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An Experimental Study on Hole Quality
and Different Delamination Approaches
in the Drilling of CARALL, a New FML
Composite

In this study, the hole quality was investigated in the drilling of CARALL
composite. In addition, the delamination factor calculation approaches of
Chen, Davim, and Machado were compared in terms of the delamination
damage at the hole entrance surface. Chen's approach is based on the
conventional delamination factor (F,) and Davim's on the adjusted
delamination factor (Fy,). Finally, Machado's approach is based on the
minimum delamination factor (F,,;,). The values closest to the nominal hole
diameter value were obtained with the uncoated (T1), followed by the TiN-
TiAIN-coated (T2) and TiAl/TiAlSiMoCr-coated (T3) carbide drills,
respectively. The average circularity error values for the hole top and
bottom surfaces were 6.184 um, 7.647 um, and 8.959 um for Tl, T2, and
T3 tools, respectively. Delamination factor values varied between 1.174
and 1.804. The F,, values were found to be the highest, followed by F
values, with F 4, values determined as the lowest.

Keywords: Carbon reinforced aluminum laminate (CARALL), fiber metal
laminate (FML), dimensional accuracy, circularity error, delamination

factor

1. INTRODUCTION

While research on traditional carbon and glass fiber
reinforced polymer (CFRP and GFRP) composites [1-5]
and sandwich composite materials [6-10] is still
ongoing, fiber metal laminates (FMLs) have been
introduced as a new composite family in recent years in
order to meet the different mechanical property
demands of engineers. Fiber metal laminates are
composite materials consisting of alternating layers of
metal and composite bonded together using epoxy
adhesive [11]. Aramid reinforced aluminum laminate
(ARALL) and glass fiber aluminum reinforced epoxy
(GLARE), as the best known and most widely used
fiber metal laminates, have been commercialized.
However, studies on carbon fiber reinforced aluminum
laminate (CARALL) are ongoing.

During the assembly of the composite/metal
components, tens of thousands of holes must be drilled
to meet the demand for mechanical bolting or riveting.
Their assembly accuracy is critical to the flight
performance of aircraft and is highly dependent on the
quality of the machined holes [12]. The characteristics
of hole quality include hole size, circularity or
circularity error, burr formation, and surface roughness.
In the final assembly of aircraft components, high
rejection rates (up to 60%) are due to poor hole quality.
Hard work is always required to overcome these poor
hole quality problems [13-16]. Precise dimensional and
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geometric tolerances have been applied in the
machining of polymeric composite materials. However,
due to the nature of these materials, the targeted results
have not been achieved [17, 18].

On the other hand, the drilling of composite/metal
composite structures is an extremely challenging task
due to their different machinability properties [19]. The
difference in modulus of elasticity between composite
and metal causes different machining deformations.
Therefore, the diameters of different layers in the same
hole are inconsistent and the diameter deviation is often
large [20]. This causes an error in dimensional
tolerance, which complicates the assembly process [21].

On the other hand, damage due to delamination
during drilling is the main limiting factor for drilling
performance and is the most serious problem with
drilled holes that are rejected in aerospace applications.
Although there are many approaches for the analysis of
delamination damage, starting with Chen, whose
method has been improved and developed by many
researchers, there are no clear guidelines on which
method to use or which hole to accept or reject
depending on the amount of damage determined. In
addition, there is no linear relationship between the
methods used to determine delamination damage and
the drilling process variables (tool geometry and
properties, drilling parameters, drilling method and
conditions, etc.). Therefore, it is very important to use
different delamination damage measurement approaches
in evaluating the relationships between the delamination
factor and process variables. Several studies have
examined the effect of tool geometry, size, and coating
properties on hole quality and delamination damage in
the drilling of FMLs. In the drilling of GLARE, Pawar
et al. obtained holes with values smaller than the
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nominal diameter of the drill in all four different
geometries due to the elastic stresses caused by the
different elastic modulus and thermal expansion
coefficients of the drill and workpiece materials [22].
Giasin et al. investigated the effect of machining
parameters and cutting tool coating on hole quality in
the dry drilling of FMLs. In terms of average roughness
(Ra) and mean Rz roughness values as well as burr
formation, the TiN-coated tool showed the best
performance, followed by the AITiN/TiAIN- and
TiAIN-coated tools, respectively. They also concluded
that using lower feed rates and spindle speeds produced
better hole roughness regardless of tool coating
properties [23].

In another study, Giasin et al. investigated the effect
of drilling parameters, cooling technology, and fiber
orientation on hole perpendicularity error in FMLs
using minimum quantity lubrication (MQL) and
cryogenic liquid nitrogen coolants (LN,). The LN,
increased thrust forces, whereas using both MQL and
LN; coolants improved surface roughness by up to 44%
compared to dry conditions. The use of liquid nitrogen
as the coolant increased the post-drilling hardness of the
upper and lower aluminum workpiece plates by 6.5 and
9.5% [24]. Park et al. stated that, in general, the
interaction between tool hardness and feed rate was the
most important determinant of the level of damage in
the drilling of GLARE. Hard sintered carbide cutting
tools provided better surface roughness and a lower
degree of delamination than HSS-Co cutting tools [25].
Under MQL conditions, large-diameter holes were
always produced at the hole top location and small-
diameter holes at the hole bottom location. Hole
circularity was higher in the upper position compared to
the lower position and feed rate was the main factor on
hole circularity. The MQL and dry conditions produced
holes close to the nominal diameter of the drill in both
positions of the hole (hole entry and hole exit). Under
cryogenic conditions, the hole size and circularity at the
hole top location were larger than at the hole bottom
location, and the hole circularity decreased with
increased feed rate. As a result, hole circularity was
reduced by more than 70% under cryogenic conditions
compared to MQL and dry conditions [26]. Ekici et al.
investigated the effects of drilling parameters and
coating properties of cutting tools on thrust force,
surface roughness, and hole output delamination factor
in drilling CARALL composite via the hybrid gray
relational analysis-principal components analysis
(GRA-PCA) approach. In their research, the most
effective control factors for thrust force, surface
roughness, and the delamination factor were the feed
rate, with a contribution rate of 93.87%, the interaction
of coating state-cutting speed with a contribution rate of
66.504%, and the cutting tool coating properties with a
contribution rate of 29.137%, respectively. After GRA-
PCA analysis, the optimum machining parameters were
determined as 110 m/min cutting speed, 0.1 mm/rev
feed rate, and the uncoated cutting tool [27]. Boughdiri
et al. investigated the effects of machining parameters
and tool coating on cutting forces, hole quality, and
formation of harmful dust particles during the drilling of
a hybrid aerospace material (GLARE). When the feed
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rate was increased from 0.02 to 0.3 mm/rev, the thrust
and torque increased by 80% and 85%, respectively.
Although the increasing feed rate did not affect the
circularity of the drilled holes, the circularity error of
the holes increased with increasing spindle speed.
Noxious particles in the air were reduced by 50% when
drilling at a lower spindle speed compared to drilling at
a higher spindle speed [28]. Ekici et al. investigated the
effects of drilling parameters and tool geometry on
thrust force (Ft) during the drilling of CARALL. After
the experiments were carried out in accordance with the
Taguchi Ly; (33) orthogonal array, the effects of drilling
parameters and tool geometry were evaluated by
analysis of variance (ANOVA), and the most effective
parameter for thrust force was found to be the tool
geometry (84.3%) [29]. Giasin et al. used TiAIN-, TiN-,
and AITiN/TiAlN-coated carbide drills in their study
investigating the effect of cutting tool coating on hole
form and dimensional errors in the drilling of GLARE.
The researchers determined that the TiAIN-coated drills
produced the highest thrust force values, whereas the
TiN-coated drills produced the lowest number of
deviations between the hole diameters measured at the
hole entrance and hole exit. The worst hole
cylindricality was found when AITiN/TiAIN- and TiN-
coated drills were used, and the perpendicularity of all
holes deteriorated with increasing feed rate [30].
Thirukumaran et al. conducted extensive analyses of the
effect of different drill bit geometries (drill bit margins)
with various characterization techniques to minimize
delamination during the drilling of differentially stacked
GFRP-aluminum FMLs (3/2 GLARE). For machining
laminates, the results of the research supported the use
of marginless drill bits that allow precise cylindrical
holes to be obtained with high surface quality and less
delamination [31].

In their previous studies, the authors evaluated the
effects of drilling parameters and cutting tool coating
properties on thrust force, surface roughness, and the
hole output delamination factor in the drilling of
CARALL via the multi-objective optimization method
[27].

In the current study, we focused on the hole quality
(hole diameter, circularity error) and hole entrance
delamination damage. The originality of this study lies
in its determination of the drilling behavior of CARALL
composite, a new member of the FML group, and at the
same time, contrary to the damage analysis evaluations
frequently seen in the literature, in the examination of
hole entry damage. Moreover, a comparative evaluation
was carried out with the adjusted delamination factor
(F4,) and the minimum delamination factor (Fyy,) along
with the conventional delamination factor (Fy). In
addition to drilling parameters, cutting tool coating
properties were also considered. In this respect, the
findings obtained in this study will contribute to the
scientific understanding of the relationship between
drilling parameters and coating properties, hole
dimensional stability, and hole damage conditions in the
drilling of CARALL composites. It is hoped that this
study will serve as a guide for further research that leads
to increased usage of CARALL in aviation industry
applications.
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2. EXPERIMENTAL PROCEDURE

This study started with the production process of the
CARALL composite, as a newly developed member of
the FML family. Afterwards, a suitable experimental
study was carried out following the process sequence
specified in the flow diagram presented in Figure 1,
including drilling experiments, three-dimensional coor-
dinate measurements, and delamination measurements.
Thus, after the drilling process, hole quality and hole
entry surface damage of the FML composites were
comprehensively addressed in this study as important
elements in the rejection or acceptance of parts required
for assembly.

- 2_Drilling Test

' 3. Measurements

Delamination ChMM

Fd. Fda and Fdmin

Figure 1. Flow chart of experimental setup and measu-—
rements

2.1 Material and methods

The CARALL material was composed of stacked metal
(A15754 alloy) and -carbon-fiber-reinforced polymer
(CFRP) composite layers, respectively. Each CFRP plate
consisted of three layers of 245 g/m* woven carbon fiber.

In order to improve the interfacial properties of the
carbon fiber and Al alloy, first, mechanical abrasion was
applied to the AI5754 alloy with 400-mesh sandpaper,
and the surfaces were then rinsed with pure water.
Before the anodizing process, the samples were etched
in 100 g/L NaOH electrolyte at 60 °C for 6 min and
rinsed with pure water. After this process, the samples
were kept in 200 mL/HNO; at room temperature for 4
min and rinsed with distilled water. Anodizing was
carried out in 180 g/L sulfuric acid electrolyte for 15
min. After this application, the Al plates were placed in
vacuum bags and the production of CARALL was
completed in a short time (less than 60 min). As seen in
Figure 2, CARALL samples were prepared in the
dimensions of 500 x 500 x 5 mm, and consisted of
seven layers in total, including four carbon fiber layers
and three Al alloy layers, which were cured for 1 h at
125 °C under a 15-ton press.
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Figure 2. Top and cross-section view of a CARALL specimen.
2.2 Machinability tests

After the CARALL plates were produced, for the dril-ling
experiments, they were cut in 110 x 80 mm dimen-sions
using a water jet machine. Drilling experiments were
carried out under dry conditions using a Johnford VMC
850 CNC vertical machining center. In the expe—riments,
uncoated carbide drills (T1) and Signum (T2) and and
Nanofire (T3) coated carbide drills were used. The tools
had a 118° tip angle, 30° helix angle, total length of 66
mm, 6-mm diameter, and 0.4-0.6 friction coefficient. The
T2 and T3 coating specifications are given in Table 1. The
experiments were carried out at 65, 85, and 110 m/min
cutting speeds and 0.10, 0.14, and 0.20 mm/rev feed rates.

Table 1. Coating specifications of coated carbide cutting
tools

\Properties \Nanofire coated  |Signum coated
(T2) (T3)

Coating process Physmg! Vapor Physw'a! Vapor
Deposition Deposition

Color

Black violet

Bronze Copper

Multilayered nano

Layer structure Graded multilayer .
composite

Coating thickness [um] 2.0 - 4.0 3.0-5.0

INanohardness [HV

0.05] 3300 5500

Coating TiN-TiAIN TiAl/TiAlSiMoCr

Friction coefficient 0.6 0.5

Thermal stability [°C] 800 800

The dimensional accuracy of the diameters of the
drilled holes (Da) and the circularity error of the holes
(Re) are very important in terms of determining hole
quality. In this study, deviation from dimensional accu—
racy (Da) was considered as the determination of values
smaller or larger than the nominal diameter value (6.0
mm) for drilled holes.

The circularity error was considered as the deter—
mination of the waviness on the hole surface by taking
the differences between the largest and smallest radius
values measured by touching the surface of the hole
diameter from 10 points at equal angles.
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1. Start angle=0°

3.Start angle=30°

Figure 3. Measurements of Da and Re at two different depths with the probe: a) measurement points for the top and bottom
surface of the hole, b) measurement positions depending on the starting angle (A = 0° 15° and 30°

The Da and Re measurements were performed on a
COORD3 three-dimensional coordinate measuring
machine (CMM) (Fig. 3). In order to precisely deter—
mine the quality of the drilled holes, Da and Re mea—
surements were made 2 mm below the top surface of the
workpiece (the surface where the drill enters the hole,
HT) and 3.5 mm above the bottom surface of the hole
(the surface where the drill exits the hole, HB) (Fig. 3a).

For the 1st hole, the probe was first put in contact
with a point on the hole surface at the starting angle A:0°,
2 mm below the top surface of the workpiece, and Da and
the Re measurements were then completed by touching
10 points in total at 36° intervals. Next, for the same hole,
the probe was touched to a point on the hole surface at the
initial angles of A:15° and A:30°, respectively, and Da
and Re measurements were taken by touching a total of
10 points at 36° intervals (Fig. 3b).

2.3 Delamination factor

In this study, the hole entry delamination factor was
evaluated in the drilling of CARALL with coated and
uncoated carbide drills. Delamination is defined as the
separation of adjacent composite layers formed by the
development of interlaminar cracks in the material [17].
Due to crack propagation, this damage to the composite
is known to cause a great decrease in mechanical
performance [13].

The approach to the delamination factor (Fy)
presented by Chen [32], which is the most widely used
in the literature, is based on the maximum damage
diameter concentrically surrounding the circumference
of the drilled hole (Fig. 4a). The delamination factor
(Fy) is defined as the ratio of the maximum damage
diameter (D) to the nominal diameter (D) as
presented in (1).
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Fd — max (1)

Because the conventional delamination factor
(Chen's approach) does not take into account the
damaged area alone, it may not always be sufficient in
defining the delamination factor. Davim [33] stated that
crack size was not an appropriate representation of
damage size since delamination occurs in an irregular
form, with breaks and cracks at the hole entrance and
exit. Therefore, he proposed the adjusted delamination
factor (Fy,) to measure the delamination factor (Fig. 4b),
as presented in (2).

AA—d(Fdz _Fd) (2

max ~ “‘nom

Fd(l =Fd +

The adjusted delamination factor (Fg,) seems to be a
better approach for determining the delamination factor
since it also considers both the maximum crack length
and the damaged area [34]. In (2), F} is the conventional
delamination factor, A,.x is the area at the maximum
diameter (Dy,y) in the delamination region, and A, is
the area of the hole at the nominal diameter value
(Dyom)- The damage area (A4,) is the difference between
the maximum damage area (4,,,x) and the nominal hole
area (Anom)-

Although delamination factors are classified as one-
dimensional and two-dimensional in the literature,
Machado et al. focused on the preferential aspect of the
delamination factor. The researchers reported that the
focus of quantification of delamination was to evaluate
the smallest area containing all damage from drilling,
and also to determine the preferential direction of
drilling-induced delamination using the vector between
centers. The minimum delamination factor (Fyni,), has
been proposed as a new approach to measure drilling-
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induced damage [35]. In this method, which is based on
the Chen approach, the minimum diameter (Dp,)
indicating the maximum damage is determined by
shifting the maximum damage diameter from the
nominal hole diameter center (Fig. 4c). The Fyni, can be
calculated using Chen's approach, as in (3), by dividing
the minimum diameter (Dp;,) by the nominal hole
diameter (Dyom)-

D._.
Fimin = o €)

b

nom

a)

b)

c)

Figure 4. Determination of delamination factors: a)
Conventional delamination factor (Fs;), b) Adjusted
delamination factor (F4), and d) Minimum delamination
factor (Famin)
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In recent studies, researchers have used various
techniques such as light optical microscopy (LOM),
ultrasound (US), computerized tomography (CT), and
X-ray radiography to determine the damage around the
hole. However, the high cost and limited accessibility in
practice are disadvantages. Digital image processing
(DIP) is a convenient and widely used technique for
analyzing geometrical damage in CFRPs. In this study,
the steps of DIP were applied in order to determine the
delamination factors. First, image color matching (as
black and white pixels) was carried out using a gray—
scale color histogram and the image was then trimmed
to the size of 1280 x 500 pixels. In the second stage, the
area of the damage was calculated by entering the codes
in MATLAB. As a final step, since the damage caused
by drilling was correctly defined, the nominal hole
diameter and its area, and the maximum damage
diameter and its area were determined, and the Fy, Fl,,
and Fymi, values were calculated.

3. RESULTS AND DISCUSSION

Dimensional accuracy (Da) and circularity error (Re)
measurements of the holes drilled in the CARALL
composite, depending on the drilling parameters with
uncoated and coated tools, are presented in column
charts in Figures 5 and 6. A comparison of the different
approaches for calculating the delamination factor is
shown in Figure 7, and damage images are given in
Figures 8 and 10. The effects of drilling parameters and
cutting tool coating properties on the conventional
delamination factor (Fy) are presented as a column chart
in Figure 9.

3.1 Evaluation of dimensional accuracy

The deviation of the hole from its nominal size, i.e. the
deviation in the hole diameter value and the circularity
error of the hole diameter, are important for evaluating
the performance of a machined part [36]. Various
factors such as the mechanical properties, hardness,
thermal expansion coefficient, and conductivity of
materials are effective in obtaining narrow tolerance
holes [37].

Drilling in FML structures is a complex process
since it takes place simultaneously in two structures
with different properties (a combination of different
elastic, tribological, cutting, and friction properties).
The different coefficients of thermal expansion between
the combined composite and metal alloy laminate make
it more difficult to produce a consistent hole size. In
addition, the diameters at the hole entrance and exit
differ due to the forces, bending deformation, friction,
and heat to which the cutting tool is exposed during the
drilling process at the hole entrance and hole exit. For
this reason, hole diameter and circularity error
measurements were performed from the hole top surface
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(HT) and hole bottom surface (HB), as explained in
detail in Section 2.2.

A comparison of the hole diameter values measured
on the top surfaces and bottom surfaces of the holes
machined under different cutting speeds and feed rates
is presented in Figure 5.

In the experiments, the hole diameter values
obtained using a helical drill were in the range of
5.99024-6.02027 mm (Fig. 5), which are within the
tolerance limit (£0.025 mm) required for rivet and bolt
applications in the aviation industry [38]. Soo et al.
stated that, when drilling CFRP/ALI stack, holes closer to
the nominal diameter value were obtained with
increasing feed rate, whereas increasing cutting speed
increased the nominal diameter value [39]. In the
drilling of GLARE, Park et al. obtained values close to
the nominal diameter at low feed rates [25]. In general,
the results of our study for all tools and hole top and
bottom surfaces were in parallel with the findings of
Soo et al., but differed from those of Park et al.

Diameter values with the T1 uncoated carbide tool
were similar for the top and bottom surfaces of the hole,
in the range of 6.000-6.015 mm at 65 and 85 m/min
cutting speeds, whereas at 110 m/min cutting speed and
all feed rates (0.10, 0.14, and 0.20 mm/rev), the
diameter values of 5.995-6,000 mm were lower (J<6
mm) than the nominal diameter value. With the
increasing feed rate, the hole diameter values were

OUncoated (T1) ©Namofire (T2)

closer to the nominal diameter values. In terms of hole
diameter accuracy for both HT and HB, the uncoated
carbide tool (T1) outperformed both coated tools (T2
and T3) at increased cutting speed (110 m/min).

The hole diameter values were closer to the
nominal diameter with the T1 uncoated cutting tool
compared to the coated tools because T1 had a sharper
cutting edge than the other two [40]. Li et al. reported
that, in the drilling CFRP, the uncoated tool performed
closer to the nominal diameter value compared to multi-
layered TiAIN+AICrN- and TiN-coated tools and that
this did not change with the increasing number of holes
[41]. Similarly, Kim et al. reported a higher mean
diameter value with coated drills compared to uncoated
drills [42]. The performance of the uncoated tools was
followed by the performances of the T2 and T3 tools,
respectively. The second-place ranking of the T2 could
be attributed to the fact that the (TiN-TiAIN) coating
applied to this tool combined all the advantages of TiN,
TiAIN, and TiCN and also to its near-perfect fire
resistance, high toughness, and double-performance
coating of TiN. The thickness of the coating was also
lower. For all tools, lower diameter values were
obtained at the hole exit than at the hole entry. The
springback that occurs during the drilling of CFRP is
known to reduce CFRP hole diameter values [43].
Similarly, Giasin et al. also reported that the bottom
hole circularity was worse than at the top, regardless of
drill cover or drilling parameters [43].

Signum (T3)

'i:' 6.010 ] 1
& 6.003 I
a’I:E[II[II[II e T T B B
i
5903 m
3880
014 020 014 020 010 014 020
63 ] 110
a) Feed rate (mm/rev) - Cutting speed (m/min)
mUncoatz (T1)  ©mNanofire (T2) Sigmm (T3)
6.025
g 6020 I
o 6.015
2 5010
u b
8 6003

&0 6.000

65

25:995 N W Ml Nk DIEY DIE=ENi
5.990 . D14 o . m m m’ﬁ

010 014 020
a5 110

b) Feed rate (mm/rev’) - Cutting speed (m'min)

Figure 5. Effect of machining parameters on hole diameter values: a) Hole top surface (HT), b) Hole bottom surface (HB)
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3.2 Evaluation of circularity error

A comparison of the mean circularity error results
for the hole top and bottom surfaces is presented as a
column chart in Figure 6. The circularity error for all
tools was generally in the range of 2.41-12.31 pm for
HT and 4.25-17.33 um for HB. Although the circularity
error was found to increase to 33 um in the drilling of
CFRP/AI/CFRP stacks [40], these results were not
considered excessive in terms of industrial requirements
[44]. The circularity error generally increases with
increasing cutting speed. The higher vibration resulting
from increased cutting speed causes -cutting tool
instability that increases circularity error. The increased
friction exerted by the cutting tool on the hole wall at
high cutting speeds causes the circularity of the hole to
deteriorate [45]. With increasing feed rate, the
circularity error always increased when the coated tools
(T2 and T3) were used and generally increased with the
uncoated tool (T1). With the increase in feed rate, faster
penetration of the tool into the workpiece increases the
uncut chip thickness [46], thus increasing vibrations and
causing higher hole diameter circularity error [47]. The
maximum circularity error (17.33 um) was obtained in
HB with T2 at medium feed rate and high cutting speed.
Ameur et al. reported that the cylindrical error of the
holes could be reduced by applying a low cutting speed
and high feed rate [48]. The mean circularity error for
HT and HB was 6.184, 7.647, and 8.959 um for T1, T2,
and T3, whereas the maximum circularity error was

11.186, 13.822, and 17.333 um, respectively. The
lowest circularity error value for the HT was obtained
with the T2 tool at the lowest feed rate and cutting
speed, and for the HB, with the T1 tool under these
same drilling conditions.

3.3 Evaluation of delamination factor

During the drilling of CFRP components,
delamination (called “peel-up”) occurs when the drill
enters the composite hole. “Push-out” delamination
occurs at the hole exit and is considered an irreparable
type of damage [49]. In their previous study, the authors
investigated exit delamination caused by the effect of
thrust force [27]. However, in order to improve the
service performance of the material, it is also necessary
to evaluate and minimize the entrance delamination.
Peel-up delamination in FML is similar to the
delamination mechanism seen in single-fiber-reinforced
polymer laminates (FRPs) [50].

The peel-up delamination, which occurs as a result
of the thrust force, pulls the material into the helix
cavity/spiral of the drill, causing the upper layers to be
pulled out and, as a result, the bonds between the layers
are broken [51]. Peel-up delamination, which starts
when the drill first comes in contact with the workpiece,
is related to flute shape, helical angle, and drilling
torque. The CARALL composite material has a layered
structure with an upper CFRP layer that continues with
a 0.5-mm Al layer underneath.

OUncoated (T1) ©ONanofire (T2) Sigmum (T3)
0.020
g, 0.013
£
E 0010 ——-—-——fFg-———- - e e it
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8 i
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010 014 020 010 014 020 010 014 020
63 83 110
) Feed rate (mm/rev) - Cutting speed (m/min)
O Uncoated (T1) @ Nanofire (T2) Sigmum (T3)
0.020 I
g 0.015 [ [ I
£
E 0.010 ———- l ———————— Tl T = 5
2 v [
3
= 0.003 ] [ ﬂ [ ’*‘ ﬂ ﬂ
=]
2 b
0.000
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Figure 6. Effect of machining parameters on circularity error: a) Hole top surface (HT), b) Hole bottom surface (HB)
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Delamination occurs in the top CFRP layer that the
drill first comes in contact with at the beginning of the
drilling process. Figure 7 presents the results of the
delamination factor (Df), calculated using different
approaches, that occurred on the hole entrance surface
after drilling CARALL using uncoated and coated tools.
The Df values ranged from 1.174 to 1.804 when drilling
CARALL composites with coated and uncoated tools
under different machining conditions (Fig. 7).

Among all the delamination factor approaches, the
adjusted delamination factor (F,,) values were the hig—
hest, followed by the conventional delamination factor
(Fy), with the minimum delamination factor (F,;,) as
the lowest. All three Df values are close to each other
for the T1 coded tools.

The difference between all three Df values for the
Nanofire coated tool (T2) widened, whereas the Df values
increased significantly for all three delamination appro-
aches depending on the drilling parameters (Fig. 7). The T3
(Signum) coated tool compared to the T2 (Nanofire) co-
ated tool provided a decrease in Df values with all three
methods. The F; and F,,,;, values were very close under the
drilling conditions indicated by the circle in Figure 7.

The delamination damage was generally symmet—
rical around the hole under all experimental conditions
in this study. The closest results for all three approaches
used in the determination of Df in this study (repre—
sented by the downward red arrow) were obtained with
the T1 uncoated carbide cutting tool, at a cutting speed
of 110 m/min and feed rate of 0.14 mm/rev, as shown in
the damage image presented in Figure 8a.

The results with the highest difference among all three
methods for Df (represented by the upward red arrow)
were obtained with the T2 (Nanofire) coated tool at a cut—
ting speed of 65 m/min and a feed rate of 0.2 mm/rev, as
seen in the damage image in Figure 8b. In cases where the
damage was symmetrical and close to the hole axis, close
results were obtained for F;, and F,,;, values, whereas the
difference between F,; and F, values increased where the
damage was irregular with respect to the hole axis.

The graph based on the conventional Df calculation
was used to examine the effects of drilling parameters
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and coating properties in detail (Fig. 9). The effects of
drilling parameters were similar for all three methods
used in the evaluation of Df.

Figure 8. Damage images with minimum difference and
maximum difference in Df for all three methods: a)
Minimum (T1 tool, V = 110 m/min, f = 0.14 mm/rev), b)
Maximum (T2 tool, V = 65 m/min, f = 0.2 mm/rev)

Park et al. stated that increasing the feed rate
increased the thrust force because of higher friction on
the hole surface [25]. In the literature, increasing feed
rate has been shown as the main cause of delamination
[22, 52-54] and of increases in the volume of chip
removed per unit time. As with the studies in the
literature, the increased feed rate in the drilling of
CARALL resulted in higher delamination damage [30,
36, 52, 55-57]. In addition, it has been reported that
delamination damage is not only related to thrust force,
but also to workpiece hardness [52]. No linear effect of
cutting speed on Df was observed. As the cutting speed
increased, the cutting zone and tool temperature
increased in parallel. However, the increase in cutting
tool temperature had no significant effect on the
formation of delamination damage [58]. It has been
confirmed in the literature that the cutting speed is less
effective than the feed rate [59, 60]. The Signum coated
(T3) cutting tool produced the lowest Df values at low
and medium cutting speeds and all feed rate conditions.
In general, compared to the T2 and T3 tools, the T1 tool
performed better for Df at increasing cutting speeds
(excluding values for the highest feed rate and cutting
speed).

VOL. 49, No 4, 2021 = 957



Uncoated (T1) MNeanofire (T2) Signum (T3)

o 18 .
a 17 T 1
516
g 15 :[ [ T 1
514 i : [ kI
2 T 1 I
P e L T S IR Rl
i 1 i e
A 11

1

010 014 020 020

014 020 010 014 020
835 110

Feed rate (mm rev) - Cutting speed (m/min}

Figure 9. Effect of drilling parameters and coating properties on the delamination factor

When the drilling conditions of high cutting speed
and feed rate were ignored, the highest Df value (Dfx
= 1.707) was obtained with the Nanofire coated (T2)
tool, 85 m/min cutting speed, and 0.2 mm/rev feed rate
(Fig. 10a); the lowest Df value (Dfy,;, = 1.174) was
obtained with the uncoated T1 tool at a cutting speed of
110 m/min and a feed rate of 0.14 mm/rev (Fig. 10b).

Dfmin=1.1741

Figure 10. Drilling conditions for the lowest and highest Df
and Df images: a) Maximum Df (T2 tool, V = 85m/min, f = 0.2
mm/rev), b) Minimum Df (T1 tool, V = 110 m/min, f = 0.14
mm/rev)

When evaluated in terms of all approaches, in the
experiments performed in triplicate under different
drilling conditions where none or very minimal cutting
tool wear was observed , the coated tools did not yield a
significant effect on Df. It was assumed that Df could be
evaluated depending on the number of holes in order to
reveal the effect of the cutting tool coating.

4. CONCLUSIONS

The results obtained in terms of the hole quality and
entry delamination factor after drilling CARALL com—
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posites with coated and uncoated carbide tools are pre—
sented below.

e In general, for all cutting tools, with increasing feed
rate, values closer to the nominal hole diameter value
were obtained for the hole top and bottom surfaces. In
both HT and HB, in terms of hole diameter dimensional
accuracy, the T1 cutting tool outperformed both coated
cutting tools (T2 and T3) at increasing cutting speed
(110 m/min).

o The values closest to the nominal hole diameter
value were obtained with the uncoated, followed by the
TiN-TiAlN-coated and  TiAl/TiAlSiMoCr-coated
carbide drills, respectively. Lower diameter values were
obtained at the hole exit compared to the hole entry in
drilling with all tools.

e Although the circularity error values were generally
in the range of 2.41-12.31 pum for HT, they were
between 4.25 and 17.33 um for HB.

e The circularity error generally increased with
increasing cutting speed. The circularity error always
increased with increasing feed rate in the coated carbide
tools and generally increased with the uncoated carbide
tool.

e When compared in terms of coating properties, the
lowest delamination damage was obtained with the
uncoated tool.

e The delamination factor was in the range of 1.174-
1.804. Among all delamination factor approaches, the
adjusted delamination factor (Fy,) values were the
highest, followed by the conventional delamination
factor (Fy), with the minimum delamination factor
(Fgmin) as the lowest.

e When evaluated in terms of all approaches, in the
experiments performed in triplicate under different
drilling conditions where none or very minimal cutting
tool wear was observed, the coated tools did not yield a
significant effect on Df.

e In the drilling of CARALL, increased feed rate
increased the thrust, resulting in higher delamination
damage. No linear effect of cutting speed on the
delamination factor was observed.

As a continuation of this study, our future research
will investigate the effect of CARALL material
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structure (fiber orientation) on the machinability
properties in detail. We will use image processing
method effectively in the evaluation of the delamination
factor. Finally, we will also examine CARALL's
response to nontraditional machining methods.
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EKCIHEPUMEHTAJIHO ITIPOYYABAIGE
KBAJIUTETA PYIIE U PASJIMUUTUX
MNPUCTYHA JEJAMHUHAIINIJA KO BYHIEIBA
HOBOI' CARALL FML KOMIIO3UTA

E. Exuun, AP. Motopuny, E. Junaupum

HUctpaxyje ce kBamuter pyne koa Oymema CARALL
KomIo3uta. V3BpuieHo je nopehewme y u3pauyHaBamwy
(axTopa neraMuHaIMje Tpojulle ayropa, Yena, [laBuma
n Mauana, ¢ acriekta omrehema ox neramMuHanyje Ha
yJla3HOj MOBPLIMHY pyre. YeHoB npucTyn ce 6azupa Ha
KOHBEHIIMOHATHOM  ¢akTopy  aenamuHammje  (Fy),
HasumoB Ha mogemenoM (akropy aenamuHamje (Fy,),
a MagamoB Ha MHHAMAIHOM ()aKTOpy IeTaMHHAIH]E
(Fiin)- BpenHoctu HajOnMke HOMHHAIHO] BPEIHOCTH
MpeYHHKa pyme no0ujeHe cy kKopumhemeM Oymminia
on kapouma 6e3 mpesnake (T1), ca mpeBmakom TiN-
TiAIN-coated (T2) u ca npenakom TiAl/TiAlSiMoCr-
coated (T3). BpeanocTu mnpocedHe rpemike KpyKHOCTH
cy Oune 6,184; 7,647 u 8,959 um 3a T1 ogrocHOo T2
onHocHo T3. Bpeanoctu (¢akTopa nenaMuHanuje
KpeTaie ¢y ce y pacrony on 1,174 no 1,804. Hajsehe
BpenHOCTH je uMmao ¢akrop Fg,, 3atum Fy a Hajmame
dein,
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