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Abstract: Carbon fiber reinforced polymers (CFRPs) are attractive engineering materials in the mod-
ern aerospace industry, but possess extremely poor machinability because of their inherent anisotropy
and heterogeneity. Although substantial research work has been conducted to understand the drilling
behavior of CFRPs, some critical aspects related to the machining temperature development and
its correlations with the process parameters still need to be addressed. The present paper aims to
characterize the temperature variation and evolution during the CFRP drilling using diamond-coated
candlestick and step tools. Progression of the composite drilling temperatures was recorded using an
infrared thermography camera, and the hole quality was assessed in terms of surface morphologies
and hole diameters. The results indicate that the maximum drilling temperature tends to be reached
when the drill edges are fully engaged into the composite workpiece. Then it drops sharply as the
tool tends to exit the last fiber plies. Lower cutting speeds and lower feed rates are found to favor
the reduction of the maximum composite drilling temperature, thus reducing the risk of the matrix
glass transition. The candlestick drill promotes lower magnitudes of drilling temperatures, while the
step drill yields better surface morphologies and more consistent hole diameters due to the reaming
effects of its secondary step edges.

Keywords: CFRP composites; drilling process; special drills; machining temperatures; hole quality

1. Introduction

In recent decades, carbon fiber reinforced polymers (CFRPs) have been receiving
immense attention in diverse engineering fields due to their superior properties and unique
functionality [1–4]. This can be seen by their widespread applications for fabricating the
main load-bearing components in the modern aerospace industries. For instance, CFRPs
are extensively used in the wing boxes, horizontal and vertical stabilizers, and wing panels
of large commercial aircrafts, such as Airbus A380 and Boeing 787 [4,5]. Generally, CFRPs
feature two typical constituents, namely reinforcing fibers and an impregnating matrix,
which show completely disparate behaviors [2,6]. The composites are characterized by
high specific mechanical/physical properties, being a promising alternative to conventional
metallic alloys and steels. Contrary to isotopic materials, CFRP composites generally exhibit
a heterogeneous structure and anisotropic behavior, being regarded as a rather difficult-
to-cut material. Although most CFRP components are fabricated to near-net shapes by
molding processes, mechanical machining has become a compulsory operation in order
to achieve desired dimensional accuracy and target quality attributes for final composite
products [7–10]. However, the inherent anisotropy and heterogeneity of fibrous composites
complicate the chip separation process and tend to cause extremely undesirable machining
consequences such as severe surface damage, rapid tool wear, increased cutting costs.
Meanwhile, the machinability of CFRPs is fiber-orientation dependent, owing to the varying
fiber fracture mechanisms associated with the fiber cutting angle. It has been reported by
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previous investigations that interrelated chip separation modes such as bending-induced
fractures, shear-induced fractures, fiber buckling, and interfacial debonding occur for
the cutting of fibrous composites [11–14]. These unique characteristics result in the poor
machinability of CFRP materials, posing tremendous challenges to modern manufacturing
sectors. Among the secondary machining operations, drilling is the most frequently-used
operation for the cutting of CFRPs due to the need to create boreholes for assembling
different composite parts into final products. It is roughly estimated that the range of the
number of holes required by a commercial aircraft is up to 1.5–3 million, while a jet fighter
requires as many as 300,000 holes [4,6]. Thus, from the manufacturers’ point of view, the
drilling process becomes essential in the final acceptance of composite parts. However,
it is rather challenging to drill CFRPs with desired hole quality and target dimensional
accuracy. This is due to the varying chip removal modes associated with the changeable
fiber cutting angle and the high abrasiveness of the reinforcing fibers. Some of the critical
issues encountered in CFRP drilling include drilling-induced delamination, glass transition
failure of the composite matrix, poor dimensional accuracy, rapid tool wear, etc. Apart
from the mechanical force effects, cutting heat and resulting temperature development also
play a vital role in the surface integrity of CFRP materials. In particular, high temperatures
can be easily accessed in the drilling processes due to the semi-enclosed environment of the
chip separation, leading to poor heat dissipation. Excessive drilling temperatures promoted
at the tool–composite interface can cause severe degradations of the composite properties,
debonding of the fiber-matrix interfaces, and the glass transition of the matrix base [15–18].
Therefore, studies dealing with temperature initiation and progression are very meaningful
to achieve active control of the thermal effects for the drilling of CFRP materials.

To address the drilling issues of CFRPs, a large amount of research work has been
carried out worldwide by scholars [10,19–35], covering a variety of aspects involving
drilling forces, drilling-induced damages, tool wear, etc. Some drilling-induced damage,
including delamination, hole dimensional inaccuracy, surface roughness, fiber pullouts,
and uncut fibers, have been investigated in the scientific literature [19,20]. For instance,
Davim and Reis [21,22] were among the earliest to deal with the drilling behavior of CFRP
composite laminates. In their work, the correlations between the cutting velocity and feed
rate with the machining power, specific cutting pressure, and delamination factor were
established. The authors stated that both the cutting speed and the feed rate positively
affected the progression of the delamination factor, and the use of brad spur drills favored
the reduction of drilling-induced delamination. Bonnet et al. [24] studied the local feed
force and its consequences on the exit hole damage during CFRP drilling. It was found that
the fiber cutting modes changed dynamically with the composite sequence, and the local
feed forces generated on the hole bottom could be correlated with the delaminating aspects.
Su et al. [28] addressed the thrust forces and delamination issues when drilling CFRPs
using a tapered drill-reamer and found that the drilling parameters significantly affected
the maximum thrust force measured in the drilling stage instead of the reaming stage.
Ameur et al. [29] conducted drilling studies on CFRP materials using different types of tool
materials. The authors stated that both the drilling thrust force and the delamination factor
were primarily influenced by the tool material and the feed rate, while the hole cylindricity
errors were mainly affected by the spindle speed. Rawat and Attia [31] studied the wear
behavior of carbide tools during the high-speed drilling of CFRP laminates, and observed
that chipping and abrasion were the main wear modes controlling the deterioration of
carbide drills. Faraz et al. [32] highlighted the wear phenomenon of cutting-edge rounding
(CER) for CFRP drilling and introduced the CER value for the quantification of drill wear.
Wang et al. [33] investigated the wear progression of coated tools while drilling CFRP
laminates. The authors pointed out that the dominant wear type was dulling or blunting of
the cutting edge during CFRP drilling. The use of a diamond coating could significantly
reduce the edge rounding wear, while the AlTiN coating failed to protect the drill due to
its oxidation during machining. A critical review conducted by Ismail et al. [34] offered a
clear understanding of the current advances in drilling composite materials, which focused
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on the aspects of tool geometries, materials, and parametric designs. Fu et al. [35] and
Kubher et al. [36] investigated the temperature characteristics in drilling unidirectional
(UD) and multidirectional (MD) CFRPs. Due to the associated temperature effects, utilizing
MD CFRPs could result in more difficulties in achieving high drilling qualities than UD
CFRPs at certain fiber cutting angles. Through the literature survey, although substantial
research work has been conducted to understand the drilling behavior of CFRP composites,
most of the studies are focused on the analysis of force-related effects, such as drilling
thrust forces, delamination damage, hole quality, and tool wear issues. Even though there
are some papers that have already addressed the temperature issues for CFRPs, very
limited literature has been reported to deal with the temperature variations in drilling
high-strength CFRPs with special drills. Moreover, some critical issues related to the
machining temperature development and its correlations with the drilling parameters
still need to be carefully addressed. Hence, the current work performed in the paper can
supplement expertise and knowledge regarding the drilling temperature issues for high-
strength CFRP composites. Its novelty lies in identifying the evolution law of the drilling
temperature following the entire composite machining operation and in clarifying the
parametric effects on the temperature development. Moreover, a particular focus is placed
on the evaluation of different special drills for CFRP drilling and on the quantification
of hole geometrical accuracy under varying drilling conditions. The experimental results
were discussed with respect to the process parameters used. The paper is intended to offer
a better understanding of the thermal behavior of CFRP laminates when subjected to the
drilling operation.

2. Experimental Procedures

In the present work, machining studies were conducted on the multidirectional CFRP
laminates fabricated by high-strength T700 carbon fibers and FRD-YZR-03 epoxy resin.
The main composition and basic mechanical properties of the examined CFRP laminates
are summarized in Tables 1 and 2, respectively. The composite plate had a total size of
300 mm (length) × 200 mm (width) × 6.60 mm (thickness), which was fabricated by the
hand lay-up molding technology. The drilling experiments were performed on a DMU 70 V
CNC machining center following a full factorial design of experiments by using candlestick
and step drills. The experimental setup for the drilling tests is shown in Figure 1. The input
process parameters consist of three levels for the cutting speed (Vc = 40, 80, and 120 m/min)
and three levels for the feed rate (f = 0.06, 0.09, and 0.12 mm/rev).

Table 1. The composition of the used CFRP composite.

Reinforcement Matrix Base Fiber Volume Fraction Fiber Bundles

T700 carbon fibers FRD-YZR-03 epoxy 60% 7 µm, 12 K

Table 2. The mechanical properties of the used CFRP composite.

Tensile
Modulus

Tensile
Strength

Poisson’s
Ratio, ν

Flexural
Modulus

Flexural
Strength Shear Strength Glass Transition

Temperature

240 GPa 4900 MPa 0.30 210 GPa 1500 MPa 125 MPa 125~135 ◦C
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Figure 1. The experimental setup for the CFRP drilling.

Both drills were diamond-coated special tools featuring an 8.0 mm diameter, a 30◦

helix angle, and a 90◦ point angle dedicated to delamination suppression and anti-abrasion
wear during composite drilling. The detailed morphologies of the candlestick and step
drills are shown in Figure 2. The candlestick drill featured three protruding tips, including
one centering tip and two peripheral tips, which could significantly reduce the drilling
thrust force and ensure the sharp flank cutting edges, whereas the step drill was designed
following a step-control scheme involving a first step to create a pilot hole and a secondary
step to ream the hole surface to the final diameter. Moreover, the examined step drill
featured a ratio of the primary diameter (7.8 mm) to the second diameter (8.0 mm) of 0.975.
The small difference between the primary and secondary diameters mainly aimed to let the
secondary step edges have a reaming action on the previously cut hole surfaces by the first
step drill, as a very small chip removal volume is involved in such step drilling. During the
drilling operation, the FLIR A615 infrared thermography camera (IFTC), which featured
a working temperature from −20 to 2000 ◦C and an image acquisition frequency from
50 to 200 Hz, was utilized to in-situ record the temperature development under varying
drilling conditions. A similar method was applied by Xu et al. [37], which proved that the
temperature measurement chain in the current experiment is capable of measuring the
changes in the cutting temperature. The temperature resolution of the equipment was less
than 0.05 ◦C, which guaranteed the accuracy and reliability of the monitored data. The
accurate measurements of the cutting temperature by the thermographic camera were also
carefully guaranteed by the calibration of emissivity value parameters set in the software.
Additionally, an emissivity value of 0.85 was adopted for the composites drilling, according
to the recommendations of the infrared thermography camera manufacturer. Moreover,
to make the temperature measurements more reliable, all of the composite holes were
drilled with a 1.0 mm distance close to the edge of the workpiece. After the completion
of the drilling operations, the hole wall morphologies were characterized using the ZEISS
confocal laser scanning microscope (CLSM). Finally, the average diameters at the entrance,
middle, and exit sides of CFRP holes were measured using a SOLEX EUA coordinate
measuring machine (CMM). The obtained results were correlated with the drill bits and
the input process parameters.
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Figure 2. The morphologies of the used special drills.

3. Results and Discussion
3.1. Characterization of Drilling Temperatures

Machining temperature is a characteristic phenomenon of heat accumulation resulting
from the tool–work interaction following the material separation process. When dealing
with the hole-making processes of CFRP composites, drilling temperature is a critical issue
that has to be carefully addressed, as high levels of temperatures can be easily accessed due
to the poor heat dissipation of the drill–composite interaction. Additionally, high tempera-
tures are extremely detrimental to the surface integrity and mechanical properties of cut
composite holes as they can cause degradation of the composite properties, debonding of
the fiber/matrix interface, or even the glass transition failure of the matrix base. Therefore,
it is essential to characterize the variation laws of the temperature rise and progression dur-
ing the machining of CFRP laminates. Figures 3 and 4 show the recorded thermal images of
the drilling temperature development under varying feed rates for the candlestick and step
drills, respectively, during CFRP machining. It is clear that the temperature progression
characteristics can be divided into three stages with respect to the tool–work interaction.
At the early stage, the drill edges start to attack the composite laminate, and a large amount
of cutting heat is progressively generated through the tool–chip and tool–work interactions.
As brittle fracture dominates the chip separation of the carbon/epoxy composites, more
cutting heat is likely to accumulate within a very narrow tool–chip interface, resulting
in a high temperature rise as the drill tends to penetrate inside the composite. At the
drill entrance stage, moderate levels of drilling temperatures are produced for both the
candlestick and step drills. Meanwhile, with the ongoing tool advancement, the drill edges
are fully engaged in the cutting of the fiber/epoxy material. In such circumstances, peak
values of drilling temperatures are identified through the thermal image examinations for
both drills used. Due to the heat accumulation effects and the full drill interaction with the
composite material, the maximum temperature is reached, which indicates the highest risk
of occurrence of the thermally-induced damage onto the internal composite hole walls. In
most cases, the candlestick drills are found to produce relatively lower values of drilling
temperatures than the step drills, particularly under the full drill–work interaction stage,
as depicted in Figures 3 and 4. Additionally, increasing the feed rate tends to elevate the
maximum temperatures at the full tool engagement stage, due to the increased amount of
frictional heat generated as the feed rate rises. Eventually, when the tool retracts from the
composite workpiece, the drilling temperature appears to decrease dramatically because of
the effective heat dissipation and air cooling of the tool–work system. It is also worth noting
that both the candlestick and step drills yield comparable values of drilling temperatures
at the drill retraction stage while machining the CFRP laminates.
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Figure 3. Thermal images of drilling temperature development when using candlestick drills
(Vc = 120 m/min).

Figure 4. Thermal images of drilling temperature development when using step drills
(Vc = 120 m/min).

Figure 5 also shows the comparative evolution of the drilling temperatures in terms of
the cutting time (t) following a complete CFRP drilling process for both types of special tools.
It is clear that the drilling temperature signals fluctuate significantly during the composite
removal process, which exhibits a rapidly increasing trend at the drill entrance stage when
the tool starts to attack the composite specimen. Then, the temperature signals for both
drills appear to decrease gradually with the tool advancement as the drill edges start to exit
the last composite plies, resulting in reduced frictional heat generation following the chip
removal process. The previous investigation done by Fu et al. [35] revealed the complex
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drill-exit temperature characteristics for UD and MD CFRPs, and similar temperature
changes were identified in their work. The maximum drilling temperatures for both
drills seemed to be reached at around t = 0.5 s under the tested process parameters. The
corresponding feed depth of the time is about 2.8 mm after the calculation using the time,
feed rate, and cutting speed. Moreover, the candlestick drill is found to promote lower
levels of peak drilling temperatures than the step drill. Figure 6 presents the comparison
of the maximum temperatures recorded in the CFRP drilling between the two types of
drills. Note that the maximum temperatures denoted herein signify the average value
of the highest temperature range during the composite drilling. The results also indicate
that the candlestick drills generally yield lower drilling temperatures than the step drills
for all of the cutting conditions examined. This is due to the two protruding tips of the
candlestick drill along the drill periphery that reduce the frictional heat generation and
improve the heat dissipation at the tool–chip interactions. Additionally, the cutting speed
definitely shows a positive impact on the progression of drilling temperatures for both
tools, except for the abnormal temperature data at Vc = 40 m/min for the step drill. The
phenomenon is associated with the intensified friction of the tool–composite interaction
when the cutting speed increases. Moreover, increasing the feed rate appears to raise the
drilling temperatures for the two special drills when machining the CFRP materials.

Figure 5. Comparison of drilling temperature development between candlestick and step drills
(Vc = 120 m/min and f = 0.06 mm/rev).

Figure 6. Evolution of the maximum drilling temperatures in terms of the process parameters.
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3.2. Hole Wall Morphologies

Machining of fibrous composites differs significantly from the cutting of isotropic
metals and steels due to the varying chip separation mechanisms associated with the
fiber orientation. The material removal complicates the surface generation of hole walls
for the composites under drilling operations. Hole wall morphologies can be consid-
ered as one of the most important criteria in assessing the quality attributes of drilled
CFRP composites. In general, it is rather difficult to generate smooth surface morpholo-
gies, as the material removal mode changes dynamically with the drill rotation during
the hole-making process. Figures 7–10 show the topographies of the CFRP hole walls
produced by the two types of drills under the fixed cutting conditions (Vc = 120 m/min
and f = 0.09 mm/rev). Figures 7–10 all feature the same fiber orientations. From Figure 7,
surface flaws due to interlaminar cracking are noted, which feature deep blue colored
zones. The finely-cut composite surfaces mainly exist in areas involving the shear-induced
fractures of fiber plies. Additionally, the profiles of four circular arc curves at the A–A,
B–B, C–C, and L–L cross-sections are plotted in Figures 7 and 9. It is noted that the surface
profiles fluctuate significantly along both the radial and axial directions of the holes, which
is due to the inherent variations in the surface of the fibers and the matrix. Additionally,
the average surface roughness values (Ra) of the selected cross-sections mainly range from
5.00 to 6.29 µm along the hole radial direction, while Ra reaches its maximum value toward
the hole axial direction at the L–L cross-section. This is due to the significant disparity in
fiber orientation between adjacent fiber plies toward the composite thickness direction.

Figure 7. CLSM image of a CFRP hole wall cut by the candlestick drill and its cross-sectional profiles
(Vc = 120 m/min and f = 0.09 mm/rev).

With respect to Figure 8, it shows the three-dimensional topographies of cut hole walls
at the entrance side. It is evidenced that the cut CFRP hole morphologies feature smooth
fiber surfaces containing a certain degree of surface cavities. In contrast, the hole wall
morphologies produced by the step drill appear to be much better than those cut by the
candlestick drill. As depicted in Figure 9, the Ra values of the four selected cross-sections are
relatively lower than those gained by the candlestick drill. The phenomenon is due to the
reaming effects of the secondary step edges, indicating the superiority of the step tools in
achieving a better hole surface finish than the candlestick tools while machining the CFRP
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laminates. Moreover, the surface defects residing within the composite hole cut by the step
drill mainly include surface cavities due to the loss of matrix, resin smearing, and fiber
pullout voids, as shown in Figure 10. Note that the previous research carried out by Kubher
et al. [36] addressed the evolution of in-situ cutting temperature and machining forces
during the conventional drilling of MD CFRP laminates. Similar surface defects, including
resin smearing and bending-induced fracture of carbon fibers, could be found in the
research. For both drills in the current investigation, no significant evidence of interlaminar
delamination at the hole entrance side is identified through the CLSM examination.

Figure 8. Topographies of a CFRP hole wall cut by the candlestick drill (Vc = 120 m/min and
f = 0.09 mm/rev).

Figure 9. CLSM image of a CFRP hole wall cut by the step drill and its cross-sectional profiles
(Vc = 120 m/min and f = 0.09 mm/rev).
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Figure 10. Topographies of a CFRP hole wall cut by the step drill (Vc = 120 m/min and
f = 0.09 mm/rev).

3.3. Hole Diameter

In drilling CFRP composites, diameter value is an essential criterion for evaluating the
hole geometrical accuracy, which determines the assembly performance of the composite
parts. In the current work, the average diameters at the entrance, middle, and exit sides of
cut CFRP holes were measured and correlated with the process parameters and drill bits
used. The obtained results are depicted in Figures 11–13. Both the cutting speed and the
feed rate have a significant impact on the variations of the hole diameters, irrespective of the
measuring side. Under the lowest speed conditions (Vc = 40 m/min), increasing the feed
rate tends to enlarge the cut hole diameters, particularly for the step drills (Figure 11). In
most cases, undersized holes are generally produced by the two drills when Vc = 40 m/min.
It is worth noting that the diameters measured at the exit side show the largest value,
followed by those measured at the middle and entrance sides, regardless of the drill bits
and process parameters used. The phenomenon indicates a wedge-shaped cylindrical
surface of cut hole walls from the entrance to the exit side due to the intensified tool
vibration arising from the decreased stiffness of remaining fiber plies as the fiber layers
become much thinner with the tool advancement in drilling. When the moderate speed
is used (Vc = 80 m/min), the feed rate fails to show a clear effect on the variations of the
hole diameters. In particular, more consistent holes close to the nominal diameter value are
promoted by the step drills at the feed rate of 0.09 mm/rev (Figure 12). With respect to the
highest speed conditions (Vc = 120 m/min), typically, oversized holes are produced by the
candlestick drills, and undersized holes are generated by step drills, as shown in Figure 13.
Under such conditions, more consistent holes are created by the candlestick drill at the
feed rate of 0.09 mm/rev. Finally, increasing the cutting speed seems to enlarge the hole
diameters for the candlestick drills, but tends to decrease the hole diameters for the step
drills. In general, to produce consistent holes close to the nominal diameter, the highest
speed and moderate feed values are suggested for the candlestick drills, while moderate
speed and lower feed values are recommended for the step drills.
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Figure 11. The hole diameter in terms of different feed rates and drill bits (Vc = 40 m/min).

Figure 12. The hole diameter in terms of different feed rates and drill bits (Vc = 80 m/min).

Figure 13. The hole diameter in terms of different feed rates and drill bits (Vc = 120 m/min).
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4. Conclusions

This paper deals with the drilling behavior of CFRP composite laminates using
diamond-coated special drills. Machining studies were conducted following a full factorial
design of experiments. The composite machinability was evaluated, focusing on the ma-
chining temperature characteristics and hole quality attributes under varying conditions.
The work addresses the temperature variations and progressions during the CFRP drilling.
An attempt was made to assess the performances of different special drills and to quantify
the hole geometrical accuracy in the CFRP drilling. Based on the results acquired, the
following conclusions can be drawn.

• Development of the drilling temperature can be roughly divided into three stages in
terms of the tool–work interaction. In general, the maximum temperature values can
be attained when the drill edges are fully engaged into the composite workpiece. The
progression of the composite drilling temperature basically shows a high sensitivity to
the input process parameters. In most cases, both the cutting speed and the feed rate
exhibit a positive impact on the temperature rise for all of the drills examined.

• The candlestick drills are found to produce lower magnitudes of drilling temperatures
than the step ones. To suppress the temperature progression, low cutting speeds and
low feed rates are recommended for the drilling of CFRP composites.

• The cut CFRP hole morphologies are characterized by finely-cut fiber surfaces along
with a certain degree of surface cavities due to the loss of matrix. The step drill
produces better hole wall morphologies and lower surface roughness values than the
candlestick drill due to the reaming effects of its secondary step edges. The main
surface defects residing within the cut composite holes include surface cavities, resin
smearing, and fiber pullout voids.

• A wedge-shaped cylindrical surface is noted for the cut composite hole wall due to the
intensified tool vibration arising from the decreased stiffness of the last fiber plies with
the tool advancement. Both the process parameters significantly affect the variations
of the hole diameters, irrespective of the measuring side. In general, the highest speed
and moderate feed are suggested for the candlestick drills, while the moderate speed
and lower feed are recommended for the step drills to create more consistent holes
close to the nominal diameter.
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