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Mechanical drilling has been frequently used for hole making of hybrid CFRP/Ti stacks in order to ensure
excellent fastening assembly. Owing to their inhomogeneous behavior and poor machinability, drilling
CFRP/Ti stacks in one-shot time has brought great challenges to the modern manufacturing community.
Compared to the previous studies on drilling CFRP/Ti, this paper aims to highlight the following aspects:
(i) the features of tool-work interaction and machinability classification in the bi-material drilling, (ii) the
influences of different cutting sequences on CFRP/Ti drilling responses, and (iii) the effects of different
tool geometries/materials on CFRP/Ti drilling performance. The experimental results have shown that
the drill geometrical features, which ensure the cutting contacts of the stack combination, have a more
significant effect on CFRP/Ti drilling output than tool material composition. The Ti — CFRP drilling strat-
egy promotes higher quality of the machined hole surfaces (e.g., more consistent hole diameters and
much better surface finish) with lower Ti burr extents, while the CFRP — Ti drilling strategy reduces only
the induced delamination. The experiments discussed in this paper allow besides several recommenda-
tions for the cutting sequence selection and drill geometrical design when drilling hybrid CFRP/Ti stacks.

1. Introduction

Hybrid CFRP/Ti stack is an advanced composite structure that
has been widely used in modern aerospace industry due to its
superior mechanical/physical properties and excellent structural
functions including high strength-to-weight ratio, good corro-
sion/erosion resistance, high design flexibility, etc. The bi-
material assembly which consists of two disparate constituents, i.
e., carbon fiber reinforced polymer (CFRP) and Ti alloy, can provide
combined structural advantages of each stacked phase while their
individual weaknesses are significantly avoided [1]. For example,
the Ti alloy has good strength-to-weight ratio, high fracture resis-
tance, isotropic behavior, and exhibits good reparability [2-4],
while the CFRP composite shows high specific stiffness, superior
corrosion resistance, and excellent fatigue strength [5,6]. The com-
bination of the metal-to-composite alliance in a hybrid composite
structure typically overcomes the lack of fatigue strength and cor-
rosion resistance of metals, and avoids the shortcoming of low
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bearing/impact strength and reparable problem of composites
[7.8].

The emergence of such hybrid composite stack has greatly rev-
olutionized the conventional material distribution in modern com-
mercial aircraft. Owing to its inherent advantages, the hybrid CFRP/
Ti stack has gradually substituted conventional standard CFRP
applications and single Ti alloy applications in various aerospace
fields. Currently, many giant aircraft manufacturers including Air-
bus and Boeing are widely employing this multi-phase material in
new generation commercial aircraft to produce competitive struc-
tural components (e.g., fuselages, skin segments and wing connec-
tions) that favor energy saving and benefit system performance
improvement. More noteworthy, such an increasing trend is still
expected to grow in the next one or two decades.

To satisfy the industrial applications, millions of holes are
needed to be drilled out in the stacked materials for assembly pur-
pose [9,10]. However, this bi-material system is problematic for
drilling operations and is often classified as a difficult-to-cut mate-
rial as reported by Xu et al. [1] in their review work on drilling of
hybrid composite stacks. The key causes can be attributed to the
disparate properties of the stacked constituents and their respec-
tively poor machinability. During drilling, the problems of severe
hole damage including the irreparable delamination in the
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Nomenclature

CFRP — Ti drilling strategy from CFRP phase to Ti phase
D drill diameter

Dimax maximum diameter of the delamination area
Dyom nominal hole diameter

f feed rate

Fq one-dimensional delamination factor

F, thrust force

L total length of drill main cutting edge

Liool-crrp drill edge segment length of tool-CFRP interaction

Liooti  drill edge segment length of tool-Ti interaction
Mcrrp machinability of pure CFRP phase drilling
Mcrrpri machinability of stacked CFRP/Ti interface drilling

M7 machinability of pure Ti phase drilling

n spindle speed

R, arithmetic mean roughness

Rq root mean squared roughness

R, ten point mean roughness

T torque

Ti — CFRP drilling strategy from Ti phase to CFRP phase
tm multi-tool-work interaction time

Ve cutting speed

V] drill helix angle

D hole diameter

®.crrp hole exit diameter of CFRP phase
Do i hole exit diameter of Ti phase
Dom nominal drill diameter

@, crrp hole onset diameter of CFRP phase
Do 1i hole onset diameter of Ti phase
¢ drill point angle

n tool-work interaction ratio

na ratio of Ligoj-crrp t0 L

1B ratio of Ligoti to L

Abbreviations

CFRP carbon fiber reinforced polymer
CMM coordinate measuring machine
CTF critical thrust force

MFD multifaceted drill

TEC thermal expansion coefficient
Ti titanium

composite phase and Ti burrs in the metallic phase always prevail
in the material removal process and account for a large number of
part rejections. Besides, the rapid tool wear progression and pre-
mature tool failure are also a key source of increased machining
costs. Specifically, it is estimated that the reasons for the majority
of the rejected parts are the use of improper cutting parameters,
non-optimal drill bits and unfavorable cutting environments [1].
Additionally, in hybrid CFRP/Ti stack drilling, typically two dif-
ferent cutting sequence strategies, i.e., drilling from CFRP — Ti and
from Ti — CFRP, exist from the aspect of tool entry and tool exit
throughout the chip removal process. To improve the machinabil-
ity of the bi-material system, a careful selection of cutting
sequence strategy is of great importance. Through one previous lit-
erature survey [1], it was understood that most scholars [9-12]
have believed that the CFRP — Ti cutting sequence is often a rea-
sonable and efficient strategy for minimizing the severe hole dam-
age when vertical drilling of the bi-material system. Their key
supporting arguments were that in such drilling sequence, a lower
extent of exit delamination damage can be achieved due to the
supporting role of the bottom Ti alloy in preventing laminate
deflection and limiting the workpiece dynamics [1,9]. Further, an
analytical model proposed by Qi et al. [13] for drilling FRP/metal
stacks also confirmed that the FRP — metal drilling sequence usu-
ally yields a higher CTF (critical thrust force) value than that
obtained in the metal —» FRP drilling sequence, i.e., the FRP —
metal drilling can promote a lower delamination extent as com-
pared to its counterpart one. However, this drilling sequence itself
has several inherent disadvantages. For instance, it will inevitably
result in the serious difficulty of Ti chip evacuation while drilling
the bottom Ti phase. Since hot, long and spiral features usually
characterize the drilled-out Ti chips, it will cause severe abra-
sion/erosion actions on the machined CFRP phase and greatly dete-
riorate the hole quality. Moreover, the spiral Ti chips can easily
entangle themselves with the drill margins, and cause premature
tool failures like micro chipping or edge fracture. In contrast, the
Ti — CFRP drilling sequence is capable of promoting efficient Ti
chip ejection and quick heat dissipation due to the short chip evac-
uation length involved in drilling. However, this drilling sequence
is likely to induce a higher extent of delamination damage of
the composite phase. To date, the majority of the previous work
[9-12,14,15] concerning drilling hybrid CFRP/Ti stacks was

performed solely using the CFRP — Ti drilling sequence. A compar-
ative study to clarify the different benefits between the two cutting
sequences in drilling has not yet been reported in the open
literature.

With respect to the current research advances, a large amount
of experimental work has been performed in the past few decades
in order to improve the machinability of hybrid CFRP/Ti stacks
through the use of superior tool materials [9,10,14,16,17], optimal
tool geometries [11,18,19] or favorable cutting environments
[18,20,21]. At present, the main research hotspots of hybrid com-
posite drilling as surveyed in one recent review work [1] are to
(i) investigate the parametric effects on various drilling responses
(drilling force, hole quality, etc.), (ii) evaluate different tool perfor-
mances, and (iii) reveal the tool wear mechanisms and tool failure
modes governing the bi-material drilling. In spite of the well-
performed studies, the pertinent research work regarding the
aforementioned issues, e.g., machinability classification of hybrid
CFRP/Ti stacks and the influences of different cutting sequence
strategies on drilling, is still rarely reported.

Based on these incentives, this paper aims to carry out a series of
experimental studies on drilling hybrid CFRP/Ti stacks by adopting
different tool geometries/materials and drilling sequence strate-
gies. The key objectives of present work are to reveal the machin-
ability classification of the bi-material system through the force
signal inspection, and clarify the relative effects of cutting parame-
ters and tool geometries/materials on the bi-material drilling. A
special focus was made on the evaluation of different tool perfor-
mances and on the investigation of different cutting sequences’
influences on drilling output. The fundamental machining
responses including drilling forces, machined hole quality (e.g., sur-
face roughness, hole diameter, and roundness error) and drilling-
induced damage (e.g., delamination extent, and burr defect) were
precisely addressed versus the utilized cutting conditions.

2. Experimental procedures and drilling design
2.1. CFRP/Ti workpiece details

The studied hybrid CFRP/Ti specimen was provided by VN Com-
posites Company in France, consisting of one annealed Ti6Al4V



Table 1
Chemical composition of Ti6Al4V alloy.

C Fe N 0 Al \Y Ti
Content (wt.%) <0.08 <0.25 <0.05 0.2 55-6.76 3.5-4.5 Balance

alloy and one T300/914 CFRP laminate (60 % fiber volume fraction)
subjected to the stacking sequence of [45°/—45°/0°/90°];. Each
stacked phase has 4 mm thickness and the entire CFRP/Ti specimen
has the total dimensions of 254 mm (length) x 34.5 mm (width) x
8 mm (thickness). The nominal chemical composition of the
stacked Ti6Al4V alloy and the basic mechanical/physical properties
of the used hybrid CFRP/Ti stack are summarized in Tables 1 and 2,
respectively.

2.2. Drill bit information

For drilling trials, two types of standard twist drills (ISO
references: 452.1-0635-044A0-CM H10F and R846-0635-50-A1A
1220) with the identical cutting diameter of 6.35 mm, provided
by Sandvik Coromant, France, were adopted for the hole making,
as shown in Fig. 1. The first drill bit designated by drill A is an
uncoated solid carbide tool with two main cutting edges, a short
0.11 mm-length chisel edge, a small helix angle (/) of 20° and a
point angle (¢) of 135°. In contrast, the second drill bit designated
by drill B is a PVD TiAlN-coated carbide twist drill manufactured
with two flutes, a long 0.22 mm-length chisel edge, a large helix

Table 2

angle (1) of 27.2° and a point angle (¢) of 140°. The TiAIN coating
can provide superior wear resistance and stable high hardness to
cope with the harsh cutting conditions developed in the CFRP/Ti
drilling process.

2.3. Selection of cutting parameters

Through the literature survey, it is reported that the optimal
cutting conditions for drilling composites are high cutting speed
(150 - 200 m/min) and low feed rate (0.01 - 0.05 mm/rev)
[21,22], while for Ti alloy machining, low cutting speed (10 -
30 m/min) and positive feed rate (0.05 - 0.1 mm/rev) are recom-
mended [9,23]. As such, it leads to a compromise selection of the
cutting parameters that often give rise to the serious undesirable
drilling consequences (e.g., high force/heat generation, poor hole
quality and severe tool wear) [1,10]. Moreover, since the Ti phase
drilling usually causes the biggest problems, the cutting parame-
ters used for drilling CFRP/Ti were selected to match those for
the difficult-to-drill Ti6AI4V alloy. Based on this selection criterion,
the cutting parameters given in Table 3 were adopted for the dril-
ling trials.

2.4. Experimental setup and on-site measurement

The drilling trials of hybrid CFRP/Ti stacks were performed on a
high speed, five-axis CNC machining center DMU 60 monoBLOCK
under the dry cutting conditions. The basic experimental setup of
the drilling work is shown in Fig. 2, in which the hybrid CFRP/Ti
specimen was clamped by a fixture from the top side during

Basic mechanical properties and configuration of the studied hybrid CFRP/Ti6Al4V specimen.

Hybrid CFRP/Ti specimen

Ti6Al4V alloy

T300/914 CFRP

Tensile strength (o) 90 - 1160 MPa
Elongation (§) 8%

Density (p) 4430 kg/m>
Young’s modulus (E) 113 GPa
Poisson’s ratio (v) 0.342

Thermal expansion coefficient (o) 9.1 x 107°6°C!
Thermal conductivity (1) 7.0 W/(m-°C)
Specific heat (c,) 546 J/(kg-°C)

Basic configuration of the studied hybrid CFRP/Ti stack

Longitudinal modulus (E;) 136.6 GPa
Transverse modulus (E,) 9.6 GPa
In-plane shear modulus (Gy3) 5.2 GPa

Major Poisson’s ratio (v12) 0.29

Longitudinal tensile strength (Xr) 1500 MPa
Longitudinal compressive strength (Xc) 900 MPa
Transverse tensile strength (Yr) 27 MPa
Transverse compressive strength (Yc) 200 MPa

-

Fig. 1. Micrographs showing the drill-tip zones for the used drill bits (x 30): (a) drill A (uncoated solid carbide drill bit) and (b) drill B (PVD TiAIN-coated drill bit).



Table 3
Adopted cutting parameters for hybrid CFRP/Ti stack drilling.

Cutting parameter Level 1 Level 2 Level 3 Level4 Level5
Cutting speed, v, (m/min) 15 30 45 60 —
Feed rate, f (mm/rev) 0.03 0.06 0.09 0.12 0.15

drilling. The entire fixture was firmly mounted on a piezoelectric
Kistler dynamometer (type 9271A) for measuring the generated
thrust force (F,) and torque (T) signals in chip removal process. A
multichannel charge amplifier (type 5019A130) connected to a
data acquisition board was utilized to convert the drilling signals
into voltage signals. Afterward, the LabVIEW Signal Express soft-
ware (National Instruments, USA) was employed to plot the
recorded data and calculate the average values of the force signals.
Note that in the drilling operation, two different cutting sequence
strategies were also implemented throughout the experimental

investigations. The used cutting conditions for hybrid CFRP/Ti dril-
ling with respect to the adopted cutting sequence strategies and
applied drill bits are summarized in Table 4.

2.5. Post-treatment analysis

After the experimental completion, hole dimensional features
including hole diameter and roundness error were measured on
a Mitutoyo BHN506 Coordinate Measuring Machine (CMM) with
the use of a steel-made ruby roll of 1 mm tip radius (type A-
5000-7806) at various locations, as shown in Fig. 3. The measure-
ment was made separately on each stacked layer. For each stacked
phase, two measurements were performed on the hole sides with
1 mm from hole onset and 1 mm from hole exit, which were
respectively marked as &, and @..

For surface finish evaluation, the most-used surface roughness
indicators (R, - arithmetic mean roughness, R; - root mean

Fig. 2. Experimental setup for drilling hybrid CFRP/Ti stacks (CFRP — Ti drilling sequence).

Table 4
Summary of the test number and used cutting conditions for CFRP/Ti drilling.
Drilling trial
Test No. Cutting speed, v, (m/min) Spindle speed, n (rpm) Feed rate, f (mm/rev) Cutting sequence and drill bit
1-5 15 752 0.03, 0.06 CFRP — Ti (@ 6.35 mm)
6-10 30 1504 0.09, 0.12 and 0.15 Drill A and drill B
ol p 2256 o
16 - 20 60 3008 m
1-5 15 752 0.03, 0.06 Ti —» CFRP (& 6.35 mm)
6-10 30 1504 0.09, 0.12 and 0.15 Drill B (TiAIN coating)
11-15 45 2256 m
16 - 20 60 3008
Scheme of the drilled hole distribution in the hybrid CFRP/Ti specimen
12.35
b 6.35 mm ; mﬂz
it 990 5 0-0-0-0-0-00 09000000066
i . 5
X000 000-0-0-0-00000-0-0-0-0-0 0 -
" 1 N
0000 00-0-0-0-00000-0-0-0-0-00

Drill B
Drill A
Drill B
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o

Hole entry

Hole exit

VLLLLLLLLLLANN AN AN

Fig. 4. Process setup of the surface roughness measurement for drilled CFRP/Ti holes.

squared roughness, and R, - ten point mean roughness) were
adopted for all drilled holes. The surface roughness measurement
was made on each material layer by using the Hommel Wave sur-
face profilometer with a diamond stylus of 2 pm tip radius and a
cut-off length of 0.8 mm, as shown in Fig. 4. A total evaluation
length of 3 mm was set in the built-in software of the surface
profilometer for each hole surface of stacked layers along the
drilling direction.

The resected chip type and exit hole edge morphology of each
stacked phase were recorded by using the Nikon tool maker’s
SMZ-2T microscope with the magnifications ranging from x
10 to x 120. Afterward, the drilling-induced damage (delamination
defect and burr width) was measured by the help of the built-in
software (OmniMet Images & Measures, Buehler”, USA) linked to
the SMZ-2T microscope. Each measurement was repeated three
times under the identical conditions so as to get reliable results.

3. Results and discussion
3.1. Drilling process and force signal characterization

The drilling force signals developed in function of cutting time
can be utilized as an effective method to monitor the status of
the on-site tool-work interaction. In hybrid CFRP/Ti stack drilling,
the most complicated cutting stage usually takes place in the bi-
material interface (aka “CFRP-to-Ti” contact boundary) due to the
occurrence of the coupled composite-metal drilling process.
Fig. 5 shows the scheme of the drill tip position involved in the
CFRP/Ti interface drilling under the cutting sequence of CFRP —

Drij

1] adva"cement

N

L tool-CFRP
Interface

woiti [l

Fig. 5. Scheme of the drill tip position involved in CFRP/Ti interface drilling
(CFRP — Ti cutting sequence).

Ti, in which the drill main cutting edge is simplified as a straight
line for easy interpretation. As can be seen from this figure, when
the drill tip initially attacks the interface zone, the previous pure
tool-CFRP interaction is gradually transformed into a multi-tool-
work interaction.

The drill main cutting edge is then separated into two key seg-
ments that are responsible for tool-CFRP interaction and tool-Ti
interaction, respectively. Considering that the total length of the
drill main cutting edge is L, the corresponding edge segments for
tool-CFRP interaction and tool-Ti interaction can be designated as
Lioor-crrp and Leoor1i, Tespectively. Besides, the ratios of the seg-
ments of the tool-work interactions (Lioor.crrp and Liool-ti) to the



total drill main cutting edge length (L) can be respectively defined
as follows.

Ltool—
= toolLCFRP c [07 ” (1)

5= Lto;f—ﬂ (2)
where 774 = 0 and 7 = 0 indicate the inexistence of tool-CFRP inter-
action and tool-Ti interaction, respectively; #4 = 1 and #p = 1 signify
the full tool-CFRP interaction and full tool-Ti interaction,
respectively.

With the ongoing drilling advancement, both 74 and #g values
change dynamically within the interval range of # € [0, 1], greatly
dependent on the implemented drilling sequences. During the
interface cutting, the combined chip separation modes including
brittle fracture and elastic-plastic deformation should simultane-
ously take place along the main cutting edges and then result in
the coupled CFRP chip and Ti chip formation. Moreover, the total
cutting time (t,;,) governing the interface drilling can be roughly
estimated through the following equation [1].

¢
cotz

e, 1

3)

. D
" 2nf
where D is the used drill diameter; ¢ is drill point angle; n and f are
spindle speed and feed rate, respectively. As shown in this equation,
drill point angle (¢) has a negative impact on the interface drilling
duration (t,,), i.e., an increased ¢ commonly reduces the t,;, duration.
Considering the one-shot drilling cycle of hybrid CFRP/Ti stack
machining, the total drilling process can be specified in terms of
tool-work interaction ratio (#) versus the cutting time (t) from
the aspects of hole entry and hole exit, as shown schematically
in Fig. 6. Note that in Fig. 6, L; and L, represent the individual
workpiece thickness of the CFRP phase and Ti phase, respectively;
t1-ts are the representative time frames of different cutting stages
involved in CFRP/Ti drilling and can be defined as follows.

D ¢
t] W COtE
t o
2 n

D
ty | = | H+ 52 coty .,(LI,LZ >§cot%> (4)
ty Li+lp
nf

ts

Ly +L; D ¢
e+ o COL5

Steady drilling process

As depicted in Fig. 6, when the drill tip initially penetrates into
the CFRP phase, the 174 parameter experiences a quick elevation
through the drilling duration of t € [0, t;], which signifies the grad-
ual engagement of the pure tool-CFRP interaction. With the tool
advancement, particularly when the drill cutting edges are fully
involved in the CFRP phase machining (stage b - c), the 17, param-
eter maintains the maximum value of 1 until the drill tip cuts into
the interface zone. Since in such drilling status, the » equal to 1
indicates the full tool-CFRP interaction, the cutting stage b - ¢
can be considered as a steady drilling process due to the full
engagement of tool cutting edges in drilling. After the completion
of the pure tool-CFRP interaction (¢t € [0, t;]), the drill edges are
gradually involved in the interface cutting, in which the #z param-
eter increases gradually from zero while the #,4 parameter suffers a
decreasing trend. The phenomena indicate the occurrence of the
multi-tool-work interaction dominating the chip separation pro-
cess. In such circumstance, the drill cutting edges should undergo
a coupled composite-metal chip removal mode and result in the
combined “powdery”-like and “continuous”-like chip formation.
Since the 1,4 and 775 parameters vary dynamically with cutting time,
the cutting edges will inevitably experience a severe transition of
drilling-induced mechanical/thermal responses. For instance, the
disparate machinability behaviors of the CFRP and Ti phases will
induce different levels of force generation and cutting temperature,
and hence result in the uneven stress/heat distribution on the drill
cutting edges, which may cause the instability of the drilling pro-
cess and initiate serious tool catastrophic failure. Since in such dril-
ling stage, the main cutting edges experience a combined CFRP/Ti
material removal process, the cutting duration of t € [t;, t3] (aka
cutting stage ¢ - d) in reality can reflect the machinability of the
stacked CFRP/Ti interface drilling (Mcggrpsri). Moreover, when the
drill edges completely cut into the Ti phase, the previous multi-
tool-work interaction is eventually transformed into the pure
tool-Ti interaction. And elastic-plastic deformation then acts as a
predominant chip separation mode governing the hybrid compos-
ite stack drilling. In such case, the 7 parameter keeps a constant
maximum value of 1 and the drilling stage d - e (t € [t3, t4]) can
be identified as a steady cutting process as shown in Fig. 6. Finally,
when the drill tip penetrates into the exit boundary of the Ti phase,
the pure tool-Ti interaction ratio (# parameter) decreases quickly
into zero until the completion of the drilling operation. The drilling
stage d - fthen reflects the machinability of the individual Ti phase
(Mr).

Steady drilling process

S

Ti6Al4V

n
Interface machining s

Pure CFRP drilling (Mormpt)  Pure Ti drilling |

_ (Mcpre) 1 1 (M) 1 1
| Steady drilling Steady drilling -
. process process
|
|
|
1

01, 7

Fig. 6. Scheme of the tool-work interaction ratio (1) versus cutting time (t) in drilling hybrid CFRP/Ti stacks (CFRP — Ti cutting sequence strategy).
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Fig. 7. Drilling force signals versus cutting time (t) when drilling hybrid CFRP/Ti stacks with different tool materials under the cutting sequence of CFRP — Ti: (a) .=15 m/
min, f=0.15 mm/rev, (b) 2. =30 m/min, f=0.15 mm/rev, (¢) 7. =45 m/min, f=0.15 mm/rev, and (d) z. = 60 m/min, f=0.15 mm/rev.

To better monitor the on-site status of the tool-work interac-
tions dominating the hybrid CFRP/Ti stack machining, the drilling
force signal in function of cutting time (t) was utilized as an effec-
tive method to facilitate the drilling comprehension, as shown in
Fig. 7. Note that in Fig. 7, the comparative drilling force signals
were decomposed into two main components, i.e., thrust force sig-
nal (F,) and torque signal (T), that were obtained under the identi-
cal CFRP — Ti cutting sequence. A comparative result of the force
signals developed by two different drill bits (drill A and drill B) is
presented. It is noticeable that the total drilling force signals can
be classified into five cutting stages (a - b —»c—d— e — f) for
all the tested drill bits and cutting parameters, which signify the
different statuses of the tool-work interactions governing the dril-
ling operation as elaborated earlier. In addition, the force signal
profiles captured in the current study also show a similar pattern
with the experimental observation gained by Ramulu et al. [9]
when drilling hybrid (Gr/Bi)/Ti stacks. Besides, the force profiles
(F, and T) generated in the Ti phase drilling always yield much
higher magnitudes than those of the force profiles gained in the
CFRP phase drilling, regardless of the implemented cutting condi-
tions. The reason can be attributed to the high mechanical/physical
properties of the titanium alloy and its specific chip removal mech-
anism, i.e., elastic-plastic deformation [24,25]. Further, when the
drill edges cut across the CFRP/Ti interface region, a sudden
increase of drilling forces is identified in the force profile c — d as
shown in Fig. 7, which will result in the instability of the tool-
work interaction dominating the chip removal process. Addition-
ally, the force comparisons between drill A and drill B also show
that under the identical cutting conditions, the PVD TiAIN-coated
drill (drill B) promotes much higher force magnitudes than its
counterpart one (drill A), especially for the thrust force component
(F;) as illustrated in Fig. 7. The TiAlIN-coated drill in reality should
induce lower drilling forces as compared to the uncoated one due
to the effective role of the TiAIN coating in anti-abrasion and anti-
friction. However, a higher thrust force (F,) is still obtained
throughout both CFRP phase drilling and Ti phase drilling. Such
abnormal phenomena can be explained as follows. The thrust force

magnitudes developed in drilling are highly dependent on the
competition between the influences of tool material composition
and tool geometrical feature when fixed drilling parameters are
applied. Since drill B has a longer chisel edge length of 0.22 mm
which is approximately 2 times than that of drill A, the severe
extrusion deformation action (aka “negative rake angle cutting”)
caused by the longer chisel edge length for chip removal in drill
B should make a more significant contribution to the force devel-
opment in contrast with drill main cutting edges. In addition, drill
B also has a larger point angle and a larger helix angle than drill A.
For a large point angle in drill B, it will inevitably decrease the
sharpness of drill main cutting edges and increase the nominal
chip layer thickness for chip separation. Besides, the larger helix
angle for drill B will also increase the proportion of thrust force
in the nominal force generation promoted by the drill marginal
edges. Consequently, a higher thrust force (F,) is generated by drill
B when drilling CFRP/Ti stacks under the identical cutting condi-
tions. The phenomena probably indicate that when drilling hybrid
CFRP/Ti stacks, the tool geometrical features should play a more
predominant role in affecting drilling forces than tool material
composition.

Furthermore, the comparative drilling signals obtained in two
different cutting sequence strategies when using the identical drill
B are depicted in Fig. 8. It is clear that the drilling force signals pro-
moted in either CFRP — Ti cutting sequence or Ti — CFRP cutting
sequence show the similar five cutting stages as discussed earlier,
but vary in an opposite direction. Specifically, the Ti — CFRP dril-
ling is observed to generate a little bit lower force magnitudes than
those promoted in the CFRP — Ti cutting sequence, particularly for
the thrust force (F,). Considering that the identical fresh drill bit
was used for each drilling sequence and the tool wear extent was
minor, the reasonable explanation can be that the Ti chip evacua-
tion has certain influences on the drilling force measurement. This
is because when operated in Ti — CFRP cutting sequence, the spiral
Ti chips can be quickly transported from the top Ti holes and hence
will result in a negligible influence on the force signal measure-
ment. In contrast, the CFRP — Ti drilling usually leads to a
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long-time and difficult Ti chip evacuation from the machined bot-
tom Ti holes, which will inevitably cause severe scratching effects
on the drilled CFRP hole wall surfaces and hence may affect the
force measurement.

Through the above analyses, the CFRP/Ti drilling operation in
both CFRP - Ti cutting sequence and Ti — CFRP cutting sequence
can be classified into five basic cutting stages in terms of the status

of tool-work interaction, as summarized in Table 5.

3.2. Drilling force magnitudes

To clarify the parametric effects on the force generation when
drilling hybrid CFRP/Ti stacks, Figs. 9-11 show the obtained force

Table 5

evolution in terms of different drill bits and cutting sequence
strategies. Note that the force magnitudes presented in the afore-
mentioned figures were measured on each phase drilling and cal-
culated based on the mean values of the steady drilling stages
(na=1orng=1). As shown in these figures, the feed rate (f) is con-
firmed to have a significantly positive impact on the drilling force
magnitudes (F, and T) in the case of all drill bits and cutting
sequence strategies. An increase of f usually gives rise to the dra-
matically elevated F, and T. The observation agrees with the exper-
imental results of Ramulu et al. [9], Kim and Ramulu [26] when
drilling composite/titanium stacks. The reason can be due to the
increase in chip cross-sectional area (i.e., increased chip stiffness)
as f is elevated, which will greatly increase the cutting resistance

Summary of the drilling stages and machinability classification when drilling hybrid CFRP/Ti stacks.

Cutting sequence

Drilling stage

Drilling time (t)

1 parameter Machinability classification

CFRP - Ti Stage a - b te |0, tq] Na— 1 Mcerp

ng=0

Stage b - ¢ te [ty t] na=1
ng=0

Stage c - d te [ty t3] na—0 Mcrreyri
N — 1

Stage d - e te[ts, ta) na=0 M
ne=1

Stage e - f t e [ts, ts] Na=0
ng— 0

Ti - CFRP Stagef-e tel0, ] np — 1 Mr;

na=0

Stage e - d tety, tg—to] ne=1
na=0

Staged - ¢ te[ty—to, tatz + t4] ng—0 Mcrreyri
Na— 1

Stage c - b te [ty —ta+ty, ta ng=0 Mcrrp
na=1

Stage b - a t € [ta, ts] ngp=0
ﬂA -0

Note: t;-ts expressions can be found in Eq. (4); Mcgrp, Mcrrpyri and My signify the machinability of pure CFRP phase drilling, stacked CFRP/Ti interface drilling and pure Ti

phase drilling, respectively.
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Fig. 10. Parametric effects on drilling forces when drilling hybrid CFRP/Ti stacks with drill B in the CFRP — Ti cutting sequence: (a) thrust force (F,) and (b) torque (T).

for chip breakage and hence lead to the larger drilling forces.
Besides, the impact of cutting speed on drilling force magnitudes
is also found to be positive in either Ti phase drilling or CFRP phase

drilling but less comparable to the feed rate. These findings show a
good agreement with the observation of Ramulu et al. [9] when
drilling composite/titanium stacks by using HSS drills. However,
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for some other studies [26,27], it is usually observed that the
increased cutting speed (or spindle speed) commonly facilitates
the reduction of thrust force and torque (particularly for drilling
metal phase) when drilling hybrid composite stacks. The different
observations between present investigation and the mentioned
studies [26,27] probably indicate that in the tested cutting speed
range, the increased cutting temperature with elevated z. approx-
imately has less significant effects on softening the work material
than on tool wear progression. In addition, the experimental
results also show that for minimizing the drilling forces, an optimal
combination of low feed rate (f) and low cutting speed (7.) should
be adopted when drilling hybrid CFRP/Ti stacks.

Further, Figs. 12 and 13 also depict the comparative F, and T
magnitudes among different drill bits and cutting sequence
strategies at various feed rates. The results confirm the signifi-

cantly positive impact of f on F, and T components as discussed
earlier. Additionally, the uncoated drill A is observed to promote
the lowest thrust force (F;) in contrast with the TiAIN-coated drill
B when operated in either CFRP — Ti cutting sequence or Ti —
CFRP cutting sequence under the same cutting parameters. For
torque (T) component, the phenomenon is not fully noticeable,
particularly for the Ti phase drilling. Nevertheless, such findings
agree well with the previous force-signal observation in Sec-
tion 3.1. This evidence further confirms the more predominant
role of tool geometrical feature (ie., chisel edge length, point
angle and helix angle) in affecting the drilling forces than the tool
material composition. Finally, the Ti — CFRP cutting sequence is
also found to globally generate lower force magnitudes (F, and
T) as compared to the CFRP — Ti drilling for drill B as shown in
Figs. 12 and 13.
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“Ribbon”

Fig. 14. Photographs showing the tangled Ti chips on drill body and resected “ribbon” type chips after drilling with drill B in the CFRP — Ti cutting sequence (v, =

f=0.03 mm/rev).
3.3. Analysis of chip type in drilling

In hybrid composite stack drilling, an excellent chip breakabil-
ity of the metallic phase is often required to cut chips into seg-
ments aiming to solve the chip tangling problem on drill flutes
and to minimize the detrimental effects of chip evacuation on
drilled hole wall surface. To evaluate the chip breakability in dril-
ling hybrid CFRP/Ti stacks, a comparative investigation among dif-
ferent drill bits and cutting parameters was conducted. Since the
CFRP chips were resected in the form of “powdery” dust that was
difficult to gather, only the separated Ti chips were collected. As
shown in Fig. 14, when drilling is operated under low feed-rate

30 m/min,

conditions (e.g., f=0.03 mm/rev) with drill B, typically long and
ribbon type Ti chips are produced and tangled along the drill body.
It is worth mentioning that the occurrence of such phenomenon,
on one hand, will cause severe abrasion/erosion effects on the
drilled hole surfaces and deteriorate the drilled surface finish; on
the other hand, it will accelerate the incidence of premature tool
failures like micro chipping, edge fracture or coating peeling.
Furthermore, Figs. 15 and 16 also show the representative Ti
chips produced in drilling of CFRP/Ti stacks when using different
drill bits at various feed rates and cutting speeds, respectively. It
is apparent that for drill A in the CFRP — Ti cutting sequence, the
resected chips are of mixed type, partly ribbon type and rest are

Drill
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0.09
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(Ti—>
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Fig. 15. Variation of the resected Ti chip shapes versus feed rate (f) at a constant cutting speed of 15 m/min while drilling hybrid CFRP/Ti stacks.
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Fig. 16. Variation of the resected Ti chip shapes versus cutting speed (z.) at a constant feed rate of 0.03 mm/rev while drilling hybrid CFRP/Ti stacks.

of spiral type. In the case of drill B in the CFRP — Ti cutting
sequence, both long to short spiral and ribbon chips are produced,
whereas for drill B in the Ti — CFRP cutting sequence, they are pri-
marily uniform spiral type with long ribbon features. Besides, it is
again identified that with an increase in feed rate, the Ti chips are
separated into small segments after drilling, indicating the
improved chip breakability and easier chip evacuation. The acti-
vated mechanisms can be attributed to the increased chip cross-
sectional area (improved stiffness of the chip layer) when f is ele-
vated. The similar observations are also reported by Pawar et al.
[8] for aluminum chip formation when drilling GLARE fiber metal
laminates with different geometrical carbide drill bits. By contrast,
the effects of cutting speed on chip breakability are marginal and
the Ti chips basically remain the same length and type regardless
of the varied cutting speed as shown in Fig. 16.

3.4. Hole quality analysis

In hybrid composite stack drilling, hole quality including
machined surface roughness, hole size and geometrical accuracy
is often a critical concern to ensure a tight stack assembly. For
machined CFRP/Ti surface, the maximum R, values (arithmetic
mean roughness) of 3.2 um and 1.6 pm are usually required for
CFRP phase and Ti phase, respectively [1]. For drilled CFRP hole
size, a diameter tolerance less than 30 pm is often demanded
[18]. Previous studies [11,12,21] have shown that the hole quality
is greatly affected by input cutting variables (cutting speed and
feed rate) when drilling hybrid composite stacks. In the following
subsections, a comparative investigation on drilled surface rough-
ness, hole diameter and roundness error was performed with
respect to the used cutting parameters and implemented cutting
sequence strategies.

3.4.1. Surface roughness

Figs. 17-19 show the most-used R,, Ry, and R, parameters versus
cutting speed and feed rate after drilling hybrid CFRP/Ti stacks. All
the surface roughness measurements were made on the two indi-
vidual materials (CFRP phase and Ti phase). As depicted in these
figures, the R, values measured in the CFRP phase for drill A and
drill B in the CFRP — Ti cutting sequence are partly lower than
the required R, criterion of 3.2 pum particularly when low feed rates
are applied. However, for drill B in the Ti — CFRP cutting sequence,
the drilled CFRP surface finish completely meets the R, require-
ment. For R, values of the machined Ti phase, they are totally con-
trolled below the criterion value of 1.6 pm for all examined drill
bits and cutting parameters. Besides, the surface roughness values
of the machined Ti phase (R, € [0.5111 pum, 1.073 pm] for drill A,

Ry €[0.373 pm, 1.301 um] for drill B) are much lower than those
measured in the CFRP phase (R, € [2.016 pum, 5.100 pum] for drill
A, R, €[1.146 um, 4.919 pum] for drill B) when operated in the iden-
tical CFRP — Ti cutting sequence. On the contrary, for Ti — CFRP
cutting sequence, the R, values of the CFRP phase are obtained
within the range of 0.4 - 2.0 um, showing the comparable magni-
tudes to those of the machined Ti phase (R, < [0.279 pm,
1.331 um]). In addition, the measured CFRP surface roughness
parameters in the Ti — CFRP cutting sequence are entirely lower
than those gained in the CFRP — Ti cutting sequence with the same
drill B. The phenomena indicate that the Ti — CFRP drilling favors
the improvement of the drilled hole surface finish. Since for each
drilling sequence, the identical fresh drill bit was used, the primary
cause due to the different influences of tool wear on drilled surface
finish could be negligible. Therefore, one reasonable explanation
should be that the Ti chip evacuation indeed has a remarkable
influence on the machined CFRP surface. This is because when dril-
ling from Ti phase to CFRP phase, the resected spiral Ti chips can be
firstly transported from the top drilled Ti holes without any dam-
age on the bottom CFRP hole surface. In contrast, when drilling
from CFRP — Ti, the sharp and hot Ti chips produced in the bottom
Ti phase will cause serious abrasion effects on the relatively brittle
CFRP hole wall surfaces during their long-time evacuation, and
hence will greatly deteriorate the CFRP hole quality and give rise
to the increased surface roughness. Besides, the R, values produced
by the TiAIN-coated drill B are found to be slightly lower than
those generated by the uncoated drill A when performed under
the identical cutting conditions. The reason can be attributed to
the superior mechanical/physical properties of the TiAIN coating
against the severe friction of the tool-chip interaction during the
drilling operation. Moreover, the feed rate is confirmed to have a
remarkable influence on the drilled hole surface roughness for all
tested trials, where increasing f greatly increases the surface
roughness parameters. For instance, the maximum values of R,
Ry, and R, are usually measured on holes drilled under highest
feed-rate conditions (e.g., test Nos. 5, 10, 15 and 20 as shown in
Figs. 17-19). In contrast, the effect of cutting speed on surface
roughness is obscure and insignificant. Additionally, the compara-
tive results in Figs. 17-19 also show that for achieving better sur-
face finish (i.e., lower surface roughness), the Ti — CFRP cutting
sequence as well as the combination of low feed rate and moderate
cutting speed should be adopted when drilling hybrid CFRP/Ti
stacks.

3.4.2. Hole diameter and roundness error
In hybrid CFRP/Ti stack drilling, the disparate thermal expan-
sion coefficients between stacked composite laminate and metal
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alloy make it more difficult to produce consistent hole size. There-
fore, the hole diameter and roundness error measurements were
made on each individual layer as discussed in Section 2.5.

Figs. 20-22 show the evolution of various measured hole diam-
eters (Do crrp, Pe,crrr, Po1i and P, 17) for each stacked phase versus
the utilized cutting conditions. Firstly, it is clear that both cutting
speed and feed rate have a significant influence on the drilled hole
diameters. For CFRP — Ti cutting sequence as depicted in Figs. 20
and 21, the produced hole size in either CFRP phase or Ti phase
is totally oversized (larger than @,,,, =6.35 mm), irrespective of
the used drill bits. By contrast, the hole diameters produced in
the Ti —» CFRP cutting sequence are partly oversized and partly
undersized, greatly dependent on the used cutting parameters
(Ref. Fig. 22). Besides, the Ti — CFRP cutting sequence is found to
produce more consistent CFRP and Ti hole diameters close to the

nominal drill diameter (@) of 6.35 mm than those obtained in
the CFRP — Ti drilling sequence as shown in Fig. 22. The predomi-
nant factor for the latter (hole diameters in CFRP — Ti drilling)
should be attributed to the intense influences of Ti chip evacuation
on the hole wall circumferences. This is because when drilling is
operated in the CFRP — Ti cutting sequence, the resected sharp
and hot Ti chips should cause detrimental abrasions on the drilled
CFRP hole wall circumferences, and hence will enlarge their origi-
nal hole circles during the evacuation process. By contrast, the
Ti — CFRP cutting sequence prevents the drilled CFRP holes from
serious erosions of the Ti chip ejection, thus producing more con-
sistent hole diameters.

Moreover, from the aspect of achieving consistent hole size, the
TiAIN-coated drill B is found to yield a better performance than its
counterpart one (uncoated drill A) under the identical CFRP — Ti
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cutting sequence. The reason may be due to the superior behaviors
of the TiAIN coating in maintaining sharp cutting edges and excel-
lent wear resistance for either CFRP phase hole making or Ti phase
hole making. As for drill A in the CFRP — Ti cutting sequence, a
large disparity in hole diameters of CFRP phase and Ti phase is
identified (Ref. Fig. 20). The &1; commonly exhibits a much smaller
value (much closer to @,,,,) than that of ®qp due to the different
TECs and elastic moduli of the Ti phase and CFRP phase. In addi-
tion, based on the acquired results in Figs. 20-22, it can be con-
cluded that for generating tight hole diameters, the Ti — CFRP
cutting sequence, low feed rate and low cutting speed should be
adopted when drilling hybrid CFRP/Ti stacks.

Additionally, the parametric effects on hole roundness error of
CFRP phase and Ti phase when using different drill bits and cutting
sequences are also shown in Figs. 23 and 24, respectively. As
depicted in these figures, when low feed rate is applied (e.g.,
f=0.03 mm/rev), the roundness error in either CFRP hole or Ti hole
is found to be around 5 - 10 um. With the increase of feed rate, the
roundness error is observed to firstly experience a quick evolution
and finally reach its maximum value at f=0.15 mm/rev. Besides,
the cutting speed is found to have a great influence on the mea-
sured roundness error. However, its evolution law versus round-
ness error is not fully clear. In some cases, the cutting speed
exhibits a positive impact on the roundness error (e.g., drill B in
CFRP — Ti cutting sequence in Fig. 24(b)), whereas for other cases,
it shows a totally negative impact (e.g., drill B in Ti — CFRP cutting
sequence in Fig. 24(b)). In summary, to minimize hole roundness
error, typically a parametric combination of low feed rate and

low cutting speed should be utilized for hybrid CFRP/Ti stack
drilling.

3.5. Hole damage study

When drilling hybrid CFRP/Ti stacks, the cutting-induced
damage comprises both polymeric defects (e.g., matrix cratering,
delamination, fiber pullout, and thermal alteration) and metallic
imperfections (e.g., hole size error, position error, and burrs).
Among them, the delamination damage promoted in the CFRP
phase and the burr defect produced in the Ti phase are usually
the key problems for the assembly of the bi-material system. To
investigate the hole damage extent, the drilled hole edge morphol-
ogy is firstly inspected. Afterward, the delamination damage and
burr defect are analyzed.

3.5.1. Hole edge morphology

Fig. 25 shows the recorded hole edge morphologies of the
drilled CFRP phase versus cutting speed (v.) and feed rate (f) when
using drill B in the CFRP — Ti cutting sequence. It is noticeable that
the feed rate exhibits a great influence on the machined hole edge
quality. When drilling is operated at a low feed rate (e.g.,
f=0.03 mm/rev), nearly a smooth hole edge is achieved as depicted
in Fig. 25(c). With the increase of f, a large area of damaged zone is
produced around the hole edge circumference, especially when f
reaches its maximum value of 0.15 mmy/rev. By contrast, the effect
of cutting speed (z.) on the hole edge damage extent is not so sig-
nificant as shown in Fig. 25(b). In the following Sections 3.5.2 and
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3.5.3, several quantitative analyses are conducted to clarify the
actual parametric influences on the drilling-induced hole damage
in terms of delamination damage and burr defect.

Moreover, Figs. 26 and 27 also present the comparative hole
edge morphologies of both CFRP phase and Ti phase after drilling
with different drill bits and cutting sequences. Apart from the

significantly positive impact of f on the hole edge morphology,
the CFRP — Ti cutting sequence commonly produces more accu-
rate CFRP hole shapes and lower fiber/matrix damage as compared
to the Ti — CFRP cutting sequence as depicted in Fig. 26. The key
cause can be attributed to the supporting role of the bottom Ti
phase in preventing laminate deflection and limiting the workpiece
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dynamics when drilling from CFRP phase to Ti phase. Besides, the
uncoated drill A is found to produce a little bit higher quality of
hole exit edge than that of drill B under the identical cutting
sequence and cutting parameters. For drilled Ti hole edge, the feed
rate is identified to have a remarkable effect on the exit burr for-
mation. However, the influences of different drill bits and cutting
sequences on drilled Ti hole edges are not fully apparent.

3.5.2. Delamination damage analysis

In hybrid CFRP/Ti stack drilling, the delamination occurring in
the composite phase is often a most critical failure mode due to
its irreparable nature, which accounts for a large number of part
rejections in the real production. To assess its damage extent, the
most-used one-dimensional delamination factor (F;) based on the
maximum diameter was adopted in this work. The F; is defined
as the ratio of the maximum diameter (Dy,.x) of the delamination
area to the nominal hole diameter (D), as given by Eq. (5)
[28,29].

D
F,— max 5
4=D )

Figs. 28-30 show the parametric effects on drilling-induced
delamination extent with respect to different drill bits and cutting
sequences. It is noticeable that the feed rate plays a predominant
role in affecting the drilling-induced delamination in such manner
that a small increase of f usually promotes greatly elevated Fy,
regardless of the used drill bits or cutting sequences. Besides, the
cutting speed () approximately shows a negative impact on the

evolution of Fy especially for drill A and drill B when operated in
the CFRP — Ti cutting sequence. However, for Ti — CFRP drilling,
the impact of 7. on Fy is found to be generally positive.

Moreover, Fig. 31 also shows the comparative F; results when
drilling hybrid CFRP/Ti stacks with respect to different drill bits
and cutting sequences. The results further confirm the significantly
positive impact of fon Fy. Also, it is clear that the CFRP — Ti drilling
globally induces a lower delamination extent than that of Ti —
CFRP drilling, except two abnormal drilling results (test No. 5: o,
=15 m/min, f=0.15 mm/rev, and test No. 10: v, = 30 m/min, f =
0.15 mm/rev) in Fig. 31. The activated mechanisms as addressed
earlier should be owing to the supporting effects of the bottom
Ti alloy on increasing the stiffness of the exit CFRP hole layer while
drilling. In addition, such findings also agree with the predictions
of the analytical models proposed by Qi et al. [13] for modeling
delamination-free drilling of FRP/metal stacks. Furthermore,
through the comparisons between drill A and drill B, it can be
inferred that the uncoated drill A generates a lower delamination
extent than its counterpart one. The reason can be attributed to
the availability of the superior geometrical features (e.g., small chi-
sel edge length, low point angle and helix angle) that promote
lower thrust force than drill B (as discussed in Section 3.2). As such,
a lower delamination factor (Fy) is obtained. Overall, to minimize
the delamination damage, the CFRP — Ti drilling together with
drill A should be adopted when drilling hybrid CFRP/Ti stacks.

3.5.3. Burr defect analysis
To ensure a tight CFRP/Ti assembly, the burr defect produced in
the Ti phase is often a key problem as compared to other metallic
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surface damage since it usually leads to further disassembly,
deburring and re-assembly of the stacks. The drilling-induced burr
formation is often highly dependent on the input cutting parame-
ters and can be thoroughly tracked back to the tool engagement
time, thrust force and frictional heat generation [9,11].

Figs. 32-34 show the effects of cutting speed and feed rate on
burr width when drilling hybrid CFRP/Ti stacks with respect to dif-
ferent drill bits and cutting sequences. It can be seen that the

variation law of burr width promoted by drill A in CFRP — Ti cut-
ting sequence (Ref. Fig. 32) versus feed rate (f) is not fully clear,
in which the minimum and maximum burr widths are nearly sim-
ilar and close to each other. By contrast, the impact of f on burr
width for drill B is totally positive or negative, greatly dependent
on the used cutting sequence strategies. For the observation in
Fig. 34, an increased feed rate normally decreases the induced burr
extent, which agrees well with the observation of Ramulu et al. [9]
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when drilling hybrid (Gr/Bi)/Ti stacks. Moreover, the impact of cut-
ting speed on the induced burr extent is generally positive, i.e., an
increased v, often gives rise to the elevated burr width formation.
The reason can be attributed to the softening effects of the highly
generated frictional heat on surrounding work material when o,
is elevated, which greatly degrades the stiffness of the exit Ti layer
and makes it more difficult for cutting off.

Further, the comparative burr width results in Fig. 35 also
reveal that the drill B operated in the CFRP — Ti cutting sequence
normally promotes higher burr widths than its counterpart one,
especially under high cutting-speed conditions. In contrast, the
drill A globally shows the best performance, with which the lowest
burr width can be obtained under the low feed-rate conditions.
Moreover, from the aspect of minimizing burr defect formation,
the Ti — CFRP drilling produces a lower defect extent when high
feed rates are applied as compared to the CFRP — Ti drilling. The
reason can be due to the supporting role of the bottom CFRP phase
in increasing the stiffness of the exit Ti layer, thus facilitating the
reduction of the exit Ti burr defect.

3.6. Drill design implications

In manufacturing processes, tool material composition and tool
geometrical feature are two important factors that greatly influ-
ence the on-site cutting-induced phenomena including force gen-
eration, heat transfer, subsurface damage, and tool wear. The
functionality of drill geometrical feature affects the cutting phe-
nomena primarily via its influences on chip separation mode. By
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contrast, the tool material composition mainly aims at altering
the tool-chip frictional coefficient and tool wear behavior. In such
case, when two types of twist drills differing in geometrical feature
and material composition are employed, the observed disparate
tool performances should be thoroughly tracked back to the com-
petition between the influences of tool geometry and tool material
on drilling responses. That’s to say, the drill performance depends
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significantly on which factor acts as a predominant role in affecting
the drilling-induced phenomena.

Regarding the used conventional twist drill, it is well known
that the drill rake angle decreases toward the drill center (drill
tip) and approaches large negative values in the chisel edge zone.
Thus, while the outer edge produces a smooth chip, the inner does
not. The material under the chisel edge is subjected to severe
extrusion deformation by large displacements instead of shearing
cutting. In addition, the chisel edge is also assumed to contribute
approximately 50 - 60 % of the total thrust force generation (F,).
As such, the drill bit A which has a short chisel edge length should
promote a lower F, magnitude since the chisel edge acts as a vital
role as shown in Fig. 12. Besides, even though drill B has a protec-
tion of TiAIN coating, however, the coating probably induces neg-
ligible effects on reducing the tool-chip friction coefficient in
order to decrease the thrust force as the coating often suffers sev-
ere peeling or micro chipping when drilling hybrid CFRP/Ti stacks.
The experimental work done by Isbilir and Ghassemieh [12] has
shown that when applying TiAIN coating in drilling hybrid CFRP/
Ti6Al4V stacks, the drill edges underwent intense flank/crater wear
and serious coating peeling even after drilling quite a few number
of holes (15 holes). Therefore, it could be deduced that in current
drilling cases, the benefits of TiAIN coating on improving the
machinability of the hybrid CFRP/Ti stack would be minor. With
regard to the torque component (T), it is greatly influenced by drill
point angle and helix angle since these two geometrical angles pri-
marily affect the proportion of torque in the nominal force gener-
ation. As such, drill B with high point and helix angles was
observed to promote lower torque magnitudes especially for Ti
phase drilling as shown in Fig. 13.

For resected Ti chip type, both drill A and drill B were found to
produce the similar chip morphology especially from a macro-
scale observation as depicted in Figs. 15 and 16. However, one
point should be emphasized that from the aspect of chip ejection,
twist drill with a higher helix angle often facilitates the chip evac-
uation due to the increased rake angle contributing to chip break-
age. As such, the drill B was found to promote easier chip ejection
as compared to drill A throughout the drilling trials. With respect
to the machined surface quality (surface roughness, hole diameter
and roundness error), the differences between drill A and drill B
were not so pronounced. However, for drilling-induced subsurface
damage, drill A was found to globally outperform drill B in terms of
delamination formation and burr width extent, which indicates a
more significant influence of tool geometrical feature on CFRP/Ti
drilling than tool material composition. For delamination damage,
it is believed by many researchers [30-32] that thrust force is a key
contributor responsible for its formation, i.e., a higher thrust force
often leads to a larger delamination extent. In such circumstance,

drill A with short chisel edge feature was confirmed to induce
lower delamination damage (Ref. Fig. 31) due to the lower thrust
force generation as elaborated earlier. Furthermore, the short chi-
sel edge length for drill A also facilitates the drill centering and
improves the chip separation nearby the drill tip, thus decreasing
the exit burr formation as shown in Fig. 35. The reduced chisel
edge plays clearly herein an important role in drill centering. By
contrast, drill B with long chisel edge characteristics promotes high
thrust force, and hence induces higher extents of delamination
damage and burr width (Ref. Fig. 35) even though the TiAIN coating
may more or less bring some improvements on the harsh cutting
conditions of hybrid CFRP/Ti drilling.

Therefore, through the above analyses, it can be deduced that
when drilling hybrid CFRP/Ti stacks, tool geometrical feature plays
a more significant role in affecting the final drilling responses than
tool material composition. This means improving drill geometrical
characteristics (chisel edge length, rake angle, point angle, helix
angle, etc.) should be a more effective way to improve the machin-
ability of the bi-material system. The experimental results also give
the ideas to conclude some rules of the functional design of special
drill bits when drilling hybrid CFRP/Ti stacks as summarized
below. For decreasing thrust force, short or zero chisel edge length
is preferred for a drill bit in order to minimize the drilling-induced
delamination and strengthen the drill centering. For heat transfer,
a high clearance angle often reduces frictional forces and hence
heat generation. To decrease the temperature accumulation as well
as wear at the outer cutting edges, the use of a double point angle
in multifaceted drill design will be a possible means. Besides, for
facilitating Ti chip ejection, i.e., reducing its influences on the sec-
ondary damage of the drilled composite holes, the geometrical
design with high point angle and high helix angle should be
adopted. Furthermore, with the recent advances in tooling technol-
ogy, various types of specialized drill geometrical designs including
K-land design [33], two-stage point design [34], and double cone
design [35,36] have been successfully applied in drilling hybrid
composite stacks, and have been demonstrated to achieve
improved hole quality and increased tool life as compared to con-
ventionally designed twist drills. Nevertheless, there is no func-
tional drilling tool for drilling CFRP/Ti material in existence. A
new design of special drill bits for drilling CFRP/Ti stacks as func-
tion of cutting sequence strategy could be suggested. The so-
called Multifaceted Drill (MFD) with functional design can indeed
be conceived. The functional design of such MFD aims at:

e Speeding up heat transfer and chip ejection: Since the thermal
conductivities of both CFRP and Ti are very low, the point angle
must be relatively larger to reduce the temperature of the
periphery and to facilitate the chip ejection.



Reducing drilling forces: An arc cutting edge in the middle of
the cutting lip may increase the rake angle with a reduced chisel
edge length to decrease the thrust force.

Improving drill centering: The outer cutting edges of MFD must
be short enough so that the tips of the outer cutting edges can
touch the surface of the workpiece for centering.

4. Conclusions

In this paper, the drilling characteristics of hybrid CFRP/Ti

stacks have been experimentally studied. The effectiveness of dif-
ferent cutting sequence strategies and different tool geometries/
materials in drilling CFRP/Ti stacks has been systematically inves-
tigated, and their results are compared. The experimental work has
highlighted the vital roles of cutting sequence strategies and tool

geometries/materials

in affecting the final CFRP/Ti drilling

responses. Based on the results acquired, the following specific
conclusions can be drawn.

Drilling hybrid CFRP/Ti stacks in either CFRP — Ti sequence or
Ti — CFRP sequence basically involves five cutting stages with
respect to the characteristics of tool-work interaction. The most
challenging cutting stage is usually the interface drilling due to
the existence of the multi-tool-work interaction, in which cou-
pled chip separation modes and severe transitions of mechani-
cal/physical responses predominate. Besides, the conventionally
used concepts for standard CFRP machining and single Ti alloy
machining are inappropriate for stacked CFRP/Ti interface dril-
ling. This will lead the manufacturing community to develop a
new concept of the machinability of the interface zone. In inter-
face drilling, a particular attention should be paid to the careful
control of the coupling effects in chip separation, the instability
of the tool-work interaction, as well as the tool wear and
cutting-induced damage.

The machinability classification of CFRP/Ti drilling can be made
according to the on-site features of tool-work interactions gov-
erning the chip removal process. For CFRP — Ti cutting
sequence, the cutting durations of t € [0, t,] (stage a - ¢), t e
[t t3] (stage ¢ - d), and t € [t3, ts] (stage d - f) usually signify
the machinability of pure CFRP phase drilling, stacked CFRP/Ti
interface drilling and pure Ti phase drilling, respectively.

The force analysis shows that the uncoated drill A promotes
lower drilling forces than the TiAlN-coated drill B under the
same cutting sequence and cutting parameters because of its
small chisel edge length and low point angle. The findings prob-
ably indicate that the tool geometrical features (e.g., chisel edge
length, point angle and helix angle) exhibit more significant
effects on drilling forces than tool material composition when
drilling hybrid CFRP/Ti stacks. In addition, both cutting speed
and feed rate are found to have a significantly positive impact
on the force magnitudes, regardless of the used drill bits or cut-
ting sequences.

When drilling hybrid CFRP/Ti stacks, both long to short “ribbon”
and “spiral” Ti chip types are produced with respect to different
drill bits and cutting parameters. High feed rate usually results
in the short segmented Ti chips and thus facilitates the
improvement of chip breakability. By contrast, the effect of cut-
ting speed on resected Ti chip type is insignificant.

Hole quality including machined surface roughness and hole
size accuracy is found to be greatly affected by the implemented
drilling sequences and cutting parameters. For surface rough-
ness inspection, the feed rate is a key factor that greatly influ-
ences the drilled hole surface finish, while the impact of
cutting speed is obscure and insignificant. Moreover, for all
tested trials, the arithmetic mean roughness (R;) values of
drilled Ti phase holes are found to be totally controlled below

the criterion value of R, = 1.6 pum, whereas for machined CFRP
holes, the R, values are partly achieved below the criterion
value of R;=3.2 um greatly dependent on the used cutting
parameters. For hole diameter and roundness error, both cut-
ting speed and feed rate have pronounced effects on the mea-
sured values. The Ti — CFRP cutting sequence is found to
generate lower surface roughness values and more consistent
CFRP/Ti hole diameters in contrast with the CFRP — Ti drilling
due to the avoided severe abrasions on the drilled CFRP holes
from Ti chip evacuation.

Hole damage analysis shows that the CFRP — Ti drilling pro-
motes a lower delamination extent than Ti — CFRP drilling
under the identical cutting conditions owing to the supporting
role of bottom Ti alloy in increasing the stiffness of the exit CFRP
hole layer. Besides, the feed rate is confirmed to play a vital role
in affecting the drilling-induced delamination formation. Fur-
thermore, from the aspect of minimizing the burr defects, the
Ti —» CFRP drilling commonly produces a lower defect extent
when high feed rates are applied as compared to the CFRP —
Ti drilling.

In general, the uncoated drill A yields a better tool performance
than the TiAIN-coated drill B in terms of various drilling
responses (e.g., force generation, induced hole damage extent)
when performed under the identical cutting conditions. The
findings probably suggest that when drilling hybrid CFRP/Ti
stacks, the selection of optimal geometrical features should be
a more effective method to improve the machinability of the
bi-material system than the choice of superior tool materials.
The TiAIN coating has very negligible influences on the drilled
hole quality mainly due to the occurrence of severe chipping
failure or coating peeling even after drilling quite a few number
of CFRP/Ti holes [12], which makes the drill edges lose effective
coating protection for producing high hole quality.

Drill geometrical features including chisel edge length, point
angle, and helix angle are confirmed to play a more vital role
in affecting CFRP/Ti drilling responses than tool material com-
position. The chisel edge length in a drill bit accounts for the
area of extrusion deformation action (aka “negative rake angle
cutting”) in chip separation and contributes mainly to the dril-
ling forces. For point angle and helix angle, they often deter-
mine the drill main cutting edge length, tool edge sharpness
and the proportion of thrust force in the nominal force genera-
tion in drilling. As such, drill B in present research cases with
longer chisel edge length, larger point angle and helix angle is
found to promote higher thrust force magnitudes and larger
extents of delamination damage as compared to drill A.

The key mechanisms governing the influences of different cut-
ting sequence strategies on CFRP/Ti drilling responses primarily
depend on which stacked phase acts as a supporting role in
increasing the stiffness of the exit top phase for minimizing
the exit damage extent and also the absence/existence of the
problematic Ti chip evacuation on the brittle CFRP hole wall
surfaces. According to the present studies, the key effects of dif-
ferent cutting sequence strategies on various CFRP/Ti drilling
responses can be summarized in Table 6, in which the symbol
“1” indicates the improvement or acceleration, “|” signifies
the deterioration or reduction, and “—” denotes the insignifi-
cant or minor effects. Through the acquired results, it can be
concluded that both two cutting sequences have a significant
effect on the final CFRP/Ti drilling responses. For Ti — CFRP dril-
ling, the strategy is found to benefit the improvement of the
drilled CFRP hole quality (e.g., producing more consistent hole
diameters and much better surface finish) and favor the
decreased Ti burr extents, while the CFRP — Ti drilling facili-
tates only the reduced delamination extents throughout the
experimental studies. In general, the Ti — CFRP configuration



Table 6

Comparative influences of two different cutting sequence strategies on CFRP/Ti drilling responses.

Drilling sequence Drilling forces Chip type Hole quality Hole damage

Surface roughness Hole diameter Delamination Burr width
CFRP — Ti 1 - 1 1 ! R
Ti — CFRP ! - l ! T l

Note: “1” indicates the improvement or acceleration, “|” signifies the deterioration or reduction, and “~" denotes the insignificant or minor effects.

seems to be a more reasonable strategy for one-shot drilling of
hybrid CFRP/Ti stacks especially under the utilized cutting con-
ditions in the present work. However, this drilling strategy will
inevitably give rise to an increased exit CFRP delamination
extent. And this will lead the machinists to develop a particular
process for CFRP/Ti drilling such as adding a supporting plate
beneath the bottom CFRP phase in order to avoid the induced
exit delamination damage.

Finally, through the experimental results and theoretical analy-
ses, a suggested functional design of MFD for drilling CFRP/Ti
stacks is discussed and offered. In the future, the use of special-
ized drill bits will become an increasing trend in the industrial
sectors in order to effectively improve the machinability of the
multi-phase materials.
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