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Abstract

Carbon fiber-reinforced polymer (CFRP) is favored as the primary material for thin-walled
components in fields such as aerospace due to its excellent properties, including light weight,
high specific strength, high specific stiffness, and ease of integrated manufacturing. These
thin-walled parts require assembly and connection with other components using rivets or
bolts, necessitating the drilling of a large number of holes in CFRP. However, owing to its
macroscopic heterogeneity, anisotropy, and low interlaminar bonding strength, CFRP is prone
to defects during drilling, such as delamination, burrs, tearing, fiber pull-out, and surface
voids. These defects can significantly compromise the connection quality and fatigue life of
the components and may even lead to part rejection. To avoid drilling defects and achieve
high-quality machining of CFRP, it is essential to fundamentally understand the intrinsic rela-
tionship between its material characteristics, such as anisotropy and interlaminar properties,
and machining-induced damage. This paper systematically reviews the primary defects in
CFRP drilling and their formation mechanisms, identifying drilling forces, drilling heat, and
tool wear as the core contributing factors. Based on this analysis, various process optimiza-
tion methods from different perspectives are proposed to mitigate these drilling defects and
improve surface quality, including the optimization of cutting parameters, tool improvement,
enhancement of the drilling environment, optimization of drilling process strategies, and the
application of advanced drilling technologies. Finally, the paper summarizes the research on
CFRP drilling and provides an outlook on future developments.

Keywords: carbon fiber-reinforced polymer (CFRP); drilling defects; formation mechanisms;
surface quality; process optimization

1. Introduction
Fiber-reinforced polymer (FRP) composites consist of high-strength fibers (e.g., carbon,

glass, aramid, basalt) embedded in a polymer matrix. They are manufactured via processes
such as pultrusion, compression molding, or filament winding. Based on the primary
fiber type, fiber-reinforced composites are broadly categorized as carbon fiber-reinforced
polymer (CFRP), glass fiber reinforced polymer (GFRP), aramid fiber reinforced polymer
(AFRP), or basalt fiber reinforced polymer (BFRP) [1–5]. Among these composites, CFRP
possesses exceptional properties including a high strength-to-weight ratio, high stiffness-to-
weight ratio, high fatigue strength, high damping, and light weight, making it particularly
significant in aerospace, automotive, sports equipment, marine industries, wind turbines,
and civil engineering structures. It has now replaced many traditional materials [6–9].
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CFRP comprises a polymer matrix and carbon fibers, which constitute the primary
reinforcement phase and principal load-bearing constituent of the composite. They possess
higher strength and stiffness than steel, have a low density, and exhibit excellent tensile,
flexural, and impact resistance. These fibers are intensively distributed within the phase
of the composite material embedded in the matrix. The polymer matrix, on the other
hand, acts to fill and bond the carbon fibers together, enabling them to form an integrated
structure and enhancing the overall performance of the material. The matrix does not
bear significant loads itself; instead, it transfers loads uniformly to the reinforcing fibers
and protects them from surface damage and harsh environmental influences such as
high temperatures and moisture [10,11]. Furthermore, the matrix imparts ductility to the
composite and impedes crack propagation between adjacent fibers [12]. Thermosets and
thermoplastics or elastomers are the most commonly used polymer matrix materials [13].
The reinforcement in these composites is predominantly provided by continuous fibers,
configured in either unidirectional (UD) or bidirectional (woven) arrangements. The
structural build-up involves consolidating these fibers into thin, pre-impregnated sheets
termed prepreg plies. As illustrated in Figure 1a, UD plies demonstrate pronounced
anisotropy, offering optimal stiffness and tensile strength parallel to the fiber axis, while
properties are substantially diminished in the transverse direction. Conversely, woven ply
architectures (Figure 1b) yield more balanced in-plane mechanical characteristics, attaining
near-maximum stiffness and strength along both primary directions. To fabricate CFRP
laminates with enhanced macroscopic properties, multiple prepreg plies are stacked and
cured. A common strategy to mitigate anisotropy involves laminating UD plies in a cross-
ply sequence with varied fiber orientations, thereby creating a quasi-isotropic laminate.
A representative stacking sequence for such a quasi-isotropic CFRP laminate, comprising
multiple UD plies, is depicted in Figure 1c.

Figure 1. (a) Unidirectional fiber orientation ply, (b) Bidirectional fiber orientations ply (woven-ply), (c) A
typical quasi-isotropic laying-up sequence of a unidirectional-plies CFRP composite laminate [14].

Despite the prevalence of near-net-shape manufacturing (e.g., layup and curing)
for CFRP components, secondary machining operations—notably drilling, milling, and
turning—are invariably required to attain final design specifications. These processes are
essential for ensuring the prescribed surface finish, dimensional accuracy, tolerances, and
assembly compatibility of finished parts [15–17]. Given the substantial dimensions and
material volumes involved, mechanical material removal remains indispensable, with
drilling [18,19], milling [20,21], turning [22,23], and grinding [24,25] being the principal
techniques. Drilling, in particular, is critical for enabling riveted and bolted connections,
which are common assembly methods whose efficacy and reliability are fundamentally
contingent upon the quality of the machined holes. The integrity of these holes directly
governs the component’s mechanical strength, stiffness, and in-service reliability. Never-
theless, CFRP is a notoriously difficult-to-machine material due to its inherent structural
characteristics, including anisotropy, heterogeneity, low interlaminar bonding strength, and
poor thermal conductivity. During drilling, the cutting edges alternately engage with the
reinforcing fibers and the matrix, generating thermomechanical effects. Even under the
action of the same cutting edge, the removal mechanisms for fibers and the matrix differ
and continuously vary with changes in fiber ply orientation [26]. Therefore, severe defects
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such as delamination, burrs, tearing, and surface voids are prone to occur on or beneath
the hole periphery or the hole wall surface during the machining of CFRP composite parts,
indicating considerably poor machinability that severely compromises the final machining
quality of the composite components. Among these defects, delamination is the most
critical form of damage, primarily influenced by thrust force and torque [27]. It reduces the
structural integrity of the material, diminishes the load-bearing capacity of the component,
and simultaneously shortens its service life [28]. It is estimated that in the aircraft industry,
drilling-related delamination accounts for up to 60% of all part rejections during the final
assembly stage of an aircraft [11,29,30]. Thus, suppressing drilling-induced delamination
is key to ensuring flight safety and controlling costs. Additionally, defects such as burrs,
tearing, fiber pull-out, and surface voids also frequently occur. These defects not only
seriously impair product assembly quality and joint reliability but can also lead to high
scrap rates, thereby hindering the broader application of CFRP. Hence, avoiding other
drilling-induced defects is also a major focus of current research.

Therefore, understanding and mitigating these defects is a major research focus. While
existing reviews often categorize drilling research in isolation, this work distinguishes itself by
adopting a holistic, systems-level perspective. It explicitly integrates the thermomechanical
coupling inherent to CFRP machining as a central theme, linking material behavior to defect
genesis. Furthermore, it systematically examines the interactions between defects, tool state,
and processing environment, moving beyond singular factor analysis. Finally, it highlights
the evolving trend from empirical correction towards predictive modeling and intelligent
process control. Through this synthesized framework, the review not only consolidates current
knowledge but also provides a structured roadmap for developing fundamental theories and
adaptive solutions for high-quality CFRP drilling. The holistic framework of this review is
illustrated in Figure 2. It begins with an analysis of the formation mechanisms of critical drilling
defects, including delamination, burrs, and tearing. Based on this analysis, comprehensive
process optimization strategies are summarized, covering cutting parameters, tool design,
drilling environment, process strategies, and advanced machining technologies. Finally, the
review concludes with a summary and future perspectives on high-quality CFRP drilling,
providing theoretical insights and practical guidance for researchers.

Figure 2. Structure of the article.
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2. Drilling Defect Types and Formation Mechanism
The mechanical properties of CFRP are distinctive, and its internal structure is di-

verse. Its machining mechanism differs fundamentally from that of traditional metallic
materials. The removal of metals primarily relies on plastic deformation to form chips.
In contrast, CFRP, as a two-phase composite material composed of high-strength brittle
fibers and a relatively ductile resin matrix, involves a more complex material removal
process encompassing brittle fracture of fibers, plastic flow of the resin, and debonding
at the fiber-matrix interface. Precisely because of this complexity, coupled with CFRP’s
low interlaminar bonding strength and high sensitivity to temperature, various defects
such as delamination, burrs, tearing, fiber pull-out, and surface voids are prone to occur
during drilling. These defects not only reduce the fatigue strength of the final product
but are also a major cause of rejection for most CFRP components in service. Table 1
summarizes typical surface defects in CFRP laminates during drilling. It is evident from
the table that most drilling damage occurs at the hole entry and exit, although some minor
damage also exists within the hole wall. The prevalence and severity of these defects have
become a key bottleneck constraining CFRP machining quality and application reliability,
drawing significant attention from researchers. Therefore, systematically investigating and
elucidating the formation mechanisms of these drilling defects is an indispensable theoret-
ical prerequisite for formulating effective process optimization strategies and achieving
high-quality machining.

Table 1. The main defects caused by drilling in CFRP.

Defect Type Preeminent Physical Mechanism Key Process Parameters Key
References

Delamination

Interlaminar fracture caused by out-of-plane
stresses (dominantly from thrust force)
exceeding the interlaminar bonding strength,
leading to ply separation.

Thrust force, Feed rate, Tool geometry,
Tool wear, Fiber cutting angle,
Back-up support.

Su et al. [31]

Burrs

Dull cutting edges or poor cutting conditions
prevent clean shear fracture of fibers. Instead,
fibers bend, are pulled out, and form ragged
edges at the exit/entry.

Fiber cutting angle, Tool wear, Tool
geometry, Cutting speed, Feed rate,
Back-up support.

Geier et al. [32]

Tearing

Occurs mainly at the hole wall or entry. An
unfavorable combination of cutting forces and
fiber orientation causes fibers to undergo
large-scale stretching and tearing before fracture,
resulting in a rough, uneven damaged surface.

Fiber Cutting angle, Feed rate,
Tool wear. Li et al. [33]

2.1. Delamination

Delamination refers to the phenomenon in which CFRP laminates separate between
layers during drilling due to the thrust force of the drill bit exceeding the interlaminar
bonding strength [34,35]. Specifically, during CFRP drilling, the cutting edges of the drill bit
exert compressive and shear forces on the uncut material, generating localized stress in the
CFRP. When this stress surpasses the critical load of the CFRP, initial cracks form in the inner
layers of the hole, propagating towards the outer layers. Under sustained loading, these
cracks gradually expand, ultimately leading to the occurrence of delamination defects [36].
The onset of delamination is influenced by numerous factors, which may act individually
or in combination, including material properties, drill bit geometry, and the selection of
cutting parameters. Delamination compromises the dimensional accuracy, surface finish,
structural integrity, and long-term durability of composite components.
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The periphery of drilled holes, especially the entry and exit zones, is the primary site
for delamination. This damage corresponds to two distinctive modes dictated by their
formation mechanisms: peel-up delamination at the entry and push-out delamination at the
exit [37,38]. Entry peel-up delamination primarily results from insufficient cutting action of
the drill bit’s cutting edges, leading to incomplete fracture of surface fibers. These fibers
are then peeled upward from the CFRP surface by the drill flutes [39]. Figure 3a illustrates
the mechanism of peel-up delamination, which is influenced by factors such as drill flute
geometry, helix angle, and drilling torque. When the drill’s cutting edges engage with the
composite laminate, the inclined surface of the flute generates a peeling force. This force
causes the separation of the topmost plies, creating tearing shear cracks characteristic of
Mode III fracture. Furthermore, unfavorable cutting conditions, such as drill bit vibration,
can result in incomplete cutting of the top-layer fibers. The edges of these fibers are
subsequently lifted, forming Mode I cracks, which further contribute to delamination.
Therefore, the propagation of peel-up delamination can involve a combination of both
Mode I and Mode III fracture. Figure 3b reveals the mechanism of push-out delamination,
which is associated with thrust force, laminate interface quality, and process conditions.
As the drill bit nears breakthrough, the diminishing uncut laminate exhibits increased
compliance and is prone to bending deformation. Push-out delamination initiates when the
induced interlaminar stress surpasses the inherent bonding strength of the material. Due
to the combined action of axial force and bending, fracture in the bottom plies can occur
in both Mode I and Mode II. Compared to peel-up delamination, push-out delamination
is generally more severe because the unsupported material near the exit lacks sufficient
backing to counteract the thrust force. While thrust force is widely regarded as the dominant
mechanical factor inducing delamination, the role of drilling torque cannot be overlooked.
The influence of torque manifests primarily through two indirect yet critical mechanisms:
First, intense friction between the drill bit and the material generates substantial heat,
leading to a sharp rise in localized temperature. The polymer matrix in CFRP is temperature-
sensitive; elevated temperatures can cause its softening or even thermal degradation,
thereby significantly compromising the interlaminar bonding strength. This degradation
means that the critical condition for delamination may be reached even under relatively
lower thrust forces. Second, torque inherently induces interlaminar shear stresses within
the material. These shear stresses couple with the normal peeling stresses generated by the
thrust force, creating a complex combined stress state. This coupling not only can lower the
overall delamination threshold but may also alter the crack propagation path and mode
(e.g., promoting Mode II or Mode III fracture). Consequently, the initiation and evolution
of delamination are fundamentally a thermo-mechanically coupled outcome resulting from
the combined action of thrust force and torque.

 

Figure 3. Schematic illustration of delamination mechanisms: (a) Peel-up at the hole entry;
(b) Push-out at the hole exit [39].
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To quantitatively assess the extent of delamination damage during CFRP drilling, re-
searchers have successively proposed one-dimensional length-based [40], two-dimensional
area-based [41], and three-dimensional volume-based delamination evaluation factors [42].
Consequently, the field has seen advancements in metrics with the introduction of factors
like the adjusted, refined, equivalent, and minimum delamination factor, each aiming
for improved precision. Their definitions and characteristics are summarized in Table 2.
Among these, one-dimensional and two-dimensional delamination factors are the most
widely used for evaluating machining-induced delamination in various composite ma-
terials due to their simple definitions, intuitive results, and ease of measurement. The
three-dimensional delamination factor further considers the through-thickness propagation
and interlayer effects of drilling damage, providing a more comprehensive description
of the delamination’s spatial morphology. However, existing metrics primarily focus
on the static description of the final delamination state and suffer from several critical
shortcomings that limit their reliability and practical relevance. First, prevalent metrics
such as Fd and Fa exhibit a pronounced sensitivity to image acquisition and processing
parameters, particularly the choice of thresholding algorithms when converting images
to binary formats for damage area calculation. This subjective or algorithm-dependent
step can lead to significant variability in the measured delamination extent, undermining
the reproducibility and objective comparison of results across different studies. Second,
and more fundamentally, there is a weak correlation between these geometrically based
metrics (Fd, Fa, Fda, Fv) and the residual mechanical performance (e.g., bearing strength,
fatigue life) of the drilled components. A larger measured delamination area does not
necessarily translate linearly into a proportional reduction in structural integrity, as the
impact depends on crack location, orientation, and the local stress state. This disconnect
limits the ability of current metrics to serve as reliable predictors for in-service component
performance. Third, the field lacks standardization in measurement protocols. Variations
in inspection techniques (e.g., optical microscopy vs. ultrasonic C-scan), definitions of the
“damaged area,” and the calculation methods for the different factors (Fd, Fa, etc.) make it
difficult to directly compare or synthesize findings from independent research efforts. This
absence of consensus hampers the establishment of universally accepted quality thresholds.
Consequently, there is still a lack of a comprehensive evaluation framework capable of effec-
tively characterizing the dynamic initiation and evolution mechanisms of delamination and
linking them quantifiably to the impact on in-service performance. Therefore, constructing
a multi-dimensional, standardized, and performance-relevant evaluation index system
remains an important topic for further research in this field.

Table 2. The criteria commonly employed in the literature for delamination assessment.

Delamination Quantification Calculation Formula Reference

Conventional one-dimension delamination
factor (Fd) Fd = Dmax

Dnom
Chen [40]

Two-dimension delamination factor (Fa) Fa =
(

Ad
Anom

%
)

Faraz et al. [43]

Adjusted delamination factor (Fda) Fda = Fd +
Ad(F2

a−Fd)
Amax−Anom

Davim et al. [41]

Equivalent delamination factor (Fed) Fed =

√
4(Ad+A0)

π
D0

Tsao et al. [44]

Refined delamination factor (FDR) FDR = Dmax
D0

+ 1.783
(

AH
Ao

)
+ 0.756

(
AM
Ao

)2
+ 0.03692

(
AL
Ao

)3 Nagarajan
et al. [45]

Refined equivalent delamination ratio (Fred). Fred =
√

4Ae
π /Do Babu et al. [46]
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Table 2. Cont.

Delamination Quantification Calculation Formula Reference

Equivalent adjusted delamination coefficient
(Feda) Feda = Fed + Amax−Anom−Ad

Amax

(
F2

ed − Fed

)
Al-Wandi et al. [47]

Minimum delamination factor (Fdmin) Fdmin = Dmin
Dnom

Da Silva. [48]

Three-dimensional delamination factor (Fv)
Fv =

1
p

p
∑

k=1

Ak
d

Anom

Dmax—maximum diameter of the delaminated zone
Do—nominal diameter of the drilled hole

Xu et al. [42]

Dmin—diameter of the minimum enclosing
delamination area
Dnom—nominal hole diameter
Ad—total area of the drilled hole
Adel—cumulative peripheral delamination area
Anom—nominal drilled hole area
Amax—area belonging to Dmax
AO—area corresponding to DO
AH—heavy damage area
AM—medium damage area
AL—low damage area
Ae—damaged area

Through an analysis dividing the exit cutting process into four stages and five repre-
sentative positions (Figure 4), Hou et al. [49] studied the thermal effects and exit damage
mechanisms in CFRP drilling. The study revealed that drill-workpiece interaction is gov-
erned by exit temperature, with the peak temperature itself being dictated by the position
of the uncut material relative to the cutting edge at breakthrough. Under elevated temper-
atures, the delamination factor plateaus despite increases in cutting speed and feed rate.
This phenomenon is attributed to material softening and easier removal during cutting,
which results in the pushing out of thinner material, forming fine cracks and fractures.
he progression from Position 1 to Position 4 represents the drill breakthrough phase, a
critical and highly transient process defined as the brief period from the instant the drill
bit initially contacts the final few plies of the workpiece laminate to the moment its cut-
ting edges (typically the chisel edge and main lips) completely exit the workpiece. This
phase is the decisive period for the concentrated initiation and rapid evolution of exit-side
defects such as push-out delamination, burrs, and tearing. During this stage, the work-
piece condition is characterized by a drastically reduced and compliant uncut ligament
at the exit side, typically comprising only the last few plies. Consequently, its bending
stiffness decreases precipitously. The dynamic evolution involves a transient transition of
the material’s response from stable cutting to global buckling and fracture, accompanied by
significant thermo-mechanical coupling effects. To fundamentally deconstruct this process,
it is imperative to establish an integrated research framework. This framework should
combine experimental observation (e.g., high-speed imaging, acoustic emission), high-
fidelity multi-scale finite element simulation (capable of capturing fiber-matrix damage
and interlaminar crack propagation), and data-driven methodologies (fusing multi-sensor
time-series signals). Such an integrated approach enables the systematic revelation of
the dynamic origin, propagation, and arrest mechanisms of damage, thereby providing a
theoretical foundation for real-time prediction and adaptive process control.
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Figure 4. Variation in thrust force and maximum exit-ply temperature as a function of cutting depth
across various drilling stages [49].

Li et al. [50] performed comparative drilling experiments on both monolithic CFRP
and CFRP/Ti6Al4V stacks, analyzing the causes and variations in entry delamination by
examining drilling forces, temperature, and the characteristics of titanium alloy chips. Their
results indicate that when drilling monolithic CFRP, minor Mode I and III delamination
occurs near the hole entry at a fiber cutting angle of 135◦, a consequence of tool geometry
and material anisotropy. In contrast, during the drilling of CFRP/Ti6Al4V stacks, the
thermo-mechanical interaction with high-temperature titanium chips induces more severe
elliptical Mode I delamination at the CFRP entry point. n a complementary numerical
study, Tang et al. [51] developed a 3D finite element model to probe the micromechanisms
of entry delamination, chip formation, and associated peeling forces at the microscopic
scale, specifically at fiber cutting angles of 0◦, 45◦, 90◦, and 135◦. The simulations confirm
a strong dependence of both delamination initiation and chip morphology on the fiber
cutting angle. The extent (length) of entry delamination was found to increase with this
angle. Notably, delamination is negligible at 0◦ due to compressive stress from the tool
flank. At 45◦ and 90◦, delamination is primarily driven by Mode III (tearing) fracture, while
at 135◦, a combination of Mode I (opening) and Mode III fracture leads to severe damage,
coinciding with a peak in peeling force. This model provides significant insight into the
underlying mechanisms of entry delamination and offers theoretical guidance for achieving
damage-free drilling of CFRP. The fiber cutting angle is a common and critical parameter
that simultaneously governs the formation tendencies of all three defects. In the vicinity of
135◦, where material removal is dominated by brittle fracture, the unique cutting forces
generated not only induce delamination but also promote the formation of specific burr
patterns and result in the most severe tearing defects.

Among the three primary drilling defects, delamination is widely recognized as the
most severe and costly for industry. Its criticality stems from two main factors: first, its
concealed nature, as internal interlaminar cracks are difficult to detect visually, requiring
methods such as ultrasonic inspection, which increases quality control costs; and second,
its detrimental impact on structural integrity.

Reducing delamination in CFRP drilling can be effectively approached through pre-
diction. Jia et al. [52] proposed a thermal effect analysis model to predict the critical
delamination condition for CFRP composites, considering the material’s anisotropy, ther-
momechanical deformation, and tool loading. The model’s validity was verified through
numerical simulations and precise punching experiments on uncut laminates. The model
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yielded the value of critical thrust force and its dependence on drilling temperature. Fur-
thermore, a thrust force model based on tool geometry was proposed. Using this model, the
critical feed per tooth for delamination-free drilling under different uncut layer thicknesses
and drill diameters can be determined. Wang et al. [53] proposed two analytical critical
thrust force (CTF) models for different cutting states to predict the critical delamination
condition during the drilling of CFRP laminates. Ismail et al. [54] established an analytical
thermomechanical model grounded in linear elastic fracture mechanics, classical plate
theory, cutting mechanics, and energy conservation, aimed at predicting the critical feed
rate and thrust force at delamination onset in CFRP laminates. Massoom and Kishawy [55]
developed an analytical model to predict the critical thrust force for the initiation of de-
lamination. This model accounts for thermomechanical loading and the mixed fracture
modes occurring in the delamination zone. The model delineates a delamination growth
process: initiating as a circular zone in the entry ply, which then propagates and evolves
into an elliptical region aligned with the fiber direction in the exit ply. The associated load
distribution is characterized by a central point load from the chisel edge and a linearly dis-
tributed load exerted by the cutting lips. Chen et al. [56] established both macroscopic and
microscopic finite element models (FEMs) for drilling CFRP with pre-existing delamination
defects. The formation and evolution of material damage during drilling were investigated
experimentally and through simulation, using circular polytetrafluoroethylene (PTFE) films
to simulate delamination defects in the CFRP. Cui et al. [57] proposed a comprehensive
delamination prediction method based on multi-sensor data. During drilling, data on force,
torque, temperature, vibration, and exit hole images were collected (as shown in Figure 5).
A proposed statistical delamination factor (Fs) was used to quantify delamination. By
combining multi-sensor data with precise assessment of delamination damage, a learning
model for predicting delamination damage was established. Feito et al. [58] developed a
simplified model for delamination damage prediction, thereby reducing computational
time. Choi et al. [59] proposed a multimodal 1D CNN that leverages time-series multi-
sensor data (encompassing force, torque, acceleration, voltage, current, sound) and exit hole
images from a robotic drilling system to predict the delamination factors Fd and Fa—key
metrics for quantifying hole quality derived from image analysis. Fard et al. [60] developed
a regression-based model using partial least squares (PLS) to predict delamination defects
during the drilling of CFRP plates. The results indicated that tool geometry and cooling
conditions, particularly friction, have a greater influence on drilling outcomes compared
to spindle speed and feed rate. These methods for effective delamination prediction can
collectively assist in better suppressing delamination.

Figure 5. Variations in the monitored signals: (a) Thrust force; (b) Torque; (c) Temperature; (d) Vibration [57].
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2.2. Burrs

The formation mechanisms of burrs in quasi-homogeneous materials, such as alu-
minum alloys and titanium alloys, are well-understood and extensively studied. However,
research on burr formation mechanisms in CFRP started relatively late. Burrs are one of the
primary types of macroscopic geometric damage associated with CFRP machining features.
Although they do not directly weaken the strength of the composite, significant burrs can
hinder the assembly process and lead to a substantial increase in operation time and cost.
Therefore, removing burrs is crucial for improving hole quality and avoiding secondary
damage, such as delamination and tearing [61,62]. During CFRP drilling, burrs are typically
distributed along the fiber direction on both the entry and exit sides of the hole, especially
at the exit. Sometimes, they also appear on the inner wall surface of the hole. They consist
of incompletely severed carbon fibers, accompanied by plastic deformation, existing in
strip-like forms [63–65]. Given their severe impact on process quality, an in-depth investiga-
tion of the burr formation mechanism is a prerequisite for their effective suppression. Burrs
form because, as drilling progresses, the laminate thickness continuously decreases, and the
interlaminar strength gradually weakens. When the drill bit approaches the final few fiber
layers, the main and auxiliary cutting edges exert strong compressive forces on the fibers
and matrix at the hole exit. While most carbon fibers are gradually severed by the cutting
edges at the hole periphery, a few fibers deform under the pushing action of the drill bit.
This deformation hinders fiber removal. As drilling continues, the fibers gradually elongate,
and fibers in the cutting angle region rapidly bend radially outward. Ultimately, the incom-
plete material removal by the main cutting edge leaves residual fibers aligned with the fiber
ply orientation, forming burrs. In CFRP, burr formation is complex and differs from that in
other homogeneous materials because it is influenced by numerous factors. These include
complex tool conditions [66,67], fiber cutting angle [68], and the form of machining motion
among others [69]. The composition of drilling burrs in CFRP may include protruding
fibers, displaced matrix, or their combination. The most frequently observed mechanism is
matrix stripping from the fibers, a phenomenon primarily attributed to elevated interfacial
temperatures or weak fiber-matrix bonding during the cutting process. Consequently,
the burrs consist solely of uncut reinforcing fibers. Additionally, burr defects can also
form at interlaminar gaps due to several scenarios. For example, cavity formation caused
by improper manufacturing processes or interlaminar gaps influenced by reinforcement
geometry can lead to burr formation.

The formation of burrs in CFRP drilling is a dynamic evolution process, which can
be broadly divided into four stages: First, during the initial deformation stage, the drill
bit contacts the workpiece. Material in the central zone is compressed, leading to resin
softening and fiber slippage, which initiates plastic flow. Next, in the material accumula-
tion stage, as the drill penetrates deeper, the fiber-resin mixture, hindered by poor chip
evacuation, continuously accumulates at the hole bottom. Concurrently, the support force
on the exit side weakens. When the drill bit approaches breakthrough, the process enters
the deformation zone expansion stage. The support force from the remaining workpiece
layers drops sharply, and the plastic deformation zone spreads from the center towards the
edges. Finally, in the burr formation stage, the thin layer of material at the exit, which is
difficult to cut effectively, is forcibly extruded and fractured under the thrust of the drill bit,
ultimately forming sharp-edged burrs. The core mechanism throughout this entire process
lies in the reduced interlaminar strength at the exit, where the compressive action of the
drill bit causes fibers to undergo bending deformation rather than being cleanly sheared
off. Compared to delamination, burrs primarily manifest as surface geometric protrusions,
directly impairing assembly functionality and efficiency. Following delamination at the
hole exit, the effective interlaminar support for the remaining uncut plies is compromised,
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leading to a marked reduction in their bending stiffness. Consequently, during the cutting
of the final layers, the material becomes significantly more susceptible to global bending
deformation. This condition substantially exacerbates fiber bending and pull-out, directly
aggravating burr formation. Therefore, suppressing delamination constitutes an effective
strategy for mitigating exit burrs at their source.

Poór and Pereszlai et al. [69] indicated that burrs form in CFRP if the tool fails to
achieve the theoretically intended depth of cut, as illustrated in Figure 6a. Three primary
scenarios exist: (1) In the absence of adequate support (e.g., backing plates or inter-layer
constraint, Figure 6b,c), the cutting forces induce an opening effect that promotes inter-
ply delamination. The resulting bending of the unsupported final layers allows them to
deflect around the tool, leading to burr formation at the exit. (2) Even with workpiece sup-
port, an excessively large cutting edge radius (Figure 6d) compresses and bends the fibers
rather than shearing them, generating pronounced burrs and impairing chip evacuation.
(3) When the fiber cutting angle is non-preferential despite support, the tool tends to plow
through and deform the composite without effective material removal, again resulting
in significant burr formation [70]. When the fiber cutting angle is θ = 135◦ ± δ (where δ

represents an error margin), the chip removal mechanism is dominated by macro-fracture:
in this case, the cutting tool pushes and bends the fibers, causing them to undergo elastic
buckling. This leads to significant crack propagation, out-of-plane displacement, uncut
fibers, and undesirable surface roughness, as shown in Figure 6e. In numerous studies,
the fiber cutting angle is widely recognized as the most significant factor affecting burrs.
However, the specific nature of its influence—such as whether acute or obtuse angles
are more prone to burr formation—varies across different studies, leaving room for fur-
ther investigation. To address these challenges, Wang et al. [71] proposed a multi-scale
modeling-based three-dimensional finite element model. Using this model, they analyzed
the formation mechanism of burrs generated during the drilling of carbon fiber composites.
Their conclusion was that a substantial amount of burrs are generated at the hole exit,
while the hole wall exhibits almost no burrs. Regarding the hole exit, burrs readily form
when the cutting angle is acute, whereas they are minimal when the cutting angle is obtuse.
Xu et al. [72], through experimental observation, found that the burr defects generated at
the hole exit primarily occur around holes where the fiber cutting angle is obtuse. They
concluded that the fiber cutting angle has the most significant influence on CFRP burrs,
followed by cutting edge radius, rake angle, and depth of cut.

 
Figure 6. (a) Geometrical representation of burr formation during CFRP cutting: (i) top view; (ii) side
view; (iii) exit burr formation in drilling [73]. (b–e) Governing factors for burr formation in UD-CFRP
composites: (b) Buckling prevented by laminate constraints and a supporting fixture; (c) Buckling
occurring due to lack of support; (d) Burr formation attributed to fiber bending from a large cutting
edge radius, even with fixture support; (e) Substantial burr formation resulting from an unfavorable
fiber cutting angle. (θ = 135◦ ± δ) [69].
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2.3. Tearing

During CFRP drilling, alongside delamination and burrs, tearing stands as another
critical defect impacting machining quality, primarily occurring on the exit side of the hole.
It is typically characterized by the separation of fibers from the matrix or the cracking of
the matrix itself within the outermost material on the exit side, induced by the coupled
thermomechanical action of drilling. This tearing damage readily facilitates the propagation
and extension of surface micro-cracks in the composite material. Consequently, under load,
structural components may experience cracking failure, thereby compromising the surface
integrity of CFRP parts.

The formation of tearing involves two distinct stages: the tear initiation stage domi-
nated by the chisel edge, and the tear propagation stage completed by the main cutting
edges. The chisel edge stage plays the predominant role. This stage commences with
the chisel edge exerting a pushing force on the surface layer material at the exit side and
concludes when the chisel edge cuts through this layer. As the drill’s chisel edge cuts
outward from within the material, it applies a strong compressive force on the surface layer.
Initially, the surface fiber layer bulges slightly around the drill axis. With the continued
advance of the drill, this bulging area gradually enlarges and extends along the direction
of the outer fiber ply. Upon reaching a critical extent, interfacial bonding fails, leading to
cracking, and the chisel edge breaks through. The subsequent main cutting edge stage
begins at this breakthrough and ends when the main cutting edges completely exit the
surface material. The tear formed by the chisel edge is preliminary. After the chisel edge
exits the workpiece, the main cutting edges continue to influence the final tear morphology
through two mechanisms: firstly, they sustain the outward pushing action initiated by
the chisel edge, and secondly, their high-speed rotation introduces an additional twisting
effect. The coupling of these effects further expands and defines the initial crack, ultimately
forming a macroscopic tearing defect. It is noteworthy that the formation and propagation
of tearing defects are not isolated processes; they are highly susceptible to significant
influence from other defects. The most typical interaction is with delamination: when
delamination has already occurred at the hole exit region, the remaining isolated surface
layer loses effective interlaminar support, and its bending stiffness decreases drastically.
Consequently, if the main cutting edge finally acts on this weakened layer, the material
becomes more prone to unstable global buckling or tearing rather than stable shear removal.
Therefore, in areas where delamination is already present, the severity and extent of tearing
are typically significantly exacerbated. This reveals that suppressing delamination is also
crucial for controlling tearing at its source.

Tearing damage is not uniformly distributed around the hole circumference; its severity
and location exhibit pronounced directionality. It is predominantly concentrated in two key
regions: one near a fiber orientation angle of 90◦ and the other within the counter-fiber
cutting region. Near the 90◦ fiber orientation, the circumferential cutting force generated
during drilling acts perpendicularly to the fiber axis. This subjects the fiber-matrix in-
terface to maximum peeling stress, making it most susceptible to interfacial separation
and resulting in the most severe tearing. Similarly, significant interaction forces in the
counter-fiber cutting region also lead to severe tearing defects. In this region, particularly
for unsupported unidirectional CFRP, the matrix is prone to tearing along the fiber di-
rection, especially when the fiber orientation is 90◦. Given that the fiber orientation in
the outermost ply remains fixed throughout the drilling process, the anti-fiber cutting
zone is invariably localized to specific, unchanging sectors around the hole circumference
(Figure 7). Consequently, the formation of tearing defects exhibits a distinct directional
preference, being predominantly concentrated in quadrants 2 and 4.
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Figure 7. Mechanism of tearing defect formation during the drilling of CFRP composites. [26].

2.4. Summary

Delamination, burrs, and tearing are three critical types of defects generated during
CFRP drilling, with complex and interrelated formation mechanisms. Delamination is
the most severe defect, occurring at the hole entry (peel-up delamination, influenced by
torque and drill geometry) and exit (push-out delamination, primarily controlled by axial
thrust). Current assessments predominantly focus on the static effects of thrust force, while
insufficient consideration is given to its dynamic evolution and the combined influence
of torque. Burrs mainly refer to incompletely severed fibers at the hole exit. Although
they do not directly weaken structural strength, they increase subsequent processing costs.
Their formation core lies in the bending deformation rather than shearing of fibers when
the exit support weakens. The fiber cutting angle is the most significant factor influencing
burrs, yet research conclusions regarding its specific impact (acute or obtuse angle) remain
divergent. Tearing primarily occurs on the hole exit side, and its formation process consists
of two stages: initiation by chisel edge pushing and propagation/shaping by the main
cutting edges. This damage exhibits distinct directionality, most prone to occur near the
90◦ fiber orientation and in the against-fiber cutting region.

In summary, these defects are all rooted in the complex interaction between the drill
bit and the material under thermomechanical coupling, jointly influenced by material
properties, tool parameters, and process conditions. Current research still has room for
deeper exploration regarding the dynamic formation mechanisms of defects, the coupling
effects of multiple factors, and comprehensive strategies for process-based suppression.

3. Process Optimization Methods for Drilling Defect
3.1. Cutting Parameter Optimization

Cutting speed (Vc) and feed rate (Vf) are the primary process parameters responsi-
ble for drilling damage in CFRP. Under specific tool and working condition constraints,
the rational selection of these parameters enables effective control over drilling forces,
drilling heat, and tool wear, thereby reducing defects during CFRP drilling. The core
objective of cutting parameter optimization is to find the optimal parameter combination
that strikes a balance between machining efficiency and hole quality. Numerous studies
indicate [74,75] that drilling damage generally increases with an increase in feed rate. This
is because drilling forces escalate with higher feed rates. Force concentration leads to more
pronounced bending phenomena, which in turn makes the material more susceptible to
interlaminar crack propagation. The influence of cutting speed on drilling damage remains
somewhat contentious. Wang and Jia et al. [76] experimentally compared the values of
the delamination factor and surface roughness under different combinations of cutting
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parameters, as shown in Figure 8. Subsequently, they performed an analysis of variance
(ANOVA) on the experimental data. The study found that the feed rate has the most
significant impact on delamination, while the influence of spindle speed on delamination
is not significant. Both feed rate and spindle speed have a significant effect on the surface
roughness (Ra) of the workpiece. The contribution rate of the feed rate is 70.39%, and that
of the spindle speed is 26.27%. Melentiev et al. [8] found that the feed rate has the greatest
influence on delamination. The cutting speed also exerts various effects on delamination,
depending on the specific range considered and the tool geometry used. When drilling
CFRP with a standard twist drill, a low feed rate and a high cutting speed can reduce
the risk of delamination. Shetty et al. [77] found that the parameters with the greatest
influence on delamination are the feed rate and spindle speed. To reduce delamination
during drilling, different methods such as applying active supporting force, introducing
a pilot hole, and using specialized core drills were found to be very effective. Sorrentino
et al. [78] analyzed research data showing that the thrust force in CFRP drilling increases
with both increasing cutting speed and feed rate. At low feed rates below 0.1 mm/rev,
the delamination factor is almost independent of cutting speed but increases significantly
with increasing feed rate. Conversely, at high feed rates, the delamination factor increases
with both cutting speed and feed rate. The push-out delamination factor is consistently
higher than the peel-up factor. By employing a variable feed rate strategy, the push-out
delamination factor can be reduced. Specifically, reducing the feed rate in the final stage of
drilling decreases the thrust force, thereby minimizing push-out delamination.

 

Figure 8. (a) Experimental results of delamination factor under different cutting conditions; (b) Average
surface roughness under different cutting conditions. Experimental results of delamination factor and
average surface roughness under different cutting conditions [76].

Bhushi et al. [79] optimized the drilling parameters for CFRP using a genetic algorithm
combined with response surface methodology (RSM). They identified feed rate and helix
angle as the two most significant factors affecting the surface integrity of CFRP. The
results indicate that a spindle speed of 800 rpm and a feed rate of 0.12 mm/rev are the
two optimized parameters for achieving the best outcomes. Sardiñas et al. [80] proposed a
multi-objective optimization method for the drilling process of laminated composites and
obtained the optimal solution for cutting parameters using a posteriori method. Sorrentino
et al. [78] found that employing a variable feed rate strategy can effectively reduce the push-
out delamination factor. Particularly in the final stage of drilling, lowering the feed rate
not only decreases the thrust force but also further suppresses the occurrence of push-out
delamination. By implementing this process optimization strategy, the delamination factor
for CFRP can be reduced by up to 37%. Krishnaraj et al. [81] conducted a full factorial
experimental study on the high-speed drilling of thin CFRP laminates using K20 carbide
drills. By varying drilling parameters such as spindle speed and feed rate to analyze
hole quality, they determined the optimal spindle speed to be 12,000 rpm and the optimal
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feed rate to be 0.137 mm/rev. Mkaddem et al. [82] recommend using relatively high
cutting speeds (150–200 m/min) and low feed rates (0.01–0.05 mm/rev) when drilling
FRP to suppress delamination damage while maintaining appropriate drilling efficiency.
Devitte et al. [83] employed the Box–Behnken design method to study the optimization
of CFRP drilling. Their research found that the combined effect of cutting speed and feed
rate on the delamination factor is far greater than their individual effects. The optimal
process parameters determined were: a cutting speed of 20 m/min and a feed rate of
0.05 mm/rev. Abhishek et al. [84] utilized the harmony search (HS) algorithm for multi-
objective optimization of CFRP drilling. This algorithm was compared with the genetic
algorithm (GA) and the Taguchi robust optimization method. The study demonstrated that
the harmony search algorithm is more efficient and requires less computational effort when
seeking optimal process parameters. The best machining parameters found were a spindle
speed of 1000 rpm and a feed rate of 350 mm/min.

3.2. Tool Optimization
3.2.1. Tool Geometry

Drilling quality is fundamentally governed by tool geometry, as it directly determines
the material removal behavior and associated damage modes of each cutting edge (chisel
edge, main cutting edges, and margin). Therefore, optimizing tool geometry is a core
approach to suppressing CFRP drilling defects. By precisely designing key parameters
such as point angle, chisel edge geometry, and rake angle, the cutting behavior can be ac-
tively controlled from a mechanical perspective, which constitutes a fundamental measure
for achieving high-quality machining. An optimized geometry can not only effectively
reduce axial thrust force to prevent exit delamination and burr formation but also mini-
mize secondary damage to the hole wall and heat accumulation by ensuring smooth chip
evacuation. Ultimately, this effective management of cutting forces and heat at the source
safeguards drilling quality while simultaneously reducing the load on the tool, thereby
contributing to reduced wear and extended service life. The conventional twist drill, as
shown in Figure 9a, is no longer the optimal choice for machining CFRP. In recent years,
numerous researchers have designed various tool structures with different geometries, as
illustrated in Figure 9b–h.

 
Figure 9. Advanced drilling tools for CFRPs [15]: (a) twist drill with a small point angle; (b) step
drill; (c) double point angle twist drill; (d) dagger drill; (e) fishtail drill; (f) brad and spur drill with a
dagger type center; (g) core drill; (h) core drill with an inner drill.

Xu et al. [72] conducted a comparative evaluation of the drilling performance of a high-
strength CFRP (T800S/250F) using PCD standard twist drills and PCD special-geometry
dagger drills. The experimental results indicated that compared to PCD standard twist
drills, the PCD dagger drills exhibited superior tool-workpiece compatibility when ma-
chining high-strength CFRP. This was specifically reflected in better hole quality, reduced
tool wear, and longer tool life. Sugita et al. [85] systematically designed the drill’s profile.
A double-edge cutting lip enhanced guidance, while a chamfer at the corner suppressed
vibration (Figure 10a). Increasing the lip width improved stability, and an added cutting
edge on the secondary lip enhanced machinability (Figure 10b). A larger point angle,
despite increasing thrust, proved effective. An arc-shaped cutting edge improved sharp-
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ness, and an optimized side-edge geometry reduced uncut material (Figure 10c). Small
notches on the lip promoted chip fragmentation, effectively suppressing heat generation
(Figure 10d). Experiments confirmed this structure effectively suppressed burrs and delam-
ination, improved hole accuracy, and reduced heat. Feito et al. [86] compared a step drill
with a traditional twist drill, noting it reduced axial force and torque, but delamination was
only mitigated at low feed rates. Raj and Karunamoorthy [87] comprehensively analyzed
three drill geometries, concluding that the brad-spur drill achieved low thrust and high
dimensional accuracy, while the double-point-angle drill performed better in controlling
wear and improving hole surface finish and circularity. Based on the tensile-shear effect
and push-shear effect, Su et al. [88] designed a novel drill with V-shaped cutting edges. By
altering the rake and inclination angles, it changed the force direction on the workpiece,
thereby reducing thrust force and damage. Jia et al. [89] proposed a novel intermittent
serrated drill structure (Figure 11a). Theoretical and geometric analysis indicated its cutting
edges could change the cutting direction from downward to upward, significantly reducing
exit damage, which was experimentally validated. Yu et al. [90] designed a drill with novel
spiral groove edges based on a standard drill for CFRP (Figure 11b). This modification
effectively reduced burr formation, delamination, and tearing. Kwon et al. [91] developed
a step drill consisting of a core and a step part. The core minimized initial thrust from the
chisel edge by controlling its diameter. The step part, via an adjusted step angle, enabled
smooth removal of pre-cut material, avoiding stress concentration to suppress delamination
and prevent secondary damage. On the secondary cutting edges of a step drill, Jia et al. [92]
proposed a multi-edge structure to implement a depth-of-cut control strategy. Geometric
analysis showed it effectively reduced the depth of cut during CFRP drilling. Comparative
experiments verified its significant effects in reducing exit damage and controlling hole
diameter deviation within tolerance limits. Xu and El Mansori [93] studied the drilling
mechanism of CFRP/Ti stacks, pointing out that the point angle directly influences chip
thickness, which significantly affects chip separation. They therefore recommended drills
with smaller point angles to reduce axial thrust and delamination. Heisel and Pfeifroth [94]
concluded that a larger point angle increases axial thrust but reduces delamination at the
hole entry. They suggested using a larger point angle at the entry and a smaller one at the
exit, justifying the rationale for advanced geometries like double-point-angle twist drills or
dagger drills.

 
Figure 10. A novel drill bit structure capable of effectively suppressing delamination and burrs [85].
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Figure 11. Novel drill structure: (a) one-shot drill with the intermittent-sawtooth structure. (b) Double-
point drill bit with helical grooves [89,90].

Nevertheless, advanced geometries like complex multi-edge drills face significant
practical challenges. These include high manufacturing costs and extended lead times for
precision shapes, delicate edges prone to chipping, difficulties in wear assessment and
costly reconditioning—all undermining lifecycle cost-effectiveness. Moreover, designs
optimized for specific lab conditions often lack adaptability to material variations and
diverse real-world production scenarios. Therefore, transitioning these technologies from
lab to factory requires a comprehensive evaluation of economics, reliability, and adaptability.
Future work should assess their long-term benefits in near-industrial settings and develop
balanced designs that harmonize performance with manufacturability.

3.2.2. Tool Coating

In CFRP drilling, rapid tool wear represents a core bottleneck limiting both machin-
ing quality and efficiency. Rawat and Attia [95] identified that flank wear progression
is non-uniform and can be categorized into three stages: initial, steady-state, and severe
wear, as shown in Figure 12. Initial wear is primarily induced by chips or micro-cracks. A
fresh cutting edge with a small radius concentrates force within a narrow contact zone. As
wear initiates or the edge dulls, the contact area expands, reducing contact stress. In the
severe stage, thermal softening within the tool-workpiece system combined with rising
contact pressure causes the friction system to behave like a high-load system, leading to a
sharp increase in wear rate. Even with well-designed geometry, the extreme abrasiveness
of carbon fibers, particularly under high cutting parameters, rapidly blunts HSS and con-
ventional carbide tools. This shortens tool life, sharply increases cutting forces and heat,
and exacerbates defects such as delamination, burrs, and tearing. To break this cycle, tool
coating technology has emerged as a key solution for enhancing overall performance and
enabling stable, efficient machining. By depositing a micrometer-scale thin film of spe-
cialized materials onto the tool substrate, coatings fundamentally alter the tool-workpiece
interface characteristics. Acting as a chemical and thermal barrier, they effectively sup-
press interdiffusion and chemical reactions, thereby minimizing wear. Coated tools exhibit
high surface hardness, excellent wear resistance, stable chemical properties, thermal and
oxidation resistance, a low friction coefficient, and low thermal conductivity.
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Figure 12. Wear progression of the flank face, and the effect of the flank wear on the thrust force,
cutting force, entry and exit delamination [95]. All microscopy images (a–d) were taken at a magnifi-
cation of ×500.

However, despite high hardness being a common feature, the performance and fail-
ure modes of different coatings in CFRP drilling vary significantly due to their distinct
physicochemical properties. Diamond and diamond-like carbon (DLC) coatings, with
their exceptional hardness and extremely low friction coefficient, most effectively resist the
abrasive wear from carbon fibers. Moreover, their carbon-based nature ensures excellent
chemical compatibility with the workpiece, preventing detrimental chemical reactions at
elevated temperatures, making them the preferred choice for CFRP drilling. It should
be noted, however, that DLC coatings exhibit relatively poor thermal stability, and their
performance may degrade under sustained high temperatures. Titanium aluminum nitride
(TiAlN) coatings, while possessing high hardness and oxidation resistance, face challenges
in CFRP machining due to their chemical characteristics. The titanium content in the
coating tends to interdiffuse with carbon fibers at high drilling temperatures, leading to
rapid coating failure through chemical wear. This explains why their high hardness ad-
vantage is not always realized in practical drilling. Multilayer/nanocomposite coatings
(e.g., TiAlN/AlCrN) optimize performance through structural design. Their alternating
multilayer or nanocomposite architecture not only maintains high hardness but also in-
hibits crack propagation, enhances adhesion, and impedes heat transfer. This enables them
to simultaneously address multiple potential failure pathways, including abrasive wear,
thermomechanical fatigue, and oxidation, offering a more robust solution.

The differences in these coating characteristics and failure modes are corroborated by
multiple studies. Wang et al. [96] investigated the tool wear and drilling force performance
of uncoated, diamond-coated, and titanium aluminum nitride (TiAlN) coated carbide drills
when drilling CFRP. The results indicated that the primary wear form for all drill types
was edge rounding wear. The diamond coating significantly reduced edge rounding wear,
whereas the AlTiN coating failed to effectively protect the drill bit due to oxidation occurring
during the machining process. Zhong et al. [97] compared the differences in hole quality
and accuracy between TiAlN-coated and uncoated drills when drilling CFRP/Al/CFRP
co-cured materials. The final results showed that the TiAlN coating helped reduce the
maximum axial thrust force during drilling and significantly improved hole edge quality,
surface morphology, and roughness. Iliescu et al. [98] established a phenomenological
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model concerning the relationship between thrust force, drilling parameters, and the wear
of diamond-coated drills in CFRP drilling. The study demonstrated that the diamond
coating had a significant positive effect on carbide drills, extending tool life to 10–12 times
that of uncoated carbide drills. Swan et al. [99] conducted drilling experiments on CFRP
using diamond-like carbon (DLC) coated, AlMgB14 (BAM) coated, AlCrSi/TiN coated,
and uncoated carbide drills, performing qualitative and quantitative evaluations for each
coating. The results showed that the AlCrSi/TiN coated drill exhibited the best performance,
despite not having the highest coating hardness. The reason is the good stiffness match
between this coating and the carbide substrate, and the nanolayered alternating structure
within the coating enhanced coating adhesion. These characteristics collectively enabled
effective cutting of carbon fibers. Zitoune et al. [100] conducted drilling experiments on
CFRP/Al using two types of carbide drills: nanocrystalline coated drills and uncoated drills.
The results indicated that when drilling the composite plate, the axial thrust force generated
by the coated drill was 10%–15% lower than that of the uncoated drill. When drilling the
aluminum alloy, the thrust force generated by the coated drill was 50% lower than that of
the uncoated drill. Therefore, compared to uncoated tools, the use of nanocrystalline coated
drills significantly reduced surface roughness and axial thrust force. D’Orazio et al. [101]
compared the hole quality and tool life of DLC-coated drills and nano-composite TiAlN-
coated drills for the drilling process of CFRP/Al stacks. The study showed that DLC-coated
drills primarily exhibited wear forms such as chipping, wear, and edge rounding, whereas
only simple wear was observed on the nano-composite TiAlN-coated drills. Overall,
the DLC-coated drills performed significantly better than the nano-composite TiAlN-
coated tools in terms of both hole quality and tool life. Hwang and Ahn [102] prepared
two types of coated drills, microcrystalline diamond (MCD) and graded nanocrystalline
diamond (NCD) coatings, using hot filament chemical vapor deposition (HF-CVD) (surface
morphology shown in Figure 13), and conducted comparative drilling performance tests
on CFRP. The results showed that the diamond coating increased the drill life to four
times that of uncoated drills. Among them, the MCD-coated drill demonstrated superior
wear resistance; whereas the NCD-coated drill performed better in suppressing material
delamination, reducing hole wall roughness, and improving dimensional accuracy, enabling
the production of higher-quality machined holes.

 

Figure 13. (a) Observation regions of coating surface, and SEM images on surface and cross-sectional
morphologies of (b–e) MCD- and (f–i) gradient NCD-coated drills [102].

However, for industrial production pursuing high volume and reliability, the long-
term durability of coatings faces more severe challenges. Under cyclic thermomechanical
loading, coating failure primarily manifests as interfacial spalling and adhesive failure,
which is the core issue restricting its application in mass drilling operations. The mechanism
mainly stems from the coupling of three factors: alternating thermal stress induced by
thermal expansion coefficient mismatch leads to fatigue cracking; high-frequency cutting
impacts cause mechanical fatigue in the coating subsurface; and interdiffusion and chemical
reactions of interfacial elements under cyclic high temperatures form brittle phases and
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weaken bonding strength. These dynamic failure modes often trigger sudden spalling,
severely affecting production stability and tool life. Therefore, future efforts should focus
on developing a service-condition-based durability evaluation system for coatings and
enhancing their resistance to cyclic loading through interface engineering and structural
design, thereby advancing coating technology from laboratory optimization to large-scale
industrial application.

3.2.3. Summary

In the realm of CFRP drilling, a typical difficult-to-machine application, the core strat-
egy for enhancing machining quality and efficiency can be attributed to the synergistic
optimization of both the source and the interface of the cutting process. The optimization of
tool geometry focuses on proactively controlling the cutting behavior from its mechanical
origin. Through specialized designs, such as dagger drills, step drills, and variable-point-
angle structures, it effectively reduces axial forces and improves chip evacuation, thereby
systematically suppressing defects like delamination and burrs. Concurrently, tool coat-
ing technology fundamentally transforms the tool-workpiece contact interface to break
the vicious cycle of rapid wear. Advanced coatings, represented by diamond, DLC, and
multilayer composite coatings, not only increase tool life by several to over tenfold but
also further improve hole quality by reducing friction and enhancing thermal management.
Current research and application frontiers indicate that future high-performance cutting
tools will involve the deep integration of precise geometric design with multilayer compos-
ite coating systems. Their development is shifting from pursuing singular performance
parameters towards creating intelligent tool systems with adaptive characteristics tailored
for specific materials and working conditions. This aims to achieve stable, efficient, and
high-quality hole-making processes.

3.3. Optimization of the Drilling Environment
3.3.1. Cryogenic Cooling Technology

Cryogenic cooling technology typically refers to the process of directing cryogenic
media, such as liquid nitrogen (LN2) or liquid carbon dioxide (LCO2), into the cutting
zone via a dedicated cryogenic cooling system [103,104] (the principle is illustrated in
Figure 14). This instantaneously lowers the temperature in the cutting region, thereby
effectively suppressing machining damage caused by the accumulation of cutting heat [105].
This technology has successfully replaced cutting methods such as dry cutting and flood
cutting, emerging as a cutting-edge approach to addressing heat-related defects in the CFRP
hole-making process [106]. However, its environmental performance is highly dependent
on the choice of coolant: the carbon footprint of liquid nitrogen (LN2) is linked to the
cleanliness of the electricity mix used in its production, whereas liquid carbon dioxide
(LCO2), although capable of utilizing industrial by-product gases, carries the risk of leakage
that may exacerbate the greenhouse effect. Both require dedicated systems—LN2 demands
efficient thermal insulation to prevent evaporation, while LCO2 requires pressure-resistant
design to avoid clogging—which increase energy consumption and cost. Therefore, a
scenario-specific life cycle assessment is essential, and the development of localized carbon
accounting models along with highly sealed and efficient delivery systems is crucial to
advance this technology toward a truly sustainable manufacturing solution.

Cryogenic cooling is not merely a process of temperature reduction. Its essence lies
in actively altering the physical state of the cutting zone to enhance machining quality,
with its effectiveness stemming from the synergistic action of multiple pathways. This
technology achieves this by precisely lowering the cutting zone temperature into the brittle
transition zone of the resin matrix. This places the material into a mechanics-dominated
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brittle state. While avoiding the generation of internal stresses from excessive cooling, it
facilitates the transition of the resin matrix from a viscoplastic to a brittle-elastic state and
enhances the brittleness of the fibers. Consequently, it guides the material towards a more
orderly microscopic brittle fracture. Furthermore, the cryogenic environment also modifies
the tribological characteristics of the cutting zone. It effectively reduces adhesion between
the chips and the tool’s rake face, mitigating the material sticking phenomenon caused by
resin softening, thereby rendering the entire cutting process more stable and controllable.

 

Figure 14. Line diagram of cryogenic system for drilling operation.

Xia et al. [107] compared and analyzed experimental data from dry drilling and cryo-
genic cooling conditions for CFRP composites, including drill edge rounding radius, drill
corner wear, axial force, torque, delamination factor, and surface integrity characteristics
(including sub-surface damage within the hole and drilling diameter error). The results
indicated that cryogenic cooling could significantly reduce the drill edge rounding ra-
dius and corner wear while also helping to improve the surface integrity of the drilled
holes. However, cryogenic cooling also led to greater axial force and torque, resulting in a
larger delamination factor. Agrawal et al. [108] analyzed the drilling performance of CFRP
under different process parameters and cutting conditions. The experiments employed
a self-developed multi-nozzle LN2 delivery device, as shown in Figure 15. The results
demonstrated that compared to dry drilling, cryogenic drilling could reduce torque by
up to 24.46%, cutting energy by up to 35%, and the entry delamination factor by up to
21.55%. Under conditions of higher spindle speed and lower feed rate, cryogenic drilling
could reduce the exit delamination factor by up to 9% compared to dry drilling. In terms
of hole quality, cryogenic drilling reduced cylindricity error by up to 42.69%, decreased
the average hole diameter deviation, and lowered the average surface roughness by up
to 20%. A study conducted by Basmaci et al. [109] showed that using liquid nitrogen to
control the cutting temperature could prevent crystal transformation in the CFRP matrix,
thereby yielding higher-quality machined surfaces compared to dry machining. Giasin
et al. [110] also confirmed this phenomenon, demonstrating that in the machining of S2-
Glass fiber-Al2024T3 stacks, liquid nitrogen cooling could improve surface roughness by
up to 44% compared to dry machining. Rodríguez et al. [111] used liquid carbon dioxide as
a cutting fluid for drilling CFRP-Ti6Al4V stacks, replacing dry drilling, and compared it
with dry drilling. The test results showed that when using CO2 drilling, the hole diameter
deviation was below 0.5%, the tool tip temperature was significantly reduced, and the
surface integrity of the CFRP layer was effectively maintained. Simultaneously, wear on the
drill cutting edges was noticeably alleviated, thereby extending tool life. Impero et al. [112]
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compared the differences between conventional cooling and cryogenic cooling during the
deep-hole drilling of CFRP/Ti stacks. The experiments continuously collected axial thrust
force and torque data and performed a comparative analysis from the perspectives of
average values and distribution. The results indicated that using liquid nitrogen cryogenic
coolant significantly reduced axial thrust force and torque without introducing any signifi-
cant negative effects. Khanna et al. [113] conducted drilling experiments on CFRP under
cryogenic cooling and dry machining conditions, comparing the delamination phenomena
under these two environments. The results indicated that under higher cutting parameters,
cryogenic machining effectively reduced delamination, thereby extending the product’s
service life and enhancing its performance. Shokrania et al. [114] found that cryogenic cool-
ing combined with a straight-flute drill bit could significantly reduce delamination at the
hole exit, improve surface roughness by 25%, and further enhance the surface integrity of
CFRP drilling. The experimental results of Nagaraj et al. [115] demonstrated that cryogenic
drilling outperformed dry drilling in terms of both hole diameter and roundness. Joshi
et al. [116] used liquid nitrogen as a coolant to comparatively analyze the damage caused
by drilling under dry and cryogenic conditions. The study found that although the axial
thrust force generated under cryogenic conditions was greater, the delamination factor was
lower than that in dry drilling.

 

Figure 15. Schematic of an improved multi-jet LN2 delivery system [108].

Although cryogenic cooling effectively mitigates thermal damage in CFRP machining,
its industrial implementation faces significant challenges: high coolant and system costs,
complex production-line integration requirements, and process parameters optimized for
specific conditions often failing to accommodate material variability and diverse needs in
real production. Scaling up this technology necessitates breakthroughs in cost-effectiveness,
operational reliability, and process adaptability.

3.3.2. Minimum Quantity Lubrication

In wet machining, water ingress into CFRP significantly degrades its mechanical
properties. Driven by capillary action and concentration gradients, moisture penetrates the
matrix, generating osmotic pressure that disrupts stress equilibrium and initiates microc-
racks. Concurrently, moisture induces matrix swelling, plasticization, and potential resin
hydrolysis, weakening the matrix. It also migrates to the fiber–matrix interface, reducing in-
terfacial bond strength. When the transferred shear stress exceeds this diminished strength,
interfacial debonding occurs, severely impairing load transfer and leading to a marked
decline in macroscopic properties such as interlaminar shear strength, flexural stiffness, and
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fatigue life. Consequently, traditional water-based flood lubrication is generally unsuitable
for high-performance machining of CFRP. However, completely dry machining also poses
serious challenges. Without any cooling or lubricating medium, heat accumulates rapidly
in the cutting zone, making CFRP highly susceptible to thermal damage. To address these
drawbacks, Minimum Quantity Lubrication (MQL) has been introduced. MQL employs a
dedicated system to atomize a minute quantity of lubricating oil (typically tens to hundreds
of milliliters per hour) with compressed air, forming micron-sized oil-mist droplets that
are precisely delivered to the tool–workpiece cutting zone [117,118]. Due to its volatility,
MQL leaves no residue on the hole wall, eliminating the need for post-machining cleaning
often required for aerospace components. At the contact interface, the MQL film provides
lubrication, while the high-pressure air stream aids cooling and chip evacuation [119].

Experimental studies consistently demonstrate the advantages of MQL. Iqbal
et al. [120] compared dry drilling, throttled cryogenic CO2, vaporized cryogenic LN2,
and MQL in CFRP drilling. MQL outperformed all other conditions in hole quality (rough-
ness, cylindricity, roundness), production economics (tool wear, process cost), structural
integrity (delamination, uncut fibers), energy consumption, and cutting forces. Meshreki
et al. [121] reported that both drilling temperature and its fluctuation were lowest under
MQL, with hole quality comparable to flood cooling—especially under high-pressure, low-
flow MQL. In CFRP/Ti6Al4V stack drilling, Xu et al. [122] found that MQL significantly
reduced torque and cutting energy while improving machining quality and surface mor-
phology. A follow-up study by Xu et al. [123] further confirmed that MQL-drilled surfaces
were smoother, with fewer burrs and minimal defects (Figure 16), indicating effective
penetration of the lubricant into the tool–workpiece interface. Kim et al. [124] examined
the role of nano-solid lubricants in CFRP micro-drilling and observed superior hole quality
compared to dry or cryogenic methods, with lower delamination factors and smaller areas
of uncut fibers. Kandar et al. [125] highlighted that within an MQL system, a combination
of high air-flow velocity and low lubricant flow rate optimizes spray characteristics by
enhancing droplet breakup, yielding a finer, more uniform oil-mist jet. This optimized
delivery significantly reduces tool wear, extends tool life, and effectively controls machining
errors, underscoring the critical influence of process parameters on MQL performance.

 

Figure 16. SEM morphologies of the cut composite hole walls under the MQL and dry conditions [123].
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3.3.3. Summary

In CFRP drilling, advanced cooling technologies represented by cryogenic cooling
and MQL have evolved from passive temperature reduction to the active regulation and
synergistic optimization of the physicochemical state in the cutting zone. Cryogenic cooling
induces a brittle state in the material through instantaneous deep cooling, effectively
suppressing thermal damage while improving tool life and surface integrity, with liquid
CO2 showing advantages in cost and convenience. Meanwhile, MQL achieves an optimal
balance between lubrication and cooling via ultra-fine oil mist. Extensive research indicates
that MQL often delivers the best performance in reducing cutting forces, improving hole
quality (e.g., roughness, roundness), and minimizing delamination. Optimized air–fluid
parameters in MQL can even surpass the effectiveness of some cryogenic cooling methods.
Currently, cooling strategies incorporating new media such as nano-lubricants are driving
the field toward intelligent cooling solutions characterized by lower damage and higher
comprehensive performance.

3.4. Process Strategy Optimization
3.4.1. Pilot Hole

In CFRP drilling, the core function of a pilot hole is to pre-remove material, thereby
eliminating the key peeling force generated by the chisel edge of the main drill during
the breakthrough stage by depriving it of a point of application. Since the thrust from
the chisel edge constitutes a significant portion of the total axial thrust, and axial thrust
is directly correlated with exit delamination [126], delamination occurs when the drilling
thrust exceeds the critical threshold. A pilot hole effectively negates the influence of
the chisel edge in CFRP drilling, reducing thrust and consequently lowering the risk of
delamination [127]. Therefore, the use of a pilot hole is a key method that systematically
improves hole-making quality and cost-effectiveness, albeit at the expense of adding an
extra process step [128]. Won et al. [129] investigated the effect of pre-drilled pilot holes
on drilling axial thrust through comparative experiments. They found that the thrust
generated by the drill’s cutting lips contributes significantly to the total thrust, and using a
pilot hole effectively reduces this component, thereby decreasing the risk of delamination
in composite laminates. Furthermore, they developed a process model to predict the
critical thrust for drilling with a pilot hole. This model indicates that while a pilot hole
only marginally increases the critical thrust for delamination, it significantly reduces the
actual thrust during drilling. This allows for the use of higher feed rates while ensuring
delamination-free machining. Tsao [130] demonstrated experimentally that pre-drilling
a pilot hole significantly lowers the critical thrust. Simultaneously, by eliminating the
extrusion effect of the chisel edge, the drilling thrust can also be substantially reduced.
By properly controlling the ratio of pilot hole diameter to drill diameter, medium-to-
large diameter holes can be drilled in composite laminates at higher feed rates without
delamination damage. Subsequently, experimental results from Tsao and Hocheng [131]
showed that while the critical axial thrust causing delamination is slightly reduced when
using a pilot hole, the actual axial thrust during drilling is significantly decreased due to the
elimination of the chisel edge’s extrusion effect. By reasonably controlling the proportion
of the cutting edge engagement length, medium and large holes can be drilled in CFRP at
higher feed speeds without inducing delamination damage. Additionally, chip evacuation
is a critical issue affecting machining quality during the process. Chips can move toward the
drill’s flute and potentially cause clogging. A pilot hole can effectively mitigate additional
axial forces arising from poor chip evacuation, thereby further suppressing delamination
risk. It is important to note that the pilot hole size must be precisely controlled. A hole that
is too small fails to allow sufficient chip evacuation, while one that is too large may directly
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cause delamination during the pilot drilling stage itself. Therefore, rationally designing
the pilot hole diameter is an important process condition for achieving efficient and high-
quality drilling. Wang et al. [132] proposed an improved machining method for 2 mm
thick CFRP plates, employing three novel pilot hole layout schemes during high-speed
drilling, as shown in Figure 17. Among these, the previously widely used layout scheme
(a) significantly reduced thrust but markedly increased dynamic load and drilling torque,
leading to excessive wear on the drill margin. In contrast, layout schemes (b) and (c) both
significantly reduced thrust and drilling torque, effectively prevented delamination, and
extended tool life.

Figure 17. Three pilot hole patterns (2 mm thick CFRP plate) [132]: (a) Central single hole (Pattern a);
(b) Four holes equally distributed on a circle (radius 1 mm, Pattern b); (c) Four holes equally
distributed on a circle (radius 1.25 mm, Pattern c).

3.4.2. Support Plate

Although using a backing plate beneath CFRP laminates increases production costs
and preparation time, it remains a common industrial method to reduce drilling damage.
This auxiliary process provides direct physical constraint on the exit surface, thereby
enhancing the bending stiffness of the final plies as the drill bit approaches breakthrough
and suppressing interlaminar separation caused by axial thrust.

Dogrusadik and Kentli [133] investigated delamination factors in CFRP micro-drilling
using different backing materials (aluminum/phenolic and brass/wood combinations).
They found that exit-side plates (phenolic and wood) initially increased delamination but
slightly reduced it for later holes under specific parameter sets: optimal parameters varied
with backing material. Kang et al. [134] comprehensively analyzed materials including
foam, rubber, cork, and aluminum, assessing thrust force, tool wear, damping, delamination,
and energy consumption. Their analysis showed that rigid materials (e.g., aluminum)
generated greater reaction forces, while compliant, porous materials (e.g., foam, cork,
rubber) reduced thrust force due to damping. After drilling 200 holes, cork and rubber
backing plates reduced the delamination factor by 11.07% and 12.45%, respectively, whereas
aluminum increased it by 17.59% compared to unsupported drilling. Dogrusadik and
Kentli [135] further explored the influence of backing plates on tool wear under variable
cutting conditions. Their results indicated that, with suitable parameters, a backing plate
helped reduce flank wear, and the aluminum-phenolic combination outperformed brass-
wood in this regard. Capello et al. [136] established an analytical model for the critical
thrust force at the onset of delamination when drilling CFRP laminates with a backing plate,
as shown in Figure 18. The model demonstrates that compared to the unsupported case,
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the backing plate suppresses delamination by providing a reaction force in the opposite
direction, thereby increasing the critical thrust force. Based on the analytical model, Tsao
and Hocheng [137] concluded that a backing plate allows for a larger critical thrust force for
the drill bit, enabling drilling at higher feed rates without causing delamination damage.
Shyha et al. [138] noted that a backing plate forms a barrier at the hole entry and exit,
effectively preventing spalling and delamination and significantly reducing burrs and edge
chipping. However, the backing plate did not have a significant impact on the internal hole
surface roughness or dimensional accuracy.

 

Figure 18. Schematic illustration of the supported and unsupported drilling [136].

3.4.3. Variable Feed Rate

In CFRP drilling, the variable feed strategy involves dynamically modulating the feed
rate—typically reducing it—at critical axial positions, particularly near the hole exit, to
actively manage axial thrust and thereby mitigate defects such as delamination and burrs,
as illustrated in Figure 19. While this approach has been demonstrated to effectively reduce
thrust forces and improve hole quality, its integration with advanced drill geometries
requires further investigation. Although synergistic potential exists, functional conflicts
may arise due to overlapping mechanisms, and a lack of mechanistic understanding and
quantitative analysis of their interactions remains. For industrial implementation, the
strategy must balance scalability, cost, and reliability. Control based on simple positional
or force thresholds is easier to integrate, yet complex adaptive systems increase cost and
complexity, and the accumulated slowdown duration may reduce throughput in mass
production. From a tool economy perspective, while the strategy can extend the service
life of costly tools by reducing mechanical impact, improper design may lead to increased
frictional heating and accelerated thermal wear. Moreover, the effectiveness of the strategy
highly depends on accurate real-time recognition of varying process conditions, such as
material inconsistencies and tool wear. Developing intelligent methods that integrate
in-process monitoring with adaptive control is essential to ensure robust and reliable
process performance. Thus, the practical value of this strategy can only be realized through
co-designed systems that harmonize specific drill geometries with tailored feed profiles,
followed by holistic optimization under multiple operational constraints.

Dharan and Won [139] incorporated variable feed rate technology into a control
system to monitor the drilling process and instantly adjust drilling parameters based on
feedback. This strategy can reduce drilling time while ensuring hole quality. Li et al. [140]
implemented a variable feed rate strategy in CFRP drilling, reducing the feed rate from
0.30 mm/rev to 0.01 mm/rev near the hole exit to suppress exit delamination and burrs.
Yaşar and Günay [141] demonstrated that compared to traditional drilling, using a variable
feed rate resulted in lower values for axial force, delamination factor, and average surface
roughness, with average reductions of 14%, 3%, and 18%, respectively. Additionally, the
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hole diameter at the exit was larger with variable feed rate drilling than with constant
feed rate. However, the accuracy of the hole diameter slightly decreased with variable
feed rate due to the thermal expansion effect of the material at low feed rates. Shuaipu
and Jie [142] proposed a variable feed rate drilling method based on a sinusoidal curve,
as shown in Figure 20. When the drill bit is 1 mm away from the hole exit, the feed
rate gradually decreases according to a sinusoidal pattern. Experiments compared this
method with traditional constant feed rate drilling, analyzing its effects on axial force,
delamination factor, hole wall surface quality, and morphology at the hole exit. The results
showed that compared to constant feed rate drilling, sinusoidal variable feed rate drilling
significantly reduced axial force near the hole exit and greatly improved the delamination
factor, hole wall surface quality, and morphology at the exit. However, the impact on hole
wall roughness was not very pronounced. Tamura and Matsumura [143] proposed a novel
drilling method based on variable feed rate, enabling delamination-free hole-making at
high machining rates. This method uses a standard feed rate during the drill entry phase
and switches to a higher feed rate during the exit phase, generating negative thrust force
to finish the hole. Experiments showed that compared to constant feed rate, the variable
feed strategy significantly suppressed delamination by the 100th drilled hole. Furthermore,
analysis based on the minimum cutting energy model confirmed that increasing the feed
rate causes the friction angle to become smaller than the effective rake angle, thereby
inducing negative thrust force, which is the key mechanism for suppressing delamination.

 

Figure 19. Image of constant and variable feed rate.

Figure 20. Variable feed drilling method association process.
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3.4.4. Summary

In CFRP drilling, to suppress exit delamination—a core defect—three primary active
process strategies have been developed: pilot holes, backing plates, and variable feed
rates. All three methods focus on controlling axial thrust force as the central objective,
although their mechanisms of action differ. The pilot hole strategy works by pre-removing
material, directly eliminating the point of application for the main drill’s chisel edge,
thereby reducing thrust force at the source. However, the hole diameter requires precise
control to avoid introducing new defects. The backing plate provides external rigid or
damping support on the exit surface, increasing the critical thrust for delamination by
enhancing bending stiffness. Its effectiveness highly depends on the appropriate selection
of the backing plate material—rigid materials offer strong reaction forces, while compliant
materials provide good damping. Variable feed rate is a dynamic parameter strategy. It
intelligently controls delamination risk by either increasing the feed rate during the exit
phase to induce negative thrust force or decreasing it to reduce peak thrust, representing
the development direction of process adaptivity. Overall, current research and practice
indicate that combining the static structural optimization of pilot holes or backing plates
with the dynamic process control of variable feed rates is the most effective approach to
systematically enhance the quality and efficiency of CFRP hole-making.

3.5. Advanced Drilling Technologies
3.5.1. Ultrasonic Vibration-Assisted Drilling

Ultrasonic Vibration-Assisted Drilling (UVAD) applies high-frequency, low-amplitude
vibrations to the cutting tool [144], inducing periodic high-frequency separation between
the tool and the workpiece. This transforms the cutting process from traditional continuous
cutting into intermittent cutting, fundamentally improving the cutting mechanism and
machining quality of CFRP. A schematic diagram of Ultrasonic Vibration-Assisted Drilling
is shown in Figure 21. Ultrasonic vibration can significantly reduce thrust force during the
drilling of CFRP [145,146], minimize drilling defects, substantially reduce tool wear, and
extend tool life.

Figure 21. The schematic diagram of Ultrasonic vibration-assisted drilling [147].

Huang et al. [148] investigated the tool wear behavior of high-speed steel (HSS) twist
drills during Ultrasonic Vibration-Assisted Drilling (UVAD) of CFRP, conducting a compar-
ative analysis with Conventional Drilling (CD). This study compared the differences in wear
mechanisms between the two machining methods. Observed wear types mainly included
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abrasive wear, adhesive wear, oxidation wear, and their composite forms. The research
demonstrated that, compared to CD, introducing ultrasonic vibration assistance could
effectively reduce the average flank wear width of the tool, with a maximum reduction of
up to 13.0%. Furthermore, the study found that under certain conditions, increasing the
feed rate or lowering the spindle speed helped mitigate tool wear. Sun et al. [149] applied
ultrasonic vibration to dagger drills to further enhance drilling performance. Experimental
results indicated that ultrasonic vibration significantly reduced axial thrust force and sur-
face roughness, with maximum reductions of 14.1% and 62.2%, respectively. Moreover, the
hole diameter error decreased substantially from 30 µm in the traditional drilling process to
6 µm in the ultrasonic-assisted drilling process. Geng et al. [150] conducted a comparative
study on the wear mechanisms of diamond drills in Rotary Ultrasonic Elliptical Machin-
ing (RUEM) versus Conventional Drilling (CD) of CFRP. A series of drilling experiments
were performed, including measurements of drilling force, observation of drill surface
topography, and analysis of machined hole surfaces. The results showed that, compared
to the CD process, the RUEM process significantly enhanced the drilling performance
of the drill. Specifically, the length of the stable working zone for the drill in the RUEM
process increased by 39%, and tool life was extended by 28%. Microscopic observation
of the drill surface revealed that chip adhesion was significantly reduced in the RUEM
process, while more grain micro-cracks appeared. These microstructural changes positively
contributed to improved drilling performance, manifesting as lower drilling forces and
smoother hole surfaces. Hussein et al. [151] experimentally investigated the influence of
UVAD process parameters on burr formation, residual stress, and delamination in CFRP.
The results showed that, compared to the conventional process, UVAD could reduce axial
thrust force by approximately 26%, cutting temperature by about 37%, and exit burr height
by roughly 86%. Geng et al. [152] observed and analyzed delamination phenomena in
both CD and RUEM processes, obtaining trends of the delamination factor with variations
in feed rate and cutting speed. The experimental results indicated that, compared to the
CD process, the RUEM process could effectively reduce the degree of delamination at the
hole exit at feed rates ranging from 50 to 100 µm/rev: by 5.4% to 19.3% under the 1/2
ply condition and by 0.7% to 8.4% under the 2/3 ply condition. Shao et al. [153] analyzed
the separation-cutting mode of UVAD and found that UVAD theoretically enables chip
breaking, as illustrated in Figure 22. Experimental results demonstrated that, compared to
CD, the average thrust force and torque in UVAD of CFRP were reduced by 41.2%–46.8%
and 36.2%–48.9%, respectively. Furthermore, both hole diameter accuracy and hole surface
quality were significantly improved in UVAD. Shan et al. [154] compared the effects of
drilling parameters on the tearing factor for three drilling methods (CD, HSD, and UVAD).
The results indicated that the UVAD process exhibited the smallest fluctuation in the tearing
factor. Therefore, employing higher drilling speeds in UVAD could significantly reduce
drilling damage before severe tool wear occurs. According to Ma et al. [155], compared
to the CD process, using longitudinal-torsional UVAD significantly reduced axial thrust
force (with a maximum reduction of up to 39%). The coupled longitudinal-torsional ultra-
sonic vibration at the tool edge facilitates the removal of carbon fibers via a shear fracture
mode, thereby transforming the contact state between the tool edge and the workpiece
from continuous to intermittent. However, a key limitation of conventional UVAD lies
in its fixed vibration mode, which struggles to adapt to the differing requirements. Con-
sequently, Zhang and Lu [156] proposed a novel variable-dimension vibration drilling
system and its control strategy based on this premise. The tool tip of this system can
achieve one-dimensional longitudinal vibration, two-dimensional elliptical vibration, and
three-dimensional composite vibration to adapt to CFRP drilling.
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Figure 22. Ultrasonic vibration modes and their motion trajectories and hole surface morphologies of
UVAD and CD [153,155].

3.5.2. Orbital Drilling

Orbital Drilling (OD), also known as Circular Helical Milling (CHM), is an advanced
machining technology for hole-making. It utilizes the compound motion of a tool that
simultaneously rotates on its own axis, revolves along a circular path, and feeds axially,
essentially achieving hole creation through a milling process [157,158]. Figure 23 illustrates
the principle of OD. This technology revolutionizes the hole-making method for CFRP from
a kinematic perspective, serving as an alternative to traditional drilling. During OD, the tool
simultaneously rotates around its own axis and feeds along a helical trajectory [159]. Due
to its flexible kinematic characteristics, OD enables lower cutting forces, reduced tool wear,
and improved hole quality [160,161]. Compared to conventional drilling, the deflection
of the residual material layer is smaller in the OD process. Since the load on the tool in
orbital drilling is distributed rather than concentrated at a single point as in traditional
drilling, the residual material layer can withstand greater axial thrust force before failure.
Consequently, OD demonstrates superior performance in suppressing machining damage
such as exit delamination, making it one of the effective means for achieving low-damage,
high-precision machining of CFRP. OD offers various machining strategies, enabling the
production of holes with different diameters, tapered holes, and even complex countersunk
holes. Furthermore, by adjusting the offset distance between the tool center and the hole
center, OD can also perform finishing operations without the need for tool changes [162].

 

Figure 23. Schematic illustration of hole drilling in CHM [162].
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The Orbital Drilling (OD) process has been widely applied to hole-making in
CFRP [160,163–165]. Throughout the OD machining process, hole dimensional accuracy,
geometry, and surface quality can all reach satisfactory levels. Therefore, OD is widely
regarded as a sustainable hole-making process. Experimental results from Voss et al. [166]
show that the axial thrust force in conventional drilling is approximately three times that
in orbital drilling. Furthermore, the axial thrust force in orbital drilling stabilizes after the
initial wear phase. Compared to conventional drilling, orbital drilling significantly reduces
hole exit damage (including delamination or uncut fibers) and hole wall damage (such as
fiber cracking, fiber pull-out, and hole wall bending). Sadek et al. [167] conducted orbital
drilling experiments on CFRP. The results indicated that compared to conventional drilling,
the OD process reduced axial force by 45%, lowered cutting temperature by 60%, and
achieved significantly better hole quality. These improvements stem primarily from the
redistribution of the load on the cutting edges and the cooling effect provided by the unsta-
ble swirling airflow in the annular gap between the tool and the workpiece. Brinksmeier
et al. [168] observed similar results when drilling Al/CFRP/Ti stack materials. Compared
to conventional drilling, orbital drilling generated significantly lower thrust force and
cutting temperature in the CFRP phase while yielding superior surface integrity. Kong
et al. [169] employed the OD process for drilling CFRP material to minimize issues related
to temperature rise and delamination. The study revealed that during OD, due to reduced
thrust force, the processing temperature is lower and delamination is almost negligible.
Even at higher rotational speed ranges, the OD process maintains good repeatability of
quality parameters. Geier and Szalay [170] noted that compared to conventional drilling,
using the orbital helical milling process yields higher-quality holes, specifically character-
ized by less delamination at the hole exit and better surface quality. Due to its excellent
mechanical and physical properties, CFRP is widely used in various mechanical structures.
The industrial application of CFRP demands high drilling quality and high efficiency in
hole-making. However, traditional drilling methods, such as conventional drilling and he-
lical milling, struggle to meet the industry’s high standards for hole processing. Therefore,
Wang et al. [171] proposed a novel hole-making method for CFRP. This method is achieved
by replacing the rotational motion of the tool in conventional helical milling (CHM) with a
conical pendulum motion.

In this approach, the tool axis is inclined at a certain angle to the hole axis, hence it is
termed tilting helical milling (THM), as shown in Figure 24. As a preliminary exploration
to establish this new method, the study theoretically compared the differences between
THM and CHM in aspects such as the hole formation process, the cross-sectional area
of workpiece material removed per tool revolution, and the issue of the zero-cutting-
speed point. Subsequently, the correctness of the theoretical analysis was verified through
experiments, focusing on the variation in hole diameter profile, drilling forces, machining
quality at the hole entry and exit, and chip evacuation. The experimental results indicated
that during the THM process, an annular V-shaped groove forms between the tool end face
and the hole bottom, a phenomenon not observed in CHM. This characteristic facilitates
timely chip evacuation, reduces drilling forces, and effectively addresses the zero-cutting-
speed point issue. Furthermore, to further develop the THM process, Wang et al. [172]
analyzed the surface finish of holes machined by THM and compared it with that of holes
machined by CHM. Theoretical analysis results showed that when the tool advances and
the instantaneous fiber cutting angle falls within the range of 90◦ to 180◦, CHM machining
induces significant fiber bending and fiber-matrix debonding on the hole surface. In
THM machining, due to the presence of a downward cutting force component along the
hole axis, this phenomenon can be significantly mitigated, promoting easier fiber fracture.
The theoretical findings were validated by CT scans and scanning electron microscope
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(SEM) observations of the hole surface morphology, confirming the advantage of the THM
process in achieving high-quality hole surface finish. Additionally, compared to CHM, the
THM process can effectively suppress the generation of damage such as entry cracking
and exit delamination. Pereszlai et al. [173] conducted a series of tilting helical milling
experiments on CFRP using uncoated carbide end mills. By combining experimental
results with theoretical models, they systematically analyzed the influence of tilt angle and
helical tool path pitch on axial cutting forces. Optical digital microscopy and scanning
electron microscopy were employed to observe the morphology of machining-induced
burrs and the microstructure of the machined surface. The study revealed that both cutting
forces and burr formation are significantly governed by pitch and tilt angle. Within the
parameter range investigated, increasing the tilt angle was proven beneficial for improving
machining outcomes. Therefore, it is recommended to use the largest possible tilt angle in
practical applications.

Figure 24. Schematic illustration of hole drilling in THM [172].

3.5.3. Other Technologies

In addition to the two advanced machining technologies mentioned above, which
are widely applied to CFRP drilling, a range of alternative or complementary advanced
processing techniques are also employed. Dhakal et al. [174] investigated surface damage
variation when drilling fiber composites using Abrasive Waterjet Drilling (AWJD). The
authors conducted a comparative analysis on three composite material samples fabricated
using the vacuum bag molding process. The study found that the feed rate of the waterjet
is a major factor influencing the delamination and surface roughness of the composite
laminate. Compared to the other materials, more severe pit damage was observed on the
CFRP surface, which may be related to the increase in waterjet feed rate. Furthermore, the
authors noted that the AWJD process results in zero tool wear compared to conventional
drilling processes. Montesano et al. [175] studied the effects of Conventional Drilling (CD)
and AWJD on the fatigue performance of CFRP. Observations of the machined hole areas
indicated that CD holes exhibited more severe surface damage, with larger and deeper
damage zones. For the two material systems studied, the surface roughness of AWJ-drilled
holes was actually higher than that of CD holes. However, neither the static properties,
short-term fatigue performance, nor the material’s endurance limit were affected by the
machining process. In short-duration cyclic tests, no significant differences in fatigue
response were observed between CD and AWJ specimens in terms of observed damage,
stiffness changes, or temperature variations, suggesting surface roughness is not a reliable
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indicator of hole quality. Nonetheless, in long-duration cyclic tests, CD specimens showed
more pronounced stiffness degradation and further damage progression after reaching a
certain cycle threshold, where drilling-induced delamination cracks began to propagate.
This phenomenon was not observed in AWJD specimens, where delamination cracks
initiated and propagated much later during cyclic loading. Ahmad Sobri et al. [176]
employed Laser-Assisted Drilling (LAD) to machine holes in CFRP. The authors compared
the LAD process with conventional mechanical drilling from the perspective of surface
damage. The study found that the LAD process is only suitable for CFRP with lower
thickness. For thicker CFRP, the LAD process creates a larger Heat-Affected Zone (HAZ)
due to the entrapment of vaporized material. Li et al. [177] utilized Ultraviolet (UV) laser
technology for drilling CFRP, improving surface integrity by reducing the laser-induced
HAZ. Additionally, the authors pointed out that only by rationally distributing heat within
the hole region can heat accumulation be effectively avoided. Kumaran et al. [178] combined
ultrasonic vibration with cryogenic cooling (Figure 25) for drilling CFRP, achieving lower
exit burr area and surface roughness (Ra) values. Analysis of Variance (ANOVA) results
indicated that ultrasonic power contributed significantly more (52.45%) to reducing the
exit burr area. The increase in CFRP’s shear modulus and transverse strength at cryogenic
temperatures helps reduce peel-up delamination. The brittle fracture occurring during
ultrasonic drilling of CFRP at a spindle speed of 3000 rpm led to lower Ra values. Park
et al. [179] proposed a hybrid cryogenic cooling process for removing burrs at the CFRP
hole exit. The process combines water, ultrasonic vibration, cryogenic cooling, and a layer
of backup ice. The deburring efficiency using this method can reach 100%.

Figure 25. Ultrasonic vibration combined with cryogenic cooling technolog [178].

3.5.4. Summary

In the field of CFRP drilling, advanced machining technologies represented by Ultra-
sonic Vibration-Assisted Drilling (UVAD) and Orbital Drilling (OD) provide fundamental
solutions to the damage problems associated with conventional drilling by altering the
kinematics of the cutting process. UVAD transforms continuous cutting into intermittent
cutting through high-frequency vibration, significantly reducing axial thrust force (by up
to approximately 40%) and cutting temperature, effectively suppressing delamination,
reducing tool wear, and improving hole wall quality. OD (also known as helical milling)
replaces drilling with milling through the compound motion of tool revolution and rota-
tion. By distributing the cutting load, its axial force can be reduced to one-third of that in
conventional drilling, demonstrating outstanding performance in controlling exit delami-
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nation and achieving high-precision holes. Its evolving techniques, such as Tilting Helical
Milling (THM), further enhance chip evacuation and surface finish by optimizing the tool
posture. Additionally, non-traditional methods like Abrasive Waterjet Drilling (AWJD),
Laser-Assisted Drilling (LAD), and ultrasonic-cryogenic hybrid processes offer innovative
solutions for specific scenarios (e.g., zero tool wear, micro-hole machining, deburring). To-
gether, these technologies represent the forefront of high-quality, low-damage hole-making
in CFRP.

4. Conclusions and Future Perspectives
This paper provides a significant review of the latest research progress on drilling-

induced damage in CFRP composites. It discusses in detail the types of damage formed
during CFRP drilling and their formation mechanisms, and summarizes comprehensive
process optimization methods from various perspectives to mitigate this damage. Based on
this review, the following conclusions can be drawn.

1. Based on current research, future efforts should focus on establishing an intelligent
system for high-quality CFRP drilling. This entails developing real-time, in situ intelli-
gent monitoring to dynamically quantify defect formation, alongside creating physics-
informed, data-driven models for high-fidelity process simulation and optimization
to reveal underlying material removal mechanisms. Furthermore, establishing stan-
dardized, quantitative correlations between defect characteristics and component
service performance is crucial for informing industrial quality standards. Ultimately,
advancing eco-friendly drilling technologies through novel green cooling/lubrication
media and energy-efficient processes, supported by systematic life-cycle assessment,
will be key to achieving sustainable manufacturing.

2. The anisotropy, heterogeneity, low interlaminar strength, and poor thermal conductiv-
ity of CFRP collectively lead to its complex cutting mechanism, poor surface quality,
and high susceptibility to drilling damage. The fiber cutting angle, as a key geometric
parameter, significantly influences chip separation and the formation of defects such
as delamination, burrs, and tearing.

3. While widely used due to their simplicity and ease of measurement, current one- and
two-dimensional delamination factors only provide static, two-dimensional character-
ization of damage. Existing systems struggle to describe the dynamic initiation and
evolution of damage—particularly complex forms like tearing—and lack the ability
to quantitatively correlate defect morphology with component service performance
(e.g., fatigue strength, joint reliability). Therefore, developing an intelligent evaluation
framework that integrates dynamic monitoring, multi-dimensional characterization,
and performance prediction remains a critical and urgent challenge.

4. The general principle of high rotational speed and low feed rate helps reduce cutting
forces and thermal load. Variable feed strategies, specially designed tool geometries
(e.g., step drills, dagger drills), and high-performance coatings such as diamond/DLC
effectively suppress delamination and burrs by optimizing force distribution, im-
proving chip evacuation, and reducing wear. Future optimization must shift from
single-parameter adjustment toward multi-objective optimization based on digital
twins of the machining process.

5. Cryogenic cooling (LN2/LCO2) significantly lowers the cutting zone temperature,
mitigating damage caused by resin thermal softening. Minimum Quantity Lubrication
(MQL) provides effective lubrication and cooling while avoiding moisture ingress. As
passive suppression strategies, pilot holes and backing plates eliminate the extrusion
effect of the chisel edge and enhance exit support stiffness, respectively. Exploring
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eco-friendly coolants and developing adaptive, intelligent auxiliary systems present
key opportunities for enhancing process sustainability and stability.

6. Ultrasonic Vibration-Assisted Drilling (UVAD) reduces average thrust force by 30%–
50% through intermittent cutting, significantly improving hole wall quality. Orbital
Drilling (OD) transforms concentrated loads into distributed loads, fundamentally
suppressing exit delamination. Technologies such as Tilting Helical Milling (THM),
Abrasive Waterjet Drilling (AWJD), and Laser-Assisted Drilling (LAD) offer low-
damage solutions for specific scenarios. These technologies are advancing the drilling
paradigm from material removal toward controlled manufacturing.

7. To date, most research on CFRP drilling damage formation still relies on traditional
experimental and simulation methods. A systematic explanation of the damage
formation mechanism has yet to be established. Developing accurate and reliable
thermomechanical constitutive models for fiber-reinforced composites could serve
as an alternative pathway to reveal the complex micro-scale drilling mechanisms
in CFRP. This is poised to become a frontier direction for future research on CFRP
cutting mechanisms.
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