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Abstract

Fiber-reinforced plastic is one of the top priorities lightweight materials with excellent mechanical properties for the
aerospace industries in recent years. However, it is difficult to machine despite having unique properties due to its non-
homogeneous and abrasive nature in alternate fiber and matrix layers. Thus, it is found to be a challenging task to drill
hole on such hard-to-machine materials, which is highly essential for the development of most of the engineering
structural components. The present work addresses various drilling-induced defects such as delamination, circularity
error, and roughness variations in the hole surface during drilling of quasi-isotropic cross-fiber oriented bi-directional
woven-type carbon fiber reinforced plastic laminate using a full factorial design of experiments for different drill geom-
etry. The response surface methodology was considered for the regression model development, which was found to be
highly significant. The machining forces with associated torque have also been acquired during drilling, which was divided
and further analyzed in time domain to correlate with drilling flaws. The drilling-induced delamination was found to be
higher at a high feed rate using a higher drill point angle due to substantial thrust force generation at the initial stages in
the drilling cycle. However, the internal surface finish with associated circularity error was reduced for higher spindle
speed with less feed rate using a low drill point angle because of low torque fluctuation at the final drilling phases. The
axial thrust force was found to be a prime indicator of drilled hole surface delamination, whereas drilling torque precisely
indicated internal surface roughness as well as circularity error. The global root mean square, along with a local peak of
thrust and torque, both were highly essential to completely characterize the drilled hole quality.

Keywords
CFREP, thrust force, torque, quasi-isotropic, delamination, circularity error

Date received: 4 October 2019; accepted: 3 January 2020

structural engineers in aerospace, marine, and defense

Introduction

The engineering materials have to fulfill the design
necessities with ease in manufacturability as well as
economical to the end-users. The need for superior
materials having a high strength to weight ratio like
fiber-reinforced plastics during the past decades is
found to be significantly increased in aerospace, auto-
mobile, marine, and sports goods manufacturing
industries.' > These advanced materials can also sus-
tain high impact loads at altered time intervals with a
high degree of corrosive resistance because of the spe-
cific macroscopic combinations of fibers (reinforce-
ment phase) and polymer matrix (matrix phases) in
this fiber-reinforced laminates."**® The reinforce-
ments are strong, stiff, and brittle, which is mixed
with the soft and pliable matrixes. Thus, these
advanced materials are also the primary choice for

sectors. >

The fibers provide the strength to the composite
laminate, and the matrix binds the fibers together
while transferring the load to the adjacent fibers as
well as acts as a safeguard from the outer environ-
ment. As the reinforcing materials are fibers, these
laminates/materials are called as fibrous composites
or fiber-reinforced plastics (FRPs).” These FRPs
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popularly used a continuous or discrete form of fibers,
out of which the continuous fibers are beneficial over
the later one.”'” The continuous fibers are a unidir-
ectional or bi-directional category. The bi-directional
type is formed by placing the thin uni-directional
fibers called prepreg in a woven system. The uni-direc-
tional and bi-directional groups both have superior
properties. The uni-directional prepregs indicate
high stiffness and strength along the fiber direction
rather than in the perpendicular, named as aniso-
tropic material.”' However, the bi-directional pre-
pregs strengthened in both the directions, called
quasi-isotropic materials, make it preferable in most
of the engineering applications. On the other hand,
the laying up and orientation of the reinforcing
fibers is strongly correlated with the fabrication end-
properties as the fibers are subjected to compression,
bending, and cutting action during drilling, which in
turn found to be a challenging task to the manufac-
turers.'! Thus, the fiber is sheered, and rough surfaces
have resulted in machining when fibers are lied
inclined at 45° angle with cutting direction, whereas
the fibers undergo flexion if this orientation angle is
perpendicular (90°) resulted in smooth surface.”'%!?
However, the fibers are subjected to undergo bending
and shear, resulting in tearing of fiber when the fibers
have been negatively inclined (—45° angle) to the cut-
ting direction.'® Finally, these prepregs have been
stacked together by applying a polymer matrix of a
thermoplastic or thermosetting set to form the com-
posite laminates.'® The thermoplastic polymer matrix
has better mechanical properties at high temperature
with a high degree of ease during manufacturing.
The fiber-reinforced composites may be categor-
ized as per the reinforcing fibers like glass fiber-
reinforced plastics (GFRPs),"? carbon fiber-reinforced
plastics (CFRPs),”'? and combination of both fiber
and metal composite namely fiber metal composite
laminate (FML).>*'* These materials can reduce the
total weight up to 50% in Boeing and airbus like the
one airliner utilizes that in accommodating extra bag-
gage.'> The GFRPs are found to be used in making
passenger compartments, room doors, and landing
gear doors."'” The CFRPs are applied to manufac-
ture wing panels, j-nose, and stabilizers, whereas
CFRPs with metal stack form of aluminum and titan-
ium are used in making fuselages, wings, keel beam,
and tails.>'>!® However, a secondary process like
milling, drilling, and trimming is often highly essential
for the final assembly.!” Thus, the final structural
components are found to be comprised of riveted
joints for which drilling operation is generally recom-
mended as a cost-effective and time-efficient strat-
egy.'® The mechanical fastening, such as riveting,
bolting of the different subassemblies of the complete
structural body used in several engineering applica-
tions, is highly essential. It necessitates secondary
machining processes like drilling for making holes in
the structural elements. However, drilling holes

through the composite laminates is somewhat differ-
ent from metal as the drill encounters plastic (matrix
phase) and fiber (reinforcement phase) alternatively,
characterized by the drastic difference in their mech-
anical and thermal properties. Thus, it is relatively
difficult for the machining of these hybrid materials.
Moreover, the joining efficiency of the bolted and
riveted joints primarily depends on the quality of
the drilled holes.!” 2! Therefore, a drilled hole
should be uniform without any surface defect to
achieve adequate joint strength with high degree pre-
cision for interchangeability.

The CFRP composites are found to be ambiguous
to machine irrespective of their superior mechanical
properties. Thus, there is a growth in the research
works that have been noticed in the selection of
fiber orientation in the fabrication of fibrous lamin-
ates as well as their machinability aspects in recent
years. There are successions of shear fracture found
to have occurred in the fibers and matrix through
which the load distribution somewhat uneven during
the drilling of CFRPs. On the other hand, highly
abrasiveness, material discontinuity, inhomogeneity,
and anisotropic nature of these materials also deteri-
orate the machinability of such materials rather than
metals. Various surface damages and irregularities
like fiber cracking, delamination, fiber burnout, fiber
pullout, spalling, matrix cracking, debonding, chip-
ping, circularity error, and high roughness factor are
significant during drilling. Thus, the strength of the
laminate against fatigue, impact loading, and demean-
ing the performance substantially reduces. The delam-
ination is generally considered the top and exit surface
defect of a drilled hole, which supports the nut or rivet
during mechanical fastening processes. It is an inter-
ply failure phenomenon due to which almost 60% of
the engineering products have been turned into scarps
in the final assembly lining each year.?” The laminate
fibers are subjected to compression as well as bending
during drilling, which is responsible for the lifting or
peeling of fibers resulted in delamination. On the
other hand, the inherent heterogeneity and high
abrasiveness in carbon fibers drill bits wear out very
rapidly, which leads to severe disfigurement of the
drilled hole.*®

In drilling operations, the cutting edges are respon-
sible for cutting the materials, whereas the flutes are
responsible for guiding the cutaway materials to come
out. Since the material is not properly cut away from
the adjacent layer due to the fibers” bonding, the peel-
ing action from the concerned layers is found to have
occurred. The cutting forces have proceeded toward
the peripheral direction, which enhances the peeling of
fibers, resulted in peel-up delamination or delamin-
ation at entry-level. In the last phases in the drilling
cycle, the uncut thin layer of prepregs present beneath
the drill becomes very weak and subject to deform-
ation when the drill penetrates the drilled hole. The
axial thrust force reaches its lowest level during this
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stage, which often exceeds the inter-laminar bonding
strength; thus, materials present beneath the drill push
out of the hole in the form of push-out delamin-
ation.'® However, this exit stage delamination occur-
ring chances are less in comparison to the pull-up
delamination at the entrance as the thrust force
reaches its lowest value.

The delamination damage is considered as the cen-
tral failure regardless of the fiber type in FRPs, which
may be characterized by the separation of physical
layers of materials in a hole. Therefore, it is generally
considered a vital means of failure as it may disturb
the tensile properties and durability as well as a reduc-
tion in the bearing strength and structural integrity of
the composite laminate, which in turn influences the
performance issues. Delamination cannot be eradi-
cated, like welded plate distortions, but can be
reduced with proper adjustments of machining par-
ameters like feed rate, spindle speed, drill geometry,
etc. The delamination is found to be increased with a
higher feed rate due to stronger thrust force using
different drill bits in FRPs."*'>**2> However, it can
be improved to some extent by increasing the spindle
speed in the drilling of bi-directional composite lamin-
ates.’*?” This surface damage-related defect is also
found to be observed in high-speed drilling of thin
woven-ply carbon fiber composite laminates due to
quick tool wear, which in turn increases the thrust
force.'??%3%31 Thus, the drill-induced defects were
significantly increased at higher feed rate.”® The
drill point angle is also profoundly influenced the
delamination with an increase in the case of the WC
(tungsten carbide) twist drill due to the same reason.
The thrust force should be lower than a specific range
called a critical thrust force to achieve a delamination
free hole. Besides that, if the orthogonal rake angle of
the drill tool at each point on the primary cutting edge
is increased using a high helix angle, it may also
reduce the thrust force. The drilling-induced thrust
force increases with an increase in drill web thickness,
which again varies with the chisel edge length.” The
higher thrust force development leads to various types
of wear and hence shortens the tool life. However,
there is a small increase in thrust force for the early
stages of a drill, which is later predominantly
increased at later stages of the drill service life.>
The effect of tool materials on the quality of holes
also cannot be neglected. Carbide drill has better per-
formance than HSS drill concerning delamination in
drilling CFRPs.>® However, the excessive heat gener-
ation during the drilling of CFRPs is another aspect
of the assessment of machinability.** The major con-
tribution to the overall heat generation is the heat
developed along with the work-tool flank interface,
which is proportional to primary drilling parameters,
i.e. cutting speed and feed rate.

The machinability of CFRPs depends upon various
drill’s geometry factors like point angle, primary and
secondary cutting edges, size of chisel edge, and drill

material. Although the initial axial thrust force by the
drill on the work is higher, it is significantly reduced at
a higher speed. Thus, the fibrous material softens for
which drill bit smoothly extrudes the material.
Moreover, the tool wear or edge chipping is predom-
inantly higher using drills without any chisel edge like
brad and spur or dagger having straight flutes due to
sharp corners that sustain the bulk of the cutting
load.** Thus, the tool stability deteriorates with time
without the presence of core during drilling resulted in
poor drilled hole quality along with inadequate chip
disposal resulted in more power requirement, particu-
larly in mass production. On the other hand, the twist
drill flutes comprised of sharp guide champers was
found to be beneficial in removing the uncut fibers
and guide the tool in the hard to machine material
like CFRPs. Besides, the secondary cutting edge is
also helpful in removing the cut chip stuck in the
material which has not found using “Dagger drill
bit.”'”*® The circularity, roundness, and concentricity
of the drilled hole are also considered with delamin-
ation for the acceptability of the hole for which a
conventional twist drill may be recommended.

The preceding summary on a literature survey on
the machinability of CFRP composite indicated that
there were several works on parametric influence on
surface delamination and internal surface roughness
as performance parameters in drilling. However, the
interaction effect of drill spindle speed and feed rate
using different tool geometry on the surface delamin-
ation factor was not investigated in detail. Moreover,
the hole surface integrity characteristics such as circu-
larity error as well as roughness not properly pre-
sented using profile graphs. Thus, the present work
addresses the interaction effect of process variables
on these hole quality characteristics with different
drill geometry on fabricated bi-directional woven in
detail. On the other hand, though there were some
works on process monitoring of CFRP drilling,
there was hardly any work on time-domain statistical
feature analysis of the thrust as well as torque phase-
wise in the drilling cycle. The sensitivity analysis has
also been considered to search the significant statis-
tical feature for the process monitoring, which was
further extended to response surface modeling cap-
ability for the first time. The objective was to compare
the prediction capability of drilled hole quality using
different significant statistical parameters of thrust
and torque in the developed models. Finally, the pre-
diction error has also been analyzed globally, con-
sidering all the drilling experiments as well as
individually to conclude the same precisely.

Experimental procedure

In the present work, the drilling experiments have
been carried out on fabricated (manual hand layup
method) quasi-isotropic CFRP composite laminates.
This  quasi-isotropic  carbon  fiber laminates
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characterized by 10 mm thickness contained 16 layers
of 0.5mm thick carbon fiber prepreg plies stack
together by epoxy resin (type-Araldite LY-556)
mixed with hardener (type-Aliphatic amine HY-
951). The stacking sequence of the woven-type bidir-
ectional laminate was positioned [0/—45/90/45],¢
during fabrication, so that it can sustain high load
without much variation in the mechanical behavior
along the loading direction.** The reinforcing
carbon fibers used for fabrication have high tensile
strength (6000 MPa). The piles of the prepregs have
been kept inside a mild steel mold in which a uniform
pressure was maintained during the curing of the
laminates. The dimensional specification with mech-
anical properties of the carbon fiber laminate is

Table 1. Ingredients details for the fabrication of CFRP
laminate.

Descriptions Specifications

0.465 mm

6000 MPa
Epoxy-Araldite LY-556
Aliphatic amine HY-951
Hand layup technique

Fiber thickness

Fiber tensile strength
Matrix used

Hardener used

Work made-up process
200 mm x 200 mm x 10 mm
3000 N/mm?

200 mm x 100 mm x 10 mm

Work dimension
Work tensile strength

Job size for drilling

Table 2. Geometrical specification of the drills used.

Drill gecometry parameters Drill 11 Drill 2 Drill 3
Diameter (mm) 10 10 10
Point angle (°) 110 118 128
Web thickness (mm) 0.121 0.140 0.160
Helix angle (°) 28.5 30 32
Clearance angle (°) 835 8.60 8.67

indicated in Table 1. However, the work sample to
be drilled has been prepared with
200 mm x 100 mm x 10 mm dimensions using an elec-
tric gauge cutter.

In this work, three carbide twist drills having dif-
ferent point angles were considered for the drilling
experiments. The detailed geometrical specification is
shown in Table 2. The pre-wear on the drill tool due
to several usages does a significant effect on the hole
quality, such as the delamination factor influenced by
feed rate and drill spindle speed due to subsequent
variation of the thrust force and torque development
during drilling. However, in the present work, a new
tool has been taken for each drilling experiment (i.e.
each parametric condition), so the tool wear effect was
eradicated.

A CNC milling center (MTAB) with high power
capacity (5kW) was used for the drilling experiments.
The experimental setup is shown in Figure 1. The
limiting speed of this single-spindle vertical machining
center is 5000 r/min with vertical feed capacity up to
3000 mm/min. The sampling rate of acquiring thrust
force and torque signals was kept constant at 1kHz
throughout the drilling experiments in this work.
However, in this experimental investigation, the data
acquisition system has several highly sensitive periph-
erals hardware with inbuilt software for acquiring the
force/torque signals. The piezoelectric-type dyna-
mometer was fitted with the work which was mounted
on the machine bed. The piezoelectric dynamometer
(type KISTLER 9257b) and a KISTLER amplifier
(model 5070) along with a data acquisition system
have been used for the force/torque signals acquiring
during drilling.*® The data acquisition system com-
prised of data acquisition card integrated with
DYNOWARE software (type 2825D-02) of the
latest version (2.5.1.2) for accurate data capturing
and further analysis. A dedicated fixture has been
designed and developed to properly hold the lami-
nated fibrous sample during drilling. In the present
experimental work, the force with corresponding
torque signals has been acquired at a sampling rate

CNC Milling
Centre

Data
Acquisition
System

Tool

Figure 1. Experimental setup with work clamping arrangement on a dynamometer.
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of 1000Hz. The highest machining feed rate
(at  3200r/min spindle speed with feed rate
0.075 mm/rev) was 4 mm/s. Therefore, the total 1000
data have been acquired per one second during this
high-speed drilling, i.e. distance between two consecu-
tive addressable points along the working thickness
was 0.004 mm, which is significantly accurate to char-
acterize the dynamic nature of the process in terms of
force and torque signals. Thus, for one revolution of
the tool, the signals were acquired around 18.75 ~ 19
data points per drill revolution (at 3200r/min) to
accurately analyze the pattern of the force/torque
variation along the hole circumferential distance,
which is sufficient enough for the same reason
around the drilled hole surface development.

The selection of the available range of drilling par-
ameters using the WC twist drill has been adjusted as
per the previous literature reviewed.>** However, a
large number of trail experiments have been carried
out with different combinations of speed and
feed rates using three drill point angles for accept-
able delamination, with good surface finish and less
roundness error through which suitable, feasible cutting
parameter range considering each drill point angle has
been selected. The key objective was to investigate the
influence of alteration in speed, feed, and point angle on
the stated response outputs. Thus, a combination of
slow (1225r/min), moderated (2250 r/min), and rela-
tively high speed (3200r/min) was chosen. Similarly,
three low feed rates of 0.025, 0.050, and 0.075 mm/rev
were selected. Most importantly, a wide range of point
angle ranges from 110° to 128° were chosen to under-
stand the pattern of dynamic variation in thrust force
and torque during drilling along with its adverse effect
on the hole quality."!*%

These two primary process variables, namely spin-
dle revolutions per minute and feed rate with three
levels of each, have been considered for three different
drill point angles (Table 3). The drilling experiments
have been designed using a full factorial design of
experiments using Minitabl7 software, i.e. a total of
27 drilling experiments were carried out in this work.
Some experiments (Expt. 14.) have been repeated two
to three times to check the repeatability of the drilling
machine.

Measurement of statistical features of
sensors’ signals

The axial force and torque signals have been acquired
during the drilling experiments in real time which

Table 3. Drilling parameters with their levels.

Factors Levels

Speed (N) (r/min) 1225 2250 3200
Feed rate (f) (mm/rev) 0.025 0.05 0.075
Point angle (@) (°) 110 118 128

were further analyzed in time domain considering
statistical mean, standard deviation, and root mean
square (rms) using Microsoft Excel and Matlab soft-
ware. The primary objective was to investigate their
correlation with hole quality features to further moni-
tor the process.

The average of some grouped sampled data of the
respective signal defined as the sum of all the numbers
in a group divided by the total number of samples
present in that group. It may be expressed as

M:% (1)

where y; is the observation data set, u is the mean of
the observation data set, and N is the size of the obser-
vation data set.

The standard deviation (o) is a measure of dis-
persion in statistics. It provides an inkling of how
the individual data in a data set is detached from
the mean. It is described as the square root of the
mean of the squares of the deviations of all the
values of a series derived from the arithmetic
mean, also known as the rms deviation. It may be
expressed as

)

where y; the observation data set, u is the mean of the
observation data set, and N is the size of the observa-
tion data set.

The rms is generally recognized as the quadratic
mean, which is used in statistics and mathematics.
This formulation provides the total sum of the
square root of each data in an observation. It is nor-
mally denoted by X,ns. It can be expressed as

ity
ers— N (3)

where yq, y, and y; are observations and N is the total
number of observations.

The local peak value (p) is generally the maximum
value of all the numbers in a group. It can be
expressed as

p =max(yi, ¥2, Y3-..Vn) 4)

Measurement of drilled hole characteristics

The delamination factor may be expressed as one-
dimensional or two-dimensional factor in the meas-
urement of a drilled hole. The one-dimensional
delamination factor (F,) is generally expressed as the
ratio of the maximum diameter (D) to the nominal
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diameter (D) of the delaminated drilled hole macro-
graph (equation (5)) which is indicated Figure 2.%*

Dmax

Delamination factor, F;=
Dmin

5

The above expression holds good if the entry and
exit level delamination is considered, as it is only
focused on the upper few layers of the laminate in
pull-up delamination at entry and bottom few layers
in case of push-up delamination. However, if the
delamination of the entire hole has to be considered,
the variation from layer to layer has to be followed,
which may be represented by using a two-dimensional
delamination factor (D,) as per equation (6)'43¢

Ape — A
Df _ Del Nom % (6)
' ANom

where Ap,; is the delamination area and 4,,,, is the
nominal area.

The drilling-induced delamination is a surface
defect of the drilled hole developed during the entry
and exit of the drill bit in drilling through the lamin-
ate, i.e. top and bottom layer known as pull-up and
push-down delamination, respectively. However, it is
not so significantly caused by fiber damage due to
more stability just after insertion the drill point
edges evidenced by uniform thrust force (stages I11-
V). Therefore, the one-dimensional delamination
factor was considered in the present delamination
analysis though there are higher dimensional meas-
urement approaches for accurate quantification of
delamination damage throughout the depth of drilled
hole.!” However, the circularity error (also called hole
roundness error) has been measured throughout the
drilled hole thickness using coordinate measuring
machine (CMM), which is also a major indicator of
interlaminar delamination factor throughout the
depth of the hole. The surface roughness has also
been measured in the same procedure using digital
roughness tester along with this surface waviness
study (i.e. circularity profile error) to characterize
the surface integrity in a better way.

In the present work, the macrographs of the delami-
nated drilled hole were used in detailed delamination

Figure 2. Measurement of drilled surface delamination.

measurements using IMAGE J software on optical
micrographs. This measurement process comprised of
two major steps.>* In this method, initially, the red,
green, and blue images have converted to hue, satur-
ation value (HSV) format, characterized by three
respective levels. Out of these three levels, the second
one, i.e. the saturation level, is generally utilized for
diametric analysis in which a mask has been applied
to convert it into BW image. Thus, it can adequately
identify the drilled hole circumference. This BW image
has been further smoothened for the exclusion of the
uncut fibers. Then, the maximum diameter of the dela-
minated area, i.c. the white region between the two
black boundaries has to be identified and measured.
Subsequently, the minimum diameter of the nominal
area with the shortest black boundary is identified,
and this area has also been calculated. Then, the delam-
ination factor (F,;) may be obtained by using the values
of D,,... and D,,;, in equation (5).

The SPECTRA ACCURA CMM with a ruby
probe of 2mm diameter has been used for the circu-
larity error measurement of the drilled hole. The
probe has been moved over the internal wall at differ-
ent depth of the hole during each measurement. Thus,
these measurements have been carried out on 10 dif-
ferent depths along with the hole depth from top to
bottom at 1 mm intervals. The scanning rate of the
measuring probe was set at 1 mm/s while revolving
around the inner surface of the hole. Thus, the circu-
larity error value was obtained from CMM. The inter-
nal surface roughness of the drilled hole has been
measured using Talysurf roughness tester fitted with
a diamond probe of 2.78 um. The tester used has a
cut-off length of 0.8 mm, cutting depth of 30 um, and
bandwidth of 5 um. However, the sample length was
set at 3.5mm for the roughness measurement. The
roughness tester has been moved over the internal
surface repeatedly four times, two from each side of
the hole, and the average value has been calculated for
further analysis. The significant sensor-based features
with corresponding process parametric settings have
been further used for the prediction of these drilled
hole quality characteristics. The procedural steps of
the present work for the process monitoring have
been summarized in Figure 3.

Result and discussion

The parametric influence on drilled hole surface quality
features such as delamination, surface roughness, and
circularity error has been studied in detail. The vari-
ation of sensor-based significant statistical parameters
with drill spindle revolutions per minute and feed rate
has also been investigated in the time domain using
different drill point angles. The peak and rms value of
the axial thrust force with corresponding torque were
considered in this work. However, the profile of thrust
force and torque signals of most of the drilling experi-
ments was found to be almost the same. Thus, a typical
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Fabricated CFRP

Thrust force (F,)

Process Parameters [—

Drilling process

/ Dynamometer

Time-domain

l

1
i
|
1
|
Torque (T,) i
i
1
i
|
1

[mmmmmmmmmmmmmm—mem

analysis :
_________;v _________ | Image j software | | Roughness te.\'terl | CMM |
Delamination Roughness Circularity
measurement measurement measurement

_°I Prediction of delamination, roughness & circularity I‘-

Figure 3. Schematic illustration of the procedural work plan for process monitoring.

thrust force with associated torque signals was studied
in the time domain during different phases of drilling
operation for CFRP composite using a twist drill is
shown in Figure 4 (Expt. 1). Seven distinct phases (I-
VII) starting from drill contact to departure through
the work laminate have been identified, where signifi-
cant variation was noticed in force or torque or both
signals, as indicated by vertical dotted line.*'®*” The
rms value of thrust force and torque of the seven dis-
tinct phases in Expt. 1 has also been indicated in Figure
5. These different drilling phases have been discussed in
the following sections.

Phase I: Contact of the drill bit to CFRP laminate

In this phase, the drill bit touches the CFRP layer and
approaches into the laminate. The chisel edge of the
drill bit tears the CFRP laminate in this phase. Thus,
the thrust force, as well as torque, was found to be
sharply increased as the chisel edge penetrated the
work. It was mainly due to the extrusion or pushing
of material by the chisel edge. This stage is highly
crucial as entry delamination occurs with drill bit off-
setting, which influenced the roundness of the hole.
This phase duration was about 3-5s. The rms value
of force and torque was found to be 12.7N and
0.3 Nm, respectively, as shown in Figure 5.

Phase II: Entrance of the drill lips into
CFRP laminate

The material removal starts at the beginning of this
phase. In this phase, the cutting lips encounter work

material, and thus, the thrust force, as well as
torque, was found to be increased smoothly (i.e.
not so sharply). This phase also continued about
5-7s as shown. The axial thrust force was found
to relatively more fluctuate than torque in this
phase. It was primarily due to the air gap present
between piles in the respective laminate during fab-
rication.*® The thrust force variation was more pre-
dominant with a thicker entrapped air gap in
between prepregs. Thus, this air gap variation did
not highly influence the torque required during dril-
ling. In this phase, drilling-induced problems such as
surface delamination generally found to be observed
due to non-uniform and higher axial thrust force.
The rms force, as well as rms torque, was increased
significantly (72.4 and 73.3%, respectively) as indi-
cated in Figure 5.

Phase lll: Initiation of stable drilling

In this stage, the drill lips are completely inserted
into the composite laminate without any chance of
drill bit offsetting from the drilling center. It may
be due to more area of contact of the drill bit
with the laminate as the whole wedge surface is
engaged in this short duration phase (2-4s). Thus,
the drilling process is relatively stable for which there
was a slight drop in thrust force as well as torque
constraint. However, the torque reduction was
found to be more predominant, as shown in
Figure 4. The rms value of both axial thrust and
torque was slightly increased concerning phase II
as shown.
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Figure 4. Variation of thrust force and torque in different stages of the drilling cycle.
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Figure 5. Variation of (a) rms force and (b) rms torque in different phases during drilling (Expt. 1).

Phase IV: Stable drilling

This is the primary phase of the drilling cycle in which
machining chips are removed through the drill bit
helix grooves. It is the most prolonged phase of dril-
ling as shown (9-11s). Thus, the thrust force, as well
as the torque, was found to be constant with slight
fluctuation due to air gap induced composite laminate

as shown. The axial thrust variation was more signifi-
cant than torque indicated this air gap defect.
However, the material removal rate was uniform, evi-
denced by uniform torque generation. This phase con-
tinued until the chisel edge reached the bottom last
pile of the laminate. The peak, as well as root, mean
square value of the axial thrust force was found to be
the highest because of machining chips gathering
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through the drill flutes, i.e. fully loaded drill state in
this phase. However, the rms thrust force and torque
were found to be the same as in phase III.

Phase V: Final phase of through-hole generation

In this phase, the through-hole is just completed when
the drill reaches the last prepregs of the laminate. The
chisel edge is out of contact with the work because of
which surrounding materials around the pilot hole
(formed by chisel edge) attempt to grip the drill
wedge circumference in this phase. Thus, the thrust
force was found to be significantly dropped down
instantaneously (within 1-3s) to the ground state
with a sharp increase in torque as shown. However,
a sudden fall of drilling torque has been noticed just
before this sharp increase, possibly due to the spring
back effect of the uncut fibers of the laminate around
the pilot hole. However, the rms value of torque was
slightly reduced (6.3%), whereas rms axial thrust
reduction was found to be significant (37.3%) con-
cerning the previous phase.

Phase VI: Completion of through-hole development

In this phase, the cutting lips of the drill are entirely
out of contact with the work indicated end of chip
generation. Therefore, the machining torque sharply
reduced to the ground state, whereas the axial force
was found to be the same in this phase as expected.
However, the torque at the ground state just after
through-hole development was found to be intermedi-
ate due to physical contact of the drill flutes around
the internal drilled hole surface. Thus, rms torque was
almost found to be the same. The reason was the chip
removal operation through the flutes continued in this
phase. The duration of this phase was within 3-5s.
The push-out delamination on the exit surface of the
laminate was found to have occurred in this stage.
However, the exit delamination was not relatively sig-
nificant than pull-up delamination on the top surface
of the work due to meager axial thrust force. The rms
axial thrust was significantly reduced (83.2%) in this
phase, as shown in Figure 5.

Phase VIl over travel of drill after hole generation

In this phase, the drill bit travels without any chip
generation as per approach length after the through-
hole development. Thus, the machining torque, as
well as axial thrust, was found to be constant at min-
imal state. The secondary and tertiary cutting edges
(flutes) are still in touch with the work with the chip
movement through the flutes. Thus, the rms torque
was slightly decreased (27.3%) without any change
of rms axial thrust (Figure 5). The phase duration
was about 46, as shown in Figure 4.

This preliminary time-domain analysis of axial
thrust force with corresponding torque signals

(Expt. 1) indicated that the actual chip removal was
found to have occurred from phases I-V of the dril-
ling cycle. The ideal machining time was about 24.2s
at 1225r/min tool rotational speed with a feed rate
of 0.025mm/rev considering approach length for
respective drill point angle of 110°, which also con-
cluded the same. Therefore, the first five phases have
been considered for the hole quality monitoring.
However, the statistical analysis (gross) has been pro-
cessed considering the early four phases as the last
phase was short duration without any major process
features except sharp downfall or rise of thrust force
or torque, respectively. The experimental results on
sensor-based features along with each process
output at respective process parametric conditions
as per full factorial design of experiments (i.e. 27 num-
bers of experiments) with repeated experiments have
been presented in Table 4. The center point experi-
ment (i.e. drill point angle 118°, drill rotational
speed 2250 r/min, and feed rate 0.05mm/rev) has
been repeated twice (Expt. 28 and Expt. 29) to
check the repeatability of the drilling machine.

Effect of process parameters on thrust force
and torque

In this work, the first parametric interaction effect on
rms and peak value of axial thrust with associated
torque has been studied. Then, this parametric effect
on each drilled hole quality feature, such as delamin-
ation, roughness, and cylindricity, has also been inves-
tigated to find the correlation between process outputs
with sensor-based features. Finally, an attempt has
been made to monitor the drilled hole quality using
the raw signals of thrust force and torque as well as
with their phase-wise rms values to discretize sound
quality hole from poor hole quality. The response
surface regression methodology has also been used
to compare the monitoring capability considering dif-
ferent significant sensor-based strategies using peak
and rms value of axial thrust and torque with respect-
ive process parametric settings.

The influence of process variables on the axial
thrust force has been presented in Figure 6. The vari-
ation of the rms, as well as the peak value of thrust
and torque, is indicated using the bar chart as shown.
The rms and peak thrust force were found to be
increased with an increase of feed rate keeping tool
rotational speed and drill point angle constant.
However, the peak thrust force variation was signifi-
cant in the case of higher tool rotational speeds using
a high drill point angle (128°) as shown. The effect of
the drill point angle on thrust force was similar to
with feed rate. But, this variation was found to be
mitigated. There was a slight increase of peak thrust
with a rise in tool rotational speed at high feed rate
with a high drill point angle, which was found to be
almost the same in case of other drilling conditions.
Therefore, it may be concluded that the feed rate and
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Table 4. Drilling input parameters and seven performance characteristics.

Expt. no. %] N F F, (rms) F, (peak) T, (rms) T, (peak) Fq R, C
| 110 1225 0.025 22.101 37.689 0.469 1.136 1.094 11.046 6.265
2 110 1225 0.05 28.148 48.860 0.729 1.612 1.106 11.552 6.445
3 110 1225 0.075 35.670 61.493 0.986 2.149 1.125 11.737 6.780
4 110 2250 0.025 21.476 38.147 0.729 1.577 1.087 9.956 6.077
5 110 2250 0.05 29.242 49.400 0.745 1.745 1.108 10.994 6.129
6 110 2250 0.075 35.847 57.869 0.966 2.024 1.120 11311 6.489
7 110 3200 0.025 27.018 42.725 0.461 1.074 1.075 9.959 6.016
8 110 3200 0.05 29.957 48.599 0.549 1.353 1.102 10.638 6.164
9 110 3200 0.075 38.461 60.539 0.966 2.116 1.120 1.118 6.295
10 118 1225 0.025 22.055 37918 0.389 0.866 1.078 12.396 6.473
I 118 1225 0.05 32.347 52.071 0.390 0.854 I.110 12.787 6.626
12 118 1225 0.075 42.223 66.872 0.586 1.301 1.129 12.941 6.697
13 118 2250 0.025 23.437 42.267 0.675 1.459 1.098 11.287 6.599
14 118 2250 0.05 33.197 55.962 0.685 1.580 1113 12.239 6.683
15 118 2250 0.075 39.323 68.703 0.740 1.895 1.132 12418 6.965
16 118 3200 0.025 21.707 39.024 0.577 1.239 1.090 11.325 6.575
17 118 3200 0.05 29.466 51.765 0.633 1.447 1.109 11.929 6.657
18 118 3200 0.075 38.576 66.338 0.780 1.841 1.128 12.038 6.878
19 128 1225 0.025 26411 43.793 0.766 1.728 1.100 12.449 6.697
20 128 1225 0.05 33.442 55.809 0.665 1.706 I.111 13.469 6.999
21 128 1225 0.075 39.328 69.695 0.647 1.797 1.124 13.599 7.281
22 128 2250 0.025 25.179 46.387 0.664 1.550 1.102 11.717 6.714
23 128 2250 0.05 35.665 68.703 0.726 1.656 1.134 12,610 6.715
24 128 2250 0.075 44.340 76.065 0.833 1.931 1.142 12.748 7017
25 128 3200 0.025 24.460 42.114 0.687 1.655 1.101 11.823 6.525
26 128 3200 0.05 39.542 69.733 0.550 1.284 1.136 12.207 6.636
27 128 3200 0.075 45.867 81.596 0.661 1.659 1.147 12315 6.698
28 118 2250 0.05 33.200 45.162 0.688 1.680 1.114 12.242 6.673
29 118 2250 0.05 32.897 72916 0.678 1.738 1.113 12.231 6.701
g W Fzms B Fz peak
80
70
60

Thrust force (N)
s
=

20
10

Iieed rate (mm/rev.)

0.025  0.05 0.075

0.025 0.05 0.075

0.025 005  0.075

0.025 005 0.075

0.025 005 0.075

ittt

0.025 0.05 00750025 0.05 0.075[0.005 0.05 0.07500.025 0.05 0.079

1

ISpindie Speed (rpm)

1215 Rpm

2150 Rpm

3250 Rpm

1115 Rpm

2250 Rpm

3150 Rpm

1225 Rpm

2250 Rpm

3250 Rpm

I Point angle (°)

110

118

128

Figure 6. Variation thrust force with process parameters.
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drill point angle were significant parameters on thrust
force generation in drilling. The average value of rms
and peak axial thrust force has been processed using
different drill point angles. The mean rms (29.8, 31.4,
and 34.9 N, respectively) and mean peak thrust force
(49.5, 53.4, and 61.5 N, respectively) increased with an
increase of point angle, which was more pronounced
using high drill point angle (128°). However, the devi-
ation of the peak to rms thrust value was found to be
almost proportionally increased (40, 43, and 44%,
respectively) with higher drill point angles.

The parametric effect on torque generation using
rms and peak values has been presented in Figure 7.
The rms torque was found to be increased with an
increase of feed rate in most of the cases except with
drill having a high point angle (128°). It was slightly
reduced or little reduction followed by a slight
increase at low or high tool rotational speeds (1225
and 3250 r/min), respectively. This irregular behavior
was also noticed for peak torque generation as shown.
The mean rms (0.73, 0.61, and 0.69 Nm, respectively)
as well as average peak (1.64, 1.39, and 1.66 Nm,
respectively) was found to be reduced with an increase
of point angle followed by an enhancement using high
point angle (128°). However, the deviation of the peak
to rms thrust value was found to be reduced linearly
(55.8, 55.9, and 58.5%, respectively) with a higher

drill point angle, i.e. completely reversed relative to
axial thrust variation. Therefore, it may be concluded
that higher axial thrust variation was compensated by
an adequate reduction in torque fluctuation to main-
tain the stability of drilling operation.

Effect of process variables on hole quality

The second-order regression models have been devel-
oped for each drilled hole quality feature, namely
delamination (F,), surface roughness (R.), and circu-
larity error (C) in equations (3) to (5) using response
surface methodology as lower-order polynomials were
found to be inadequate. The adequacy of these
models has been checked using the ANOVA table.
The summarized major model competence parameters
such as P-value, F-value, and R-square value of cach
model have been presented in Table 5. The lack-of-fit
of these models has also been tested using correspond-
ing P-value and F-value as shown. The P-value was
found to be significant (less than 0.05) at a 95% con-
fidence level for each model. The F-value of all the
models developed was more than standard tabulated
F-value at corresponding degrees of freedom of the
model and residual error. The R-square value was
well above 85% indicated a high degree of fitness of
all the models. The adjusted R-square value was also

MW Tzrms B Tzpeak
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1.50
E
[
S 100
£
=
0.50
0
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ISpindle Speed (rpm| 1225 Rpm 2250 Rpm 3250 Rpm 1225 Rpm 2250 Rpm 3250 Rpm 1225 Rpm 2250 Rpm 3250 Rpm
I Point angle (°) 110 118 128
Figure 7. Variation of torque with process parameters.
Table 5. Summarized ANOVA table of hole quality models.
Lack-of-fit Model
Process
outputs F-value (std F value) P-value R? (%) R? (adj) (%) F-value (std F value) P-Value Remarks
Fq 81.17 (2.31) 0.012 95.03 92.67 40.34 (3.18) 0.000 Significant
R, 865.48 (2.31) 0.001 97.88 96.87 97.4 (3.18) 0.000 Significant
C 94.11 (2.31) 0.011 86.63 80.30 13.68 (3.18) 0.000 Significant
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found to be close to the respective R-square value
indicated the same. Therefore, each process output
model was found to be highly adequate to represent
the process characteristics that can be further used for
the parametric influence on drilled hole quality. The
lack-of-fit of the models has also found to be ade-
quately qualified in the P-test and F-test at a 95%
confidence level as indicated. Thus, insignificant coef-
ficients were not necessarily to be omitted in revised
regression models in the present case®’

Fy=1.582—0.00839 & — 0.000067 N + 1.133 f

+0.000033 @7 — 5.44 2 +0.000001 @ « N
+0.000077 N * f (3)

R. = —92.4+1.653 @ — 0.000929 N + 83.4 f
—0.006480 B&* — 435.7 f> — 0.000005 & % N
—0.181 @ % £ +0.00002 N * f (4)

C = —26.8940.526 @ + 0.000271 N + 9.4 f
—0.002063 @ + 74.7 f2 — 0.000002 @ * N
—0.047 @ % £ —0.00191 N x f (5)

The interaction effect of drill rotational speed and
feed rate using different drill point angles on delam-
ination, surface roughness, and circularity error of
drilled hole have been presented in Figures 9 to 11,
respectively, using 3D response surface plots as per
equations (3) to (5).

The drilling-induced delamination was significantly
increased with an increase of feed rate, which was
more pronounced at higher drill spindle revolutions
per minute using any drill point angle, as shown in
Figure 8. It was increased (2.8, 2.9, and 4.2%, respect-
ively) with the variation of feed rate from 0.025 to
0.075mm/rev at low drill spindle speed 1225r/min
to high 3250 r/min. It was primarily due to greater
drill thrust force at higher feed rate.*® However, the

influence of drill revolutions per minute was not so
predominant on delamination. It was slightly
increased and after that reduced with an increase of
drill rotational speed except at a very high feed rate
using a high drill point angle (128°) where delamin-
ation was increased sharply as shown. The average
value of delamination considering all drilling experi-
ments was found to be increased (1.1, 1.11, and 1.12,
respectively) with an increase of drill point angle from
110° to 128° due to higher axial thrust development.
Therefore, the feed rate was the most significant par-
ameter on surface delamination using specific drill
geometry. The worst drilled hole affected by delamin-
ation along with the best one having minimum delam-
ination for each drill point angle has been presented
using the optical macrograph in Figure 9. These
drilled hole macrographs characterized the hole edge
qualities such as fiber pull out.

The delamination factor has been calculated from
the delamination area and nominal area of these
images using “‘Image J software.” It was found that
the drilled hole damage was found to be less at lower
feed rate with higher spindle speed using a low drill
point angle (110°) in Expt. 7. However, it was found
to be minimum at both low spindle revolutions
minute and feed rate using a higher drill point angle
(Expt. 10 and 19). The delamination factor was more
significant considering the higher drill point angle
though fiber pullout was not so predominant at
these drilling conditions as shown. The fiber pullout
problem was found to be severe at a high feed rate
(0.075mm/rev), especially using a higher drill point
angle. This drilling-induced defect was more pro-
nounced at higher drill spindle speed for higher drill
point angle and vice versa as shown. Therefore, a low
feed rate, along with higher spindle speed using a
smaller point angle, was the best possible combination
to reduce delamination induced surface damage.

The surface roughness of the drilled hole increased
sharply with an increase of feed rate like delamination
using a low drill point angle, which was found to be
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Point angle 128°

Figure 8. Interaction effect on delamination using drill point angle: (a) 110°, (b) 118°, and (c) 128°.
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Figure 9. Maximum and minimum delaminated hole macrographs using different drill point angle.
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Figure 10. Interaction effect on roughness using drill point angle (a) 110°, (b) 1187, and (c) 128°.

stationary with a further increase of feed rate for
higher drill point angle, as shown in Figure 10. On
the other hand, the finish was drastically improved
with a rise in drill spindle speed at a lower feed rate
for each drill point angle, which was found to be stag-
nant at high feed rate using a low drill point angle.
The average value of roughness considering all
drilling experiments was found to be increased

(10.9, 12.15, and 12.55um, respectively) with an
increase of drill point angle from 110° to 128° due
to lower torque development though the axial force
was increased. Therefore, the internal surface rough-
ness can be reduced at a lower feed rate with moderate
spindle speed using a lower drill point angle.

The interaction effect of process variables on circu-
larity error is specified as the radial distance between
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Figure I1. Interaction effect on circularity using drill point angle: (a) 110°, (b) 118°, and (c) 128°.

two concentric circles separated by minimum possible
distance, as illustrated in Figure 11 for each drill point
angle. This macro deviation defect was also found to
be less at a higher spindle speed with low feed rate as
in case of surface roughness except for intermediate
drill point angle 118° as shown. There was a sharp
increase in roughness with an increase of feed rate
like delamination, which was more predominant at
low feed rate using any drill point angle. However,
it was found to be improved at high drill spindle
speed, especially with low feed rate conditions as
shown. The average circularity error considering all
the experiments was increased (6.31, 6.68, and
6.81 um, respectively) with an increase of point
angle from 110° to 128° due to reduction in torque
development. Thus, the circularity error can be
reduced at a lower feed rate with a higher spindle
speed combined with a lower drill point angle.

Monitoring of hole quality in drilling

The hole surface characteristics have been studied
with corresponding thrust and torque signals in dril-
ling. The objective was to investigate the primary
reason for the respective drilled hole quality. The
defective drilled hole, as well as the best-drilled hole
with respect to top surface delamination, roughness,
and circularity error along with associated sensor sig-
nals, has been presented. Various global statistical
parameters, such as mean, standard deviation, and
rms, as well as a local parameter like peak have
been considered in this investigation. These statistical
variables have been calculated for each significant
phase (phases I-IV) of the drilling cycle to compare
the deviations. After that, a sensitivity analysis of stat-
istical parameters of thrust and torque signals in dif-
ferent drilling phases has also been processed. Finally,
an attempt has been made to improve the predictabil-
ity of each developed hole quality feature regression
model using significant sensor-based features with
process variables.

Study on surface delamination using sensors’ signals

The CFRP laminates were found to be significantly
affected by drilling process parameters due to delam-
ination on the top surface. It was mainly character-
ized by fiber pullout along with piles of damage
around the drilled hole periphery. It was more
pronounced at a higher feed rate using a higher
drill point angle, as shown in Figure 12 (Expt. 27)
with the highest delamination error (1.147). The pri-
mary reason was higher axial thrust force (peak
as well as rms value) development with significant
fluctuation (%) evidenced by higher standard devi-
ation during phases I and II in the drilling cycle as
shown. Thus, the torque requirement was also found
to be higher to maintain stability during drilling.
However, the drilling torque also found to be
highly fluctuated with respect to mean torque, espe-
cially in phases II and IV. Therefore, the internal
surface roughness was reduced (12.32 um) with pre-
dominant circularity error (6.7 um) in this paramet-
ric conditions.

The surface delamination was found to be reduced
significantly (1.075) without any fiber pullout at a
lower feed rate with higher tool rotational speed
using a low point angle drill, as shown in Figure 13
(Expt. 7). The rms value of axial thrust force, as well
as torque, was lower (44.7% and 30.3%, respectively)
than the previous condition (Table 3). The fluctuation
of axial force significantly decreased (67.3%) with a
corresponding reduction in torque variation (30.5%)
concerning rms value as indicated, which was more
pronounced in phases I and II, respectively. The
peak axial force was found to be reduced from 81.6
to 42.72N with associated peak torque reduction
(1.66-1.06 Nm). Thus, the surface roughness
(9.959 um) and circularity error (6.016 um) were
also found to be improved at this parametric condi-
tion due to a more uniform torque. Therefore, the
axial thrust force was a prime indicator of surface
delamination.
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Figure 12. Maximum delaminated hole macrograph with corresponding thrust and torque signals (Expt. 27).

Study on surface roughness using sensors’ signals

The surface roughness of the drill hole was found to
be maximum (13.6 um) at a higher feed rate with
lower drill spindle revolutions per minute using a
higher point angle drill (Expt. 21). The axial thrust
force and torque signals with corresponding rough-
ness profile (cut-off length of 3.5mm from both
sides along with the working thickness, i.e. 70%
of total work thickness) have been presented in
Figure 14. However, the average roughness has been
calculated considering several passes at different zones
of internal drilled hole surface during roughness test.
The mean, rms, and peak as well as standard devi-
ation of axial force were relatively higher at phases
III and IV rather than the initial phases of drilling
cycle. Thus, the average torque was higher in the
last phases. The delamination (1.13 um) and circular-
ity error (7.28 um) were also found to be higher due to
the same reasons. So, the internal surface finishes
highly influenced due to high axial force and its devi-
ation along with higher torque development in this
condition. However, the roughness profile was com-
prised of significant fluctuation at multiple points
(troughs) at regular intervals, which were found to
be substantial during intermediate phases and drastic-
ally diminished during the final phases in the drilling
cycle (i.e. toward the bottom side of the drilled hole as
shown). Thus, the torque fluctuation during initial

phases with several peaks was found to be extensively
reduced in the final drilling phases due to a fully loaded
drill in these phases. However, the axial force was fluc-
tuated because of obstruction on drill feeding loaded
by the machined chips in the last phases as shown.
The surface finish was found to be improved
(R.=996 um) at a low feed rate (0.025 mm/rev)
with medium tool rotational speed using a low drill
point angle (Expt. 4). The roughness profile having a
3.5 cut-off length on both sides through the drilled
hole depth with corresponding axial thrust force and
torque signals has been illustrated in Figure 15. The
mean as well as rms axial force was decreased signifi-
cantly (40.2 and 45.4%) than the previous condition
without any variation of its fluctuation, which was
more predominant in phases III and IV. However,
the rms torque was found to be slightly increased
(12.3%) due to more variation of torque. The rms
and mean torque were marginally higher in phases
II and III. The peak thrust force was reduced from
69.7 to 38.2 N without much variation of peak torque.
Thus, the roughness profile was much smoother with
two to three non-uniform troughs during intermediate
phases in the drilling cycle with significant fluctuation
in drilling torque as shown. The roughness profile was
found to be smoother evidenced by uniform torque
profile during the final phases. However, the axial
thrust force was found to be fluctuated as soon as
the drill lips peeps out of the workpiece. The
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Figure 13. Minimum-delaminated hole macrograph with corresponding thrust and torque signals (Expt. 7).
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Figure 15. Minimum rough hole profile with corresponding thrust and torque signals (Expt. 4).
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Figure 16. Variation of circularity profile through the drilled hole depth for maximum (Expt. 21) and (b) minimum (Expt. 7) mean

circularity error.

delamination problem (1.087 um) and circularity
error (6.08 um) were both improved due to low axial
thrust. Thus, an average axial force was a better pre-
dictor than its deviation, especially the last two phases
rather than initial phases as found in case of max-
imum delamination.

Study on circularity error using sensors’ signals

The circularity is a circumferential defect related
to surface waviness rather than roughness.
However, the circularity error was also found to be
maximum (7.281 um) at a higher feed rate with lower
drill spindle revolutions per minute using a higher
point angle drill (Expt. 21), i.e. same parametric con-
dition for the highest surface roughness. The thrust

force with associated torque signals along with circu-
larity variation profile along the drilled hole depth has
been presented in Figures 14 and 16, respectively. It
was primarily due to higher thrust as well as higher
torque along with higher fluctuations of each, which
resulted in non-uniform process variations. Thus, the
circularity error was found to be non-uniform
through the drilled hole though there was significant
improvement during the final phases in the drilling
cycle, as indicated in Figure 16(a). However, the
mean circularity error was considerably improved at
the same parametric conditions as found in case of
minimum delamination (i.e. low feed rate with high
drill rotational speed using low drill point angle) at
Expt. 7. The delamination error was also found to be
minimum (1.075 um) at this parametric setting. The
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thrust force signal with corresponding torque signal
and circularity variation profile through the hole
depth have been shown in Figures 13 and 16, respect-
ively. The rms value of thrust and torque was reduced
almost the same rate (31.3 and 29.1%, respectively)
along with slight improvement in standard deviation
or fluctuation of each (5.8 and 28.1%, respectively).
There was little improvement in circularity error just
after the initiation of the drilling operation, which
again found to deteriorate toward the last phases in
the drilling cycle, as shown in Figure 16(b). However,
the drilled hole may be characterized by almost uni-
form as well as less circularity throughout the drilling
hole (cycle). The internal surface roughness (9.96 um)
was also found to be less as expected. Thus, here, the
circularity error was strongly inversely correlated with
axial thrust force as well as torque development.

Sensitivity analysis of sensors’ based features

In this work, three-time domain global (mean, rms,
and standard deviation) and one local (peak) statis-
tical parameters on thrust force and torque signals
have been considered to investigate the correlation
with drilled hole quality features (delamination,
roughness, and circularity). These signal-based statis-
tical characteristics for the worst drilled hole as per
delamination defect has been compared with the best-
drilled hole using each drill bit having different point
angle (110°, 118°, and 128°). The mean, rms, standard
deviation, and peak value of corresponding thrust
force and torque signals of each significant phase
(phases I-1V) have also been processed, as shown in
Table 6.

The percent deviation of each statistical parameter
value between poor quality hole with an excellent
drilled hole has been presented to compare the correl-
ation with delamination related defects. For example,
Expt. 3 and Expt. 7 were found to be the worst (max-
imum delamination) and the best (minimum delamin-
ation) drilled a hole using a 110° point angle drill.

Thus, the thrust force and torque signals of theses
two drilling experiments have been divided into
phases, as discussed earlier. Then, the statistical par-
ameters’ values have been determined for phases I-1V
as well as total phases [-IV for these two experiments
thrust force and torque signals, as indicated in table.
Thus, the analysis has been continued for other drill
point angles in the same way. The result suggested
that the average percent deviation of thrust force
was found to be higher (81.6%) for standard devi-
ation, which was more pronounced with a higher
drill point angle (46.4, 88.4, and 110%, respectively)
as indicated. The maximum average difference was
also found to be higher (79.9%) for the standard devi-
ation of torque signals. However, this deviation for
torque was found to be diminished or even inverted
with an increase of drill point angle (142%, 118.3%,
and —21%) to maintain the process stability during
drilling. However, the average percent deviation for
peak thrust (70.5%) as well as peak torque (71.4%)
was also higher than the mean or rms axial thrust.
Therefore, it may be concluded that fluctuation of
axial thrust and torque was strongly correlated with
the degree of surface delamination of drilled CFRP
composite laminated hole. The variation of standard
deviation from phases I-IV in the drilling cycle for
thrust force and torque has been presented in Figure
17(a) and (b), respectively. The standard deviation of
thrust force in phases I and II was found to be higher
for the highly delaminated hole indicated its capabil-
ity to identify poorly drilled hole from a less delami-
nated hole (Figure 17(a)). However, this effect was
also prominent in the case of torque except at low
drill rotational speed using a high drill point angle
(Expt. 19), as shown in Figure 17(b).

The sensitivity analysis has been extended to drilled
hole surface roughness, as shown in Table 7. The
average deviation of the mean value of thrust force
(72.2%), as well as torque (63.1%), was found to be
highly significant than other statistical parameters.
The average deviation of rms (70.4%) followed by
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e #3_0110 N1225 f0.075
=y- #19_0128 N1225 f0.025
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Figure 17. Variation of the standard deviation of (a) thrust and (b) torque for delamination.
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peak (56.5%) thrust was also competitive with mean
value as indicated. However, the average variation of
both mean thrust and mean torque was higher (97 and
119%, respectively) using an intermediate 118° drill
point angle. Thus, the mean value of thrust and
torque was a prime indicator of the internal surface
roughness of the CFRP composite-laminated
drilled hole.

The variation of mean thrust and torque from the
drilling phases I-IV has been illustrated in Figure 18.
There were two separate clusters of thrust force data
related to a rough drilled hole (high mean thrust)
from an excellent finished hole (low mean thrust), as
shown in Figure 18(a). It was not so prominent, espe-
cially using a higher drill point angle without any sig-
nificant cluster of data for torque signal as shown.
However, the prediction of drilled hole quality was
found to be improved considering phase III in the
drilling cycle where mean torque value was higher
for rough hole surface and lower for finer hole sur-
face, as shown in Figure 18(b).

The average deviation of peak, mean, rms, and
standard deviation of axial thrust force was found
to be almost the same (64, 60, 59, and 57%, respect-
ively). However, the average variation of the standard
deviation of torque (81%) was higher than the peak
(76%) and rms (70%) without a significant deviation
of the mean. Thus, peak thrust force with torque fluc-
tuation was a primary indicator of circularity error of
CFRP-laminated drilled hole. The peak thrust force
deviation was higher (81%) using intermediary drill
point angle 118°, as found in case sensitivity analysis
for surface roughness. However, the standard devi-
ation of torque variation was drastically reduced or
even reversed with a higher drill point angle (142%,
118%, and —18%), as indicated in Table 8.

The most significant peak thrust force and the
standard deviation of torque in different drilling
phases have been presented in Figure 19(a) and (b),
respectively. The peak thrust force was comparatively

higher for a high circularity error hole than more uni-
form with less circularity hole. The same phenomenon
was also noticed for torque standard deviation except
at high drill spindle rotational speed using a high drill
point angle (Expt. 5), as shown in Figure 19(b). The
peak thrust force was found to be maximum in phase
IV of the drilling cycle, whereas the torque fluctuation
was diminished indicated a fully loaded drill during
this final phase.

The above sensitivity analysis of various statistical
parameters (mean, standard deviation, rms, and peak)
of thrust and torque during drilling indicated the most
significant one for delamination, surface roughness,
and circularity error. However, the overall average
percent deviation of thrust force and torque was
found to be higher with rms value (64.2%) and stand-
ard deviation (56.9%), respectively, considering all
drilled hole quality features. The gross percent devi-
ation (i.e. considering thrust and torque) was max-
imum using peak (58.6%) followed by rms (58.1%),
mean (58%), and standard deviation (57%) value.
Thus, local peak value was found to be slightly
better than global rms considering both signals,
whereas global rms and the standard deviation were
a better indicator for the prediction of drilled hole
quality. Therefore, the most significant local peak
value and global rms have been further used as an
input in the regression models of hole quality charac-
teristics to check their degree of fitness as well as pre-
diction error considering all the drilling experiments.

Monitoring of hole quality using sensors’
signal-based strategies

The sensitivity analysis of the statistical parameters
indicated that local peak and global rms value of
thrust and torque in the drilling of CFRP laminate
were the most significant indicator of drilled hole sur-
face quality. Although global mean and standard
deviation were also predominant in the prediction of
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Figure 18. Variation of (a) mean thrust and (b) mean torque for roughness.
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Figure 19. Variation of (a) peak thrust force and (b) standard deviation of torque for circularity.

Table 9. Different statistical parameter-based strategies for
hole quality prediction.

Strategy Model output
no. Model input function parameters

I f@ N1 Fs R, C

2 f (@, N, f, F, (rms)) Fs R, C

3 f(@, N, f F, (peak)) FuR, C

4 f (@, N, f, T, (rms)) Fs R, C

5 f(@ N, f T, (peak)) FuR, C

6 f (@, N, f, F, (rms), F, (peak)) Fs R, C

7 f (@, N, f, M, (rms), T, (peak)) Fs R, C

specific hole characteristics like surface roughness and
delamination, respectively, these were not found to be
better than rms value in each hole quality feature
extrapolation. The root means that the square value
is also highly correlated with the mean as well as the
standard deviation value, which indicates average
along with the associated fluctuation of thrust force
or torque in the present case. Therefore, global rms
was considered with the local peak as an input to the
hole quality feature models to improve the degree
of fitness. Thus, various significant statistical fea-
ture-based strategies have been considered to improve
the drilled hole quality predictability, as shown in
Table 9. The three primary process variables, i.e.
drill spindle revolutions per minute, feed rate, and
point angle, were considered as inputs in strategy
#1, whereas rms and peak value of thrust force and
torque were included as significant sensory input indi-
vidually with three process parameters in strategy #2
to #5 (Table 9). Finally, both rms and peak of thrust
force as well as torque considered two more sensory
inputs with three process variables in strategy #6 and
#7 to compare the predictability between thrust force
and torque in the drilling of CFRP laminates.

The model adequacy parameters such as R-square
value, F-value, and P-value of the second-order

regression models of each hole characteristics have
been indicated in Table 10. The absolute prediction
error, i.e. the ratio of deviation of experimental from
predicted value to experimental data, has also been
calculated for each strategy-based model. The object-
ive was to compare the predictability of different
statistical parameter-based plans. The P-value and
F-value with corresponding degrees of freedom were
found to be highly adequate. The R-square value, as
well as mean absolute prediction error (MAPE), was
improved using each selected sensor-based feature
over offline based strategy (#1). The R-square value
was found to be maximum with minimum MAPE in
strategy #2 for delamination, considering one sensory
input at a time. Thus, rms thrust force was the most
significant indicator of surface delamination.

Similarly, the peak value of torque was more sig-
nificant in the prediction of internal surface roughness
and circularity error of the drilled hole. The MAPE
was reduced significantly in delamination (37.93%),
surface roughness (51.81%) as well as circularity
error (38.93%) prediction considering the best
sensor-based statistical feature as shown. Thus, the
thrust force (using rms and peak value altogether)
was a slightly better indicator than torque in the iden-
tification of delamination, whereas it was reversed in
circularity prediction. However, the drilling torque was
a significantly better indicator (than thrust force) of
surface roughness with a 15.33% reduction in.

The scatter diagram of absolute percent error
(APE) in surface delamination of all the experimental
drilled hole considering only process variables (strat-
egy #1) and the minimum MAPE-based strategies
using one and two significant sensor-based features
with process parameters, respectively (i.e. strategy
#2 and #6) have been presented with associated
maximum deviation (under and overprediction) in
Figure 20. The central zero lines indicated the experi-
mental value of delamination, which was considered
as a reference line. The model under-predicted value
indicated positive APE, whereas over-prediction
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Table 10. Comparative performance report for MAPE different strategy-based models.

F, R, C

Strategy

no. R? F-value  P-value MAPE R? F-value  P-value MAPE R? F-value  P-value MAPE
I 0.950 40.340  0.000 0290  0.979 97.400  0.000 0965 0.866 13.680  0.000 1.274
2 0.984 61.590  0.000 0.180 0.984  62.580  0.000 0812 0952 19.890  0.000 0.821
3 0.967 29490  0.000 0207 0984  61.980  0.000 0.834 0894 8430  0.000 1.056
4 0961 24780  0.000 0258  0.994 167.900  0.000 0481 0933  13.990  0.000 0.867
5 0962 25530  0.000 0253  0.995 179.840  0.000 0.464 0954 20.880  0.000 0.778
6 0.990 40920  0.000 0.134  0.995 78.730  0.000 0424 0973 14560  0.000 0.584
7 0.989 34.800  0.000 0.137 099 107.610  0.000 0.359 0977 16780  0.000 0.569

Note. Bold values shows the minimum of MAPE values of the single sensor strategy and double sensor strategy respectively.
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Figure 20. Comparative absolute error for delamination using a scatter diagram.
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Figure 21. Comparative absolute error for surface roughness using a scatter diagram.

represented by negative APE as per reference zero
error line as shown. The scatter plot for delamination
error indicated symmetric data distribution concern-
ing zero lines using each strategy. However, the devi-
ation of APE without considering sensor-based
features was found to be maximum (1.71%), which
drastically reduced wusing one (0.79%) or two
(0.63%) significant sensor-based features,

respectively, as shown. Thus, rms axial thrust force
strongly correlated than peak thrust with surface
hole delamination.

The scatter diagram of APE in surface roughness
and circularity error has been indicated with asso-
ciated maximum deviation (under and overprediction)
in Figures 21 and 22, respectively. The drilling torque
(strategy #5 and #7) was found to be the prime
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Figure 22. Comparative absolute error for circularity error using a scatter diagram.

indicator of these internal surface-related characteris-
tics. The scatter plot for roughness, as well as circu-
larity error, indicated symmetric data distribution
using each strategy as found in case of delamination.
The deviation of APE was almost found to be nearly
the same considering fluctuation of torque (strategy
#5) though MAPE significantly decreased. However,
this APE deviation range was drastically reduced
(more than 50%) considering both peak and rms
value of torque altogether as shown. Thus, the root
mean square value of torque (global) is highly essen-
tial along with peak value of torque (local) to predict
drilled hole surface roughness of each experiment in a
better way.

The same phenomenon has also been noticed in the
prediction of the circularity error of the drilled hole.
The scatter plot indicated more than 60% improve-
ment in the APE deviation range using two significant
sensor-based features (i.e. peak and rms value of
torque) rather than only peak torque with process
variables, as shown in Figure 22. Therefore, local
peak torque (strategy #5) that did not wholly charac-
terize the drilling process behavior through MAPE
was found to be significant. However, the rms value
of torque with peak torque (strategy #7) more accur-
ately predicts the circularity error, as seen in the case
of drilled hole surface roughness for CFRP composite
laminates.

Concluding remarks

The machinability of bi-directional woven CFRP
composite significantly influenced by surface delamin-
ation, roughness, and circularity error of the internal
surface of the drilled hole. The axial thrust force with
associated torque during drilling is highly essential to
completely characterize the process. The response sur-
face-based hole quality regression models as a func-
tion of process variables are highly feasible. The
major research findings may be summarized as
follows.

. There are seven distinct phases starting from drill

contact to departure through the laminate charac-
terized by significant variation in thrust force and
torque during drilling, out of which the first four
phases can precisely indicate to drilled hole
quality.

. The axial thrust force with associated torque

highly increases with an increase of feed rate, par-
ticularly using a higher drill point angle, whereas
its fluctuation is compensated by an equivalent
drop in torque variability to maintain the process
stability.

. The surface delamination with fiber pullout

increases at a higher feed rate due to greater
thrust force, which was found to be severe at
low spindle speed with a high drill point angle.
Thus, the internal surface roughness and the cir-
cularity error also improve at low feed rate with
high spindle speed using a low drill point angle
due to less torque fluctuation.

. The minimum delamination was 1.075 at

J=110°, N=32001/min, and f=0.025mm/rev
which was found to be the highest (1.147) at
J=128°, N=3200r/min, and f=0.075mm/rev.
The surface roughness and circularity error were
almost followed the similar parametric changes.

. The axial thrust and torque fluctuation in the ini-

tial phases in the drilling cycle primarily indicate
the delamination, whereas surface roughness and
circularity error strongly correlated with a mean
thrust with torque and peak thrust with torque
instability, respectively, during last phases.

. The surface delamination can be accurately pre-

dicted using axial thrust force than torque. The
mean prediction error was significantly improved
(37.9%) using rms thrust, which was further
enhanced (53.8%) using both rms and peak
thrust over off-line strategy. Thus, surface rough-
ness and circularity error predictability improved
(51.9-62.8%; 38.9-55.3%) using peak torque or
both peak with rms torque.
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7. The global rms value of thrust and torque is a
better indicator of hole quality features than
local peak value considering each drilling experi-
ment separately.
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Appendix

Notation

F. (peak)
F. (rms)
N

p

P-value
Ra

R.

Tz

Tz (peak)
Tz (rms)

circularity error

diameter of drill in mm

maximum diameter of delamination
nominal diameter of the drilled hole
feed rate in mm/rev

delamination factor

a ratio of two variables

thrust force

peak value of thrust force

root mean square of thrust force
spindle speed in r/min

peak value

probability

roughness factor

avg. 10-point roughness factor
torque

peak value of torque

root mean square of torque

fiber volume fraction

web thickness in mm

clearance angle in °
helix angle in °
mean

standard deviation
difference

point angle in °



