Feed rate (f) <0.001 Joint type (jf) x cooled air (ca) 0.002
Tool type (tf) <0.001 Composite type (ct) x cooled air (ca) 0.017
Cooled air (ca) <0.001 Cutting speed (v,) x tool type (tf) 0.023
Joint type (jt) <0.001 Composite type (ct) x tool type (17) 0.032
Cutting speed (v,) 0.002 Feed rate (f) x composite type (ct) 0.057

Cutting speed (v,) x feed rate (f) 0.092

R*=98.03%

not influential for the significance level adopted; however,
the interaction between the feed rate and composite type

(fx ct) and cutting speed (v, x f) presented significant influ-

ence for a confidence interval of 90% (P-value < 0.10), thus
being considered almost significant. It is worth noting that

a determination coefficient (R?) of 98.03% was observed for
the thrust force.

Figure 3 exhibits the main effects of the input param-
eters, which presented the most significant influence on
the thrust force. Feed rate is accepted as the main input
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Fig.3 Main effects for F,

Cutting speed (v.)

100

Max. thrust force— F, [N]

40 220

parameter concerning F, [12, 13, 15, 18], which was
confirmed by the results; in this study, the lowest F, was
observed with the low level of feed rate (f=0.02 mm/rev).
The joint type also influenced the mean F, value due to the
increase of the strength resulting from the two layers of
metal [34]. The change of the drill point angle affects the
contact area during the drilling process, affecting F, [4, 10,
19] and explaining the low thrust force values observed dur-
ing drilling with the 85C twist drill. The cooled compressed
air (ca) favors FRP embrittlement and contributes to chip
removal, generating fewer obstacles in the tool feed during
the drilling process, which may result in lower F, [9, 35-37].
However, lower temperatures in the cutting zone may affect
the local increase of hardness, especially in metallic plates.
The effect of HSC in decreasing F, was probably related to
the lower adhesion of aluminum on the tool edges and sur-
faces during machining with high cutting speed. With low
V., the adhesion of aluminum promotes the generation of a
built-up edge (BUE), hampering the tool’s cutting capacity
and contributing to chipping and possible tool failure. BUE
was not identified in HSC [38]. The reduction in thrust force
(F,) with a lower feed rate combined with a higher cutting
speed was observed by [9] and [18], which agrees with the
interaction effect observed for v, x f, statistically significant
for a confidence interval of 90%.

The interaction between joint type and cooled air (jt X ca)
presented a significant influence on the thrust force. In this
case, deformations associated with burr generation on the
superior metallic plates and with the compressive load of

Feed rate (/)

225
200
e RS BT
150
125

Main effect graph for max. thrust force - F, [N]

Adjusted average

Composite type (cr) Joint type () Tool type (1) Air cooled (ca)

GFRP  CFRP Simple  Composed 85C 86C yes no

the metallic plates are observed. On the other hand, the use
of cooled compressed air contributes to the removal of chips
and other residues that would obstruct the movement of the
tool [16, 17]. The interaction ct X ca also was significant for
F.. Besides the effect on the thrust force, it can contribute to
reducing composite delamination due to the smaller resil-
ience of the composite resulting from the cooling effect,
which improves fiber cutting, making it less susceptible to
failures [9, 24, 35, 36]. The interaction v, x #f is associated
with the different drill point geometries and cutting speeds
and reflects the sum of the thermal effects caused by the
input parameters on the properties of the machined materi-
als [14, 19]. Finally, the interaction ct x tt is influenced by
the different critical forces (F,) that can influence the axial
loads, besides the already mentioned influence of the drill
point [3, 14].

3.2 Adjusted delamination factor

Table 4 presents the P-values of the adjusted delamination
factor (Fg,) from the ANOVA. The main effects, which
showed significant influence (P-value < 0.05) on the adjusted
delamination factor (F,), were joint type (jt), composite
type (ct), and cutting speed (v,). The determination coef-
ficient calculated for Fy, was R*=77.93%.

The main effects on the adjusted delamination factor are
shown in Fig. 4. The cutting speed was the input param-
eter, which presented the third most significant influence
on Fy,, with more severe delamination observed after HSC

Table 4 P-values for main and

. . Main effects P-value Interaction effects P-value
interaction effects by ANOVA
of Fy, Cutting speed (v,.) <0.001 Feed rate (f) x tool type (¢f) 0.004
Composite type (ct) <0.001 Feed rate (f) x composite type (ct) 0.008
Joint type (jt) <0.001 Composite type (ct) x tool type (tf) 0.009
Composite type (ct) x joint type (jt) 0.041
Cutting speed (v,) x tool type (#f) 0.092

=77.93%
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Fig.4 Main effects for F,
Main effect graph for F;,
Adjusted average
V16 Cutting speed (v.) Feed rate (/) Composite type (ct) Joint type () Tool type (1) Air cooled (ca)
LS, /
":: 114 e Sy S ) P Ly
113 /
112
40 220 0.02 0.08 GFRP  CFRP Simple  Composed 85C 86C yes no

drilling compared with the low level of v.. This effect is
often associated with the higher friction in the tool-FRP
interface, which may result in overheating (evidenced by
surface burns). Overheating is an undesired effect, espe-
cially in the vicinities of the vitrification temperature of
the composite matrix, reducing the durability and stabil-
ity of the stack joint [29, 30]. The composite type (c?)
also presented a significant influence on the F,,: GFRP
delamination was significantly lower than that observed in
the CFRP plate. This behavior was expected: the strength
associated with each composite and their critical forces
(F.,) are distinct and may be related to damages [5]. The
input parameter, which presented the most significant
influence, was the joint type (jt). The F, resulting from
drilling-composed joints is significantly higher than in
simple joints. This difference is associated with the forma-
tion of a burr at the exit of the metallic material (Al 2124
alloy) positioned over the composite, which exerts a com-
pressive load on the FRP and increases the delamination.

Despite the smaller values observed with the higher level
of this input variable, the feed rate did not present a sig-
nificant influence on the delamination factor for the tested
conditions. This effect was not expected since the thrust
force, strongly influenced by f in this study, is broadly
reported to affect the delamination [8, 10]. From this point
of view, higher feed rates would result in higher F, due to
the increase of the thrust force with f observed in this study
[14, 16, 17]. Despite reports of the negative influence of the
feed rate in the delamination, this was not observed in this
study, where the samples drilled with the highest f presented
slightly smaller F,. On the other hand, a direct implication
of a higher feed rate is the shorter machining time, which
tends to reduce the maximum temperature preventing the
degradation of the matrix properties and possibly reducing
delamination [24, 29, 30]. The explanation for the observed
results is the direction of the stack drilling: since the FRP
plate was always positioned over a metallic plate, the result-
ing stiffness prevents the push-out delamination. This effect
was also observed by [18].

The influences on F,, associated with the tool type (17)
(85C and 86C) were not significant for the main effect. Then,
regardless of the drill type used, both statistically promote
the same level of damage by delamination. The feed rate (f)
and cooled compressed air (ca) did also not demonstrate sig-
nificant effects; however, higher f(0.08 mm/rev) and drilling
with cooled air tend to reduce F,.

The ANOVA pointed out some significant interaction
effects, including the interaction between the feed rate
and tool type (f x tf), whose main effect on the adjusted
delamination factor was also not significant. For the sam-
ples machined with the 85C drill, F, increased with feed
rate, while the inverse is observed with the 86C drill. These
different behaviors can be related to the different drill point
angles (118° and 130°), as they cause distinct defects due
to the effect of the different cutting thicknesses and to the
locking of the FRP plate by the aluminum plate in the
HCMS. The different geometries of the cutting tools also
affect the thrust forces and their relationship with the feed
rate, as demonstrated by [4, 13, 14]. The interaction between
feed rate and composite type (f x cf) is manifested by the
increase of F, with fin the drilling of CFRP stacks against
the decrease of Fj, when the composite material is GFRP.
This effect can be associated with chip formation, resulting
in smaller fiber and matrix plucking for GFRP than CFRP
[4]. The main explanation for the observed result is the
already-mentioned increase in stiffness caused by the lower
aluminum plate support. For GFRP, the limit is reached with
smaller loads, promoted by the lowest feed rate. The thrust
force increases with f, and thus F, increases [13].

The tool type is reported to affect the delamination in
FRP drilling; this defect can be associated with the drill
point angle, making it more susceptible to defects [12-14].
However, no significant influence was observed for the tool
type (#t) on the adjusted delamination factor, which can also
be related to the inhibited push-out delamination due to the
support of the lower aluminum plate. Nevertheless, drill-
ing GFRP with the 85C drill results in a lower F, than the
86C drill, while smaller delamination in CFRP drilling is
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achieved with the 85C drill. The ANOVA explains this effect
by the significant interaction ct X ft.

The interaction ct x jt presented a significant influence
on the adjusted delamination factor. Drilling of GFRP
joints resulted in smaller F,;, compared with CFRP joints.
The highest delamination was observed in holes drilled in
composed GFRP joints, while drilling of single GFRP joints
resulted in smaller F,. For the reasons mentioned earlier,
the highest F;, occurred during the machining CFRP in the
composite joint due to higher thrust force; on the other hand,
the lowest F 4, occurred when drilling GFRP in the simple
joint. Despite the not-significant influence of the interaction
f x jt, an increase of the adjusted delamination factor was
observed in the holes drilled with the highest feed rate in
the simple joint; on the other hand, F,, decreased with the
growth of feed rate in the machining of the composed joint.
The highest F;, value was observed in the holes drilled with
f=0.02 mm/rev in the composed joint, possibly due to burr
formation, chip flow, and adhesion of aluminum on the tool
cutting edges [4, 16, 39].

No significant influence of the use of cooled compressed
air or its interactions was identified through the analysis
of variance. However, lower delamination was observed
in holes drilled with 40 m/min and cooled compressed air.
Although not significant, there seems to be a slight ten-
dency to produce holes with smaller F 4, using cooled air
when the lower levels of feed rate and cutting speed are
used. This reduction can be related to the thermal effects
caused in the composite matrix, which may have improved
its integrity and the hole quality at low temperatures, pre-
venting fiber pull-out and contributing to lower delamina-
tion [24, 28-30, 37].

According to some studies, cooled air-assisted drilling
provides a more regular cutting operation when compared
with machining without cooled air. The cooled air probably
influenced the temperatures on the tool/composite interface,
resulting in better stability of the FRP during the cutting
process. The absence of cooled air is reported to increase
hole-wall roughness and delamination [24]. In this case, the
heat removal effectiveness in drilling (tool, material, and
chip) reduces the high-temperature effects on the matrix
and fibers [29], thus reducing delamination [28, 37]. The
smaller delamination in CFRP drilling with cooled air agrees
with the results of [9] and [35]. Hoffmann et al. [37] also
observed that drilling with cooled compressed air improves
fiber cutting due to its smaller resilience at low tempera-
tures. The cleaner fiber cutting helps prevent the pull-out
phenomenon, generating lower roughness values but increas-
ing delamination (fiber pull-out causes high cavities on the
surface). Although some of these effects have also been
observed in this work, they were not significant.

Figure 5 shows SEM images of holes 43 (simple joint
with 86C drill) and 64 (composed joint with 85C drill), with
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cooled air-assisted drilling, v, =220 m/min, and f=0.08 mm/
rev. No apparent surface defects on CFRP were observed in
the SEM analysis of hole 43, and F,,=1.12 (Fig. 5a). The
hole contour region (Fig. 5b) and the fiber cut (Fig. 5c) are
regular. Multiple defects were observed around the surface
of hole 64 (F,;,=1.24), characterized by superficial marks on
the CFRP (Fig. 5d) and in the hole border (Fig. 5e), besides
irregular fiber and matrix cut (Fig. 5f). Thus, the origins of
possible failures were characterized by the fiber rupture and
matrix degradation, which can be attributed to the forma-
tion of burrs at the exit of the upper aluminum plate and the
respective compressive load on the FRP in the composed
joints [4, 16, 39]. The plastic deformation caused by the
burr formation harms the composite [9, 34], leading to an
increase in defects [21-23]. Although the 86C drill tended
to reduce F,, this comparison was selected because the tool
type (#¢) was not significant for a 95% confidence interval.

Figure 6 presents SEM images of the exit of hole 03
(GFRP with cooled air) and hole 50 (CFRP without cooled
air) after drilling single joints with the 85C drill using HSC
and f=0.02 mm/rev. Although cooled air tends to reduce the
delamination in drilling with low cutting speed, this compar-
ison was selected due to the non-significant influence of cc
on the Fy,. An overview of hole 03 (GFRP with F;,=1.13)
presents a regular border (Fig. 6a) with no clear push-out
defects. Closer inspection indicates a regular cutting; the
distinct shape of the fibers in the hole border (Fig. 6b) evi-
dences the clean cut of the glass fibers and the stability of
the matrix during the machining of the sample (Fig. 6¢). In
contrast, the overview of hole 50 (Fig. 6d), with Fg,=1.11,
shows an irregular border, typical of moderate push-out
delamination. Despite the more regular border observed in
the inner FRP plies (Fig. 6e) when compared with hole 03,
there are signs of matrix degradation and a CFRP fiber pull-
out (Fig. 6f). The delamination results agree with data pre-
sented by other studies [7, 9, 29].

3.3 Hole-wall roughness

Table 5 presents the P-value of the main and combined
effects on the average roughness (R,) obtained by ANOVA,
with a coefficient of determination (R?) of 78.31%. The cut-
ting speed (v.), feed rate (f), and tool type were significant
for a 95% confidence interval; lower cutting speed, higher
feed rate, and the use of the 86C drill (¢ =130°) are associ-
ated with low R,. Figure 7 presents the SEM analysis of
the entrance of hole 59, machined with v,=220 m/min,
and hole 10 (v,=40 m/min), where the difference between
the quality of the holes is clear. The v, x f interaction was
significant; higher cutting speed resulted in the increase of
the average roughness for both tested feed rates, but with
f=0.08 mm/rev, the slope of the R, x v, curve was reduced,
and a smoother increase was observed. For the interaction
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Fig.5 SEM analysis of the CFRP: composite input (a), detail of the hole contour (b), and fibers from the region of greatest delamination (c) in
hole 43; composite input (d), detail of the hole contour (e), and fibers from the region of greatest delamination (f) in hole 64

2000kV  260mm

Fig.6 SEM analysis of GFRP: an overview (a) and details of the fibers on the circumference of the hole 03 exit (b, ¢). SEM analysis of CFRP:
an overview (d), details of the fibers on the circumference (e), and broken fibers of hole 50 exit (f)
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Table5 P-values for the main and combined effects for average
roughness

Main effects P-value Interaction effects P-value

Cutting speed (v,) <0.001 Cutting speed (v,) x feed <0.001
rate (f)

Feed rate (f) <0.001 Cutting speed (v,) x tool 0.002
type ()

Tool type (1) 0.008

Composite type (ct) 0.099

Joint type (jt) 0.099

R*=78.31%

between v, and tool type, R, increased with v, =220 m/min
regardless of the drill type.

The Al 2124 is a ductile aluminum alloy that forms con-
tinuous chips while machining. This tendency is potential-
ized when low feed rates are used. In the drilling process, the
removal of the long, continuous chips is often deficient, and

Fig.7 Main effects for hole wall
roughness (R,)

28 Cutting speed (v0)

Average (R;) [nm]
~
>

40 220 0.02

Bottom sheet metal

Surface with greater
9 irregularities. demonstrated by | #
grooves in the wall of hole.

/

Bottom sheet metal (¢)

Hole 10 (Entrance) — [v,=40m/min: /=0.02mmnv/rot: ac not; 86C: simple: GFRP]

Feed rate (f)

Nt

Hole 59 (entrance) — [v,=220m/min: f=0.02mm/rot; ac not; 86C: com|osed. GFRP -

these chips may block the helix channels and harm the inter-
nal surface finish of the holes. The increase of the cutting
thickness favors the formation of shorter chips, which are
more easily removed, and can be done by increasing the feed
rate and the tool point angle [14]. Higher cutting speeds are
usually related to higher temperatures, which favor long and
flexible Al chips [30]. Other studies associated high rough-
ness values with tool wear caused by the adhesion (due to
aluminum ductility) and abrasion (intensified by the hard
fibers of composite) mechanisms [20, 26, 32].

Figure 8 shows the surface characteristics analyzed by
SEM of hole 59 (v.=220 m/min and AI/GFRP/AI joint)
and hole 10 (v,=40 m/min and GFRP/ALI joint) at the
entrance on the bottom aluminum plate when drilling with
86C tool and f=0.02 mm/rev. Since the joint type was not
significant, the comparison between these holes is accept-
able. Noticeable differences in surface quality are observed
in the analysis of holes 59 and 10: the surface patterns of
hole 59 (R,=3.06 pm), characterized by larger grooves and

Main effect graph for metal roughness (R,)

Adjusted average

Composite type (c) Joint type (7)) Tool type (17) Air cooled (ca)

oy

0.08 ~ GFRP CFRP  Simple Composed  85C 86C yes 1o

Surface with less irregularities,
qualitatively less roughness.

demonstrating

Fig.8 Comparative SEM analysis of hole wall roughness and irregularities at the entrance of holes 59 and 10 on the aluminum bottom plate
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irregular points, can be qualitatively compared with hole
10 (R,=1.59 um), which presented a more cohesive and
regular surface, in agreement with the respective R, values.
The differences observed in the analysis of both holes are
possibly related to the aluminum chip flow due to the dif-
ferent joint types [16, 17].

Since the analysis was conducted in the metallic plate
(aluminum), the composite type (cf) and the joint type (jr)
were not expected to influence the hole-wall roughness.
Despite the non-significant influence on hole roughness for
the 95% confidence interval, the ANOVA indicates that both
joint type and composite type present a significant influence
for a confidence interval of 90%. Composed joints showed
higher roughness values than single joints, probably due to
the higher thickness of composed joints, which means longer
machined lengths compared with simple joints and, thus,
more friction heat generation and higher temperatures since
the analysis was performed in the bottom plate [30, 40].

3.4 Hole roundness deviation

Table 6 presents the P-values generated by the ANOVA for
hole roundness deviation (¢). For the metallic plate, only
the feed rate (f) and cutting speed (v,) presented significant
influence with a confidence interval of 90%, and the deter-
mination coefficient was 47.94%. In the composite plate,

Table 6 P-values for the main and combined effects for roundness on
metallic and composite plates

Metallic plate (1,1 Composite plate ()

Effects P-value Effects P-value

Cutting speed (v,) 0.005 Joint type (jz) <0.001

Feed rate (f) 0.038 Composite type (ct) 0.011

v xf 0.085 Jtxct 0.001
fxu 0.051
ttXxca 0.067
fxca 0.084

R*=47.94% R*=60.44%

Fig.9 Main effects for metal

joint type (j#), composite type (ct), and the combination
Jjt x ct significantly influenced the hole roundness deviation
(R?=60.44%). The non-controllable input parameters could
have affected the coefficient of determination (R?) in the
roundness measurement, affecting the results. One of these
parameters is the progress of tool wear that, despite being
monitored and well above the tool life criteria, might still
contribute to this result [20, 26].

Figure 9 presents the main effects on the roundness devia-
tion in the aluminum holes. The analysis of the significant
effects (cutting speed and feed rate) indicates a tendency to
increase 1.,y when the higher cutting speed is used and a
decrease with higher f. Despite the deviations not exceeding
25 pm, the results indicate that conditions associated with
higher heat generation (high v, low f) are prone to produce
holes with larger diameters. This effect is also observed in
the absence of cooled compressed air, indicating some influ-
ence of the thermal expansion of the aluminum, mitigated
when high £, low v, and ca are used [30]. Besides the effects
of v, and f, the composite type (ct) and cooled air (ca) on
rmetal are statistically significant for a 90% confidence inter-
val. The other main factors (joint type and tool type) were
not statistically significant for metal roundness deviation and
may have contributed to the low R>.

The main effects on the hole roundness deviation in the
composite (t,comp) are shown in Fig. 10. The composite
type (CFRP promoted an increase of 7,.,,,, joint type (com-
posed joint increased the deviation) and their interaction
(ct x jt) significantly influenced the roundness deviation in
the composite plate for the 95% confidence interval. For
the combined effects, roundness deviation increased for the
composed joint (also indicating some influence of thermal
expansion), with a more pronounced effect for the CFRP
stacks. The smaller deviations identified in the GFRP stacks
are corroborated by the cleaner cuts of the fibers (Fig. 6b).
The change in the direction of the force applied by the tool
after the drilling of the upper plate reduced the cutting sta-
bility, contributing to the buckling effects while drilling the
composite plate. This effect was not observed in the drilling
of simple joints.

hole roundness for 7, g Main effect graph for metal hole roundness (£ ,,.,,)

= Adjusted average
~

3

H Cutting speed () Feed rate (/) Composite type (cf) Joint type (4) Tool type (1)) Air cooled (ca)
&
7 0.018

«n

£
S

g 0.017

2 —"* .\o
o 0.016
2

S
=

o 0.015

8.

<

-

2 o014
< 40 220 002 008 GFRP CFRP  Simple Composed 85C  86C yes no
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Fig. 10 Main effects for com-

posite hole roundness for 7y,

o Cutting speed (v,)

=
=
S
@

62 o
S o
R S
= S

Average hole roundness (£.,,,,) [1m]

40 220 0.02

The input factors v,, f; tool type, and cooled air were not
significant for the 95% confidence interval. However, higher
roundness deviations (although not exceeding 55 pm) were
observed for HSC, even in the presence of cooled air. Both
the tool type and cooled compressed air presented signifi-
cant interactions for a confidence interval of 90%, with the
effects of fx ca, fx tt, and tt X ca, showing an almost signifi-
cant influence on the hole roundness deviation in the com-
posite material. Drilling with the smallest feed rate tested
(0.02 mm/rev) produced holes with smaller 7,,,,, when com-
bined with the cooled air, which agrees with reports that
link smaller geometric deviation and surface defects to lower
temperatures [27]. Finally, the highest z,comp values were

Feed rate (f)

Main effect graph for composite hole roundness (¢ ,,,,,)

Adjusted average

Joint type ()

Composne type (ct) Tool type (17) Air cooled (ca)

////\/

0.08 GFRP CFRP Simple  Composed 85C 86C yes " no

achieved with v, =220 m/min and f=0.02 mm/rev, possibly
due to the composite matrix damage caused by the higher
friction associated with this combination [30, 33].

3.5 Analysis of the tool condition

Both tool wear and wear types were investigated in this
study. Figure 11 presents the SEM analysis of the 85C drill.
Intense abrasive wear was observed on the tool corner, and
material adhesion was observed on the chisel edge. EDS
analysis identified metallic residues, with aluminum being
the predominant element (as expected). This adhesion may
affect the cutting performance of the tool [20, 26, 39]. SEM/

20.00 kV

26.5 mm

Fig. 11 SEM analysis of 85C drill used in FRP/Al experiments and verification with EDS
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EDS analysis of the 86C drill (Fig. 12) shows the adhesion
of aluminum on the main cutting edge and the chisel edge, as
expected. However, no significant flank wear was observed
on the tool edges. Due to the drilling direction from FRP to
aluminum, no residues of composite elements were observed
in the tested tools [3].

3.6 Additional tests

Additional tests were performed in order to better assess the
behavior of the cutting speed and compressed air in more
restrictive conditions. Most of the parameters studied in the
main study were fixed: tool type (85C), joint type (simple),
composite type (GFRP), and feed rate (f=0.02 mm/rev).
This resulted in a 2 * factorial DOE with two controllable
factors, totaling four distinct conditions: v,=220 m/min
without cooled air (OTM 1), v,=220 m/min with cooled
air (OTM 2), v.=40 m/min with cooled air (OTM 3), and

v, =40 m/min without cooled air (OTM 4). Three holes were
drilled for each condition, i.e., holes #1 to #3 (OTM 1), holes
#4 to #6 (OTM 2), holes #7 to #9 (OTM 3), and holes #10 to
#12 (OTM 4). The response variables evaluated were maxi-
mum thrust force (F}), the adjusted delamination factor (F,)
at the GFRP hole, hole-wall roughness (R,), and roundness
deviation (f,,..,) at the Al 2124 hole. Table 7 presents the
average results for each condition. The thrust force (F,) did
not show wide variation for the different conditions. This
was expected due to the fixed feed rate since this param-
eter significantly affects F,, and tool geometry remained
constant. However, slightly higher F, values were observed
with cooled air (OTM 2 and OTM 3) for both cutting speeds
tested. This effect can be attributed to compressed air pro-
ducing axial and radial loads during the drilling process
[35]. This lower temperature influence on Al 2124 enhances
the machining difficulty, increasing the forces associated
with the drilling process. This effect was also observed in

20.00kV 28.5mm

Fig. 12 SEM analysis of 86C drill used in FRP/AI experiments and verification with EDS

Table 7 Drilling parameters and

. GFRP/Al drilling GFRP Al2024
output variables
Test v, (m/min) Cooled air F (N) F comp (N) Fy, R, (pm) tnetal (HM)
OTM 1 220 No 99.3 25.39 1.103 3.52 16.3
OTM 2 220 Yes 106.4 27.02 1.093 4.16 20.4
OTM 3 40 Yes 104.8 36.78 1.055 1.53 12.5
OTM 4 40 No 93.8 35.53 1.094 1.10 10.5
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other studies [30, 39]. The thrust forces developed during
the Al plate drilling were higher than those produced in the
GFRP plate for all tested conditions. Higher cutting speeds
provided a significant reduction of F ..

OTM 1 (higher v, without cooled air) presented the
highest adjusted delamination factor (F4,=1.103) against
slightly smaller values (Fy,=1.093) observed for OTM 2
(higher v, with cooled air). More significant differences
were observed between OTM 3 (Fy,=1.055) and OTM 4
(F4,=1.094): tests performed with the lower cutting speed
showed a significant improvement with cooled compressed
air. In general, applying cooled air for both v, positively
influenced the F g, reduction, which agrees with other studies
[9, 35, 36]. In addition, the small effect of the cutting speed
on the delamination indicates the feasibility of using higher
cutting speeds without damaging the composite material.
This aspect is evidenced when holes drilled with OTM 1
and OTM 4 are compared.

Regarding the hole-wall roughness, higher R, values were
observed with higher v, as expected (OTM 1 and OTM 2).
The use of cooled compressed air resulted in higher R, for
both cutting speeds. The influence, however, was not as
strong as presented by the cutting speed. The increase in
hole-wall roughness with the use of lubricating/cooling tech-
niques was reported by [23].

Higher values of hole roundness deviation were
observed with high v, as expected and indicated in the
previous analyses. The highest roundness value (OTM 2)

was observed with cooled air-assisted drilling, with a 7, ..,

25.2% higher than without cooled air (OTM 1). Similar
results were observed for v.=40 m/min, in which the
use of cooled air resulted in an increase of 19% in the
hole roundness deviation. These effects could be attrib-
uted to process temperature, tool wear, lack of rigidity of
the fastening system, among others [1, 20, 26]. In order
to identify the best drilling condition for the GFRP/AI
joint among those tested, a weight “2” was considered for
delamination in the GFRP plate and weight “1” for thrust
force, hole-wall roughness, and roundness deviation in the
Al plate. With this criterion, the best drilling condition
was defined as the OTM 3 (v,=40 m/min with cooled
air). OTM 3 provided the lowest adjusted delamination
factor (Fy,=1.055), the second lowest average roughness
(R,=1.53 pm), and the second lowest hole roundness
deviation (#,.,; =12.5 pm). The reduction of these val-
ues directly contributes to decreasing defects expected for
composites and good levels of finish, which provide better
fixation and adjustments [1, 3, 4].

Figure 13 shows the differences in the fracture of the
GFREP fibers for the tested conditions. Considering OTM 1
(Fig. 13a), regular cuts and minor delamination on the hole’s
surface are observed in hole #3 (v,=220 m/min). Mean-
while, hole #10 (OTM 4, v, =40 m/min) shows regular fiber
cuts and preservation of the polymer matrix. This situation
points to low significant differences for both v, in the drilling
process of the GFRP/ALI simple joint. Regarding cooled air
application (Fig. 13b), regular cuts and smaller delamination
are observed on the surface of hole #5 (OTM 2, higher v,),

without cooled air with cooled air
O0TM 1 OTM 2
.8
g
S
[@\
(@l
[
Ny
OTM 4 OTM 3
R=
£
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Fig. 13 SEM analysis of the holes at the exit of the GFRP. Comparison between: a hole #3 (OTM 1) and hole #10 (OTM 4); b hole #5 (OTM 2)

and hole #7 (OTM 3)
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and hole #7 (OTM 3, lower v_) presents steady fiber cuts and
preservation of the polymer matrix.

4 Conclusions

This work investigated the influence of cooled compressed
air, associated with different cutting speeds and feed rates,
on the drilling of hybrid composite-metal stacks (HCMS)
with two different cutting tools. The study includes two stack
types (simple and composed stacks), each tested with two
different composite materials (GFRP and CFRP). The main
conclusions are pointed out as follows.

e The different composite types (glass- or carbon-fiber-
reinforced polymer) were significant for the defects
observed in the process; the use of GFRP favored smaller
delamination and hole-roundness errors.

e The joint type (simple or composite) strongly influ-
enced the delamination of composite materials. Com-
posed joints (Al/FRP/ALl) significantly enhance roundness
deviation and delamination.

e The cutting speed presented a significant influence on
the adjusted delamination factor (F,), with high v_-induc-
ing delamination.

e The use of high cutting speeds resulted in higher round-
ness deviations for the drilled holes in the aluminum
plates. However, it did not affect the roundness of the
holes in the CFRP. Even with the resulting decrease in
the dimensional quality, an IT7 dimensional tolerance
was achieved for all tested conditions, indicating that the
feasibility of using HSC for production increases when
geometric tolerances are required.

e The hole-wall roughness of the Al plate strongly
depends on the cutting speed. Thus, the use of low v,
(40 m/min) is necessary when the surface finish of the
drilled hole is required.

e Despite the increase of the thrust force and the negative
influence expected on the delamination, the use of the
high feed rate resulted in several improvements, including
smaller roughness and roundness deviation of the holes
in the Al plates. Despite the non-significant influence on
F,4,, some interactions of the feed rate did influence the
delamination. The use of higher f allowed smaller F,
for the GFRP joints and holes drilled with the 86C drill.
o Additional tests performed for clarification of the effect
of the cutting speed and cooled compressed air indi-
cate that cooled air-assisted drilling with the 85C drill
(6=118°), v.=40 m/min, and f=0.02 mm/rev produce
the best hole quality in GFRP/AI simple joint.

e The results of the additional tests indicate a stronger
influence of cooled compressed air with lower cutting

speed, with significantly smaller delamination for the
drilling of GFRP simple joint.
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