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1 Introduction

1 Introduction

Burrs are unwanted material projections generated during manufacturing operations, devi-
ating from the ideal geometry of the workpiece. Machining burrs typically form on free edges
after processes such as milling, drilling, turning, or grinding. The operation aimed to remove
burr is known as deburring.

The effect of not removing burrs has been widely investigated in the literature due to their
detrimental impact on both components and processes. From a structural point of view, burrs
seem to reduce mechanical strength under fatigue loading [26]. On a functional level, they
may interfere with part assembly, causing misalignments or angular deviations. Additionally,
burrs can damage protective coatings, lowering their resistance against corrosion. They are
often associated with other defects, such as subsurface cracks, excessive surface roughness, or
interface contamination. These effects are especially critical in mechanically fastened assem-
blies. Burrs may also complicate subsequent manufacturing steps, including machining, surface
treatments, and assembly/disassembly operations. For these reasons, deburring is a common
industrial practice. However, it represents a non-value-added activity, since it does not di-
rectly increase the final value of the product. Moreover, deburring can alter edge geometry
and surface quality, and it entails significant costs. Depending on the source, deburring may
account for between 5% and 30% of the overall manufacturing cost [5, 8, 22, 28, 31, 39]. Such
expenses are largely driven by the manual, labor-intensive, and difficult-to-automate nature of
the operation, particularly for small, high-precision components [43]. As a result, manpower
requirements, cycle time, rejection rates, and machine downtime increase [5]. Burr prevention
or minimization through process optimization should be investigated.

Drilling operations represent one of the most common machining processes in the aerospace
industry. For example, the structure of a fighter jet requires about 3,000 drilled holes, while
a civil aircraft may require between 1.5 and 3 million [51]. These holes typically serve to
mechanically fasten stacks of plates made of lightweight alloys such as aluminum or titanium,
or hybrid stacks combining metals and composites. Current aerospace manufacturing standards
require drilling burrs to remain below 100 pm in height [37].

Mechanical fastening in aeronautics generally follows a standardized multi-step procedure.
Among the five phases involved, only three add value to the final product [55]. Pre-assembly
and intermediate disassembly steps are required for cleaning and deburring and do not con-
tribute to product value. An alternative approach, known as One-Shot or One-Way-Assembly,
eliminates these non-value-added steps by drilling the holes directly during assembly, without
separation for cleaning or deburring. This method reduces costs and lead times, simplifies pro-
duction planning, and facilitates automation, since manual deburring is no longer necessary.
The process has been recognized and adopted by major aircraft manufacturers such as Boeing
[44, 77] and Airbus [80], and is also considered highly promising for future military aircraft
production. Figure 1.1 represents schematically the phases of the two different procedures.
Nevertheless, One-Way-Assembly involves significant challenges. Skipping deburring raises
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the risk of interface contamination due to burr formation and chip entrapment, which may
critically affect the mechanical strength of joints [15, 24, 44]. To mitigate these risks, precise
control of drilling conditions, particularly clamping to minimize inter-part gaps, is essential.
Additionally, non-destructive inspection methods capable of detecting small contaminations on
non-accessible surfaces, as well as robust engineering assessment tools to evaluate their impact,
are needed. Addressing these challenges remains one of today’s key industrial priorities.
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Figure 1.1: Standard and One Way Assembly processes [16]

Research on machining burrs has a long history. Since the 1940s, numerous studies have
focused on burr formation, chip generation, and geometrical classification across different pro-
cesses [56]. From the 1980s onward, analytical models of burr formation began to emerge
[13, 47], while investigations specifically addressing drilling of stacked materials only appeared
after the 2000s. The predominant research focus has been the optimization of manufacturing
parameters to reduce burr size and, in turn, lower deburring costs. Despite this extensive
body of work, there is still limited knowledge on how burrs affect the mechanical behavior
of structures. Experimental studies confirm that burrs negatively influence both static and
fatigue strength [26], yet very few works have quantified or explained the mechanisms behind
this detrimental effect.

This thesis reports the work conducted during an internship at Institut Clément Ader
(Toulouse), within the framework of the PhD research of Santiago Frutos Taravillo. In his
work, he conducted fatigue tests on Ti6Al4V specimens with different burr sizes to study the
effect of burrs on fatigue for open hole specimens. The purpose of this project is to develop a
finite element numerical model capable of reproducing the entire specimen manufacturing pro-
cess. The model is first validated in terms of the drilling forces and torques, and subsequently
with respect to the burr geometry obtained. Once validated, the three-dimensional residual
stress field resulting from the drilling operation is extracted and used as input for a second
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finite element model simulating the fatigue loading conditions. This approach enables the
numerical evaluation of the effect of drilling-induced residual stresses on the fatigue life of the
material. In conclusion, the work carried out consists in developing a finite element model to
reproduce burr formation during drilling in titanium and to extract the corresponding residual
stress field, together with a second finite element model to assess the impact of these stresses
on the fatigue behavior of the component.
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2 State of the Art

2.1 Burr geometry and geometrical characterization

There is no single, universally accepted definition of a burr. The ISO 13715 standard [42],
which focuses on edge quality, defines a burr as a rough projection of material beyond the
ideal geometrical shape of an external edge, typically resulting from a machining or forming
process. A definition of burr size is also provided in Figure 2.1. However, burr morphology and
location can vary considerably, which is not captured by this standard definition. Other sources
emphasize that burrs are formed due to plastic flow of material during cutting or shearing
operations [7, 11, 40, 46, 47, 67]. Incorporating this concept, a more general definition can be
stated: a burr is a rough projection of material beyond the ideal edge geometry, resulting from

the plastic flow induced by machining operations.
A\

Figure 2.1: ISO 13715 burr size definition [42]

In the context of composite materials, burrs can be defined simply as any measurable excess
material left on the part. These defects are typically different from burrs formed during metal
machining, as illustrated in Figure 2.2.

(a) Metallic Burr (b) Composite Burr

Figure 2.2: Burr for different materials [19]



2.1 Burr geometry and geometrical characterization

To assess the impact of a burr, both qualitatively and quantitatively, it is necessary to
describe its geometry with specific parameters. Ideally, a small set of measurable characteristics
would suffice to quantify the burr and evaluate its effect on structural performance. In reality,
burr geometry is highly variable and influenced by multiple factors, so there is no universal
characterization method. The level of detail used depends on the study’s purpose. In the
literature, three levels of drilling burr characterization are reported [19], but this work considers
only the lowest level, which is sufficient for the intended analysis.

This approach describes the 2D profile of the burr using a small set of parameters, as proposed
by Schafer [74] (Figure 2.3). While this idealized geometry simplifies the characterization, in
practice, only two parameters, height and thickness, are widely used, and sometimes even the
height alone is employed.

7
' Burr value:
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Figure 2.3: Burr profile parametrization by Schafer [74]

Even these parameters lack a universal definition. According to Aurich [6], the burr height
is the distance from the nominal workpiece edge to the highest point of the burr cross-section,
which aligns with most literature conventions. Burr thickness, following Schafer [74] and Aurich
6], is defined as the thickness parallel to the burr root at a distance equal to the tangent circle
radius, measured in cross-section. This definition can be difficult to apply in practice. An
alternative is to define thickness as the maximum radial distance of the burr from the nominal
hole surface at a given fraction of the burr height.

It is important to note that this geometrical description considers only a single radial profile.
When burr height or thickness varies circumferentially, multiple measurements at equidistant
points around the hole are typically taken. A statistical value (maximum, mean, or median)
is then used to represent burr height and thickness with a single value.
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2.2 Burr classification

Given the considerable diversity in burr morphology, a correct classification of machining burrs
is essential. Such a classification helps in understanding the underlying formation mechanisms,
assessing the potential impact of specific burrs on subsequent deburring operations, and eval-
uating their influence if left unremoved. Three criteria have been proposed in the literature
for classifying burrs.

1. Classification by formation mechanism

This classification is applicable across all machining types. Gillespie [32] identified four
distinct mechanisms, resulting in four corresponding burr types (Figure 2.4 and Table 2.1):
Poisson burr, rollover burr, tear burr and cut-off burr. While this classification provides
valuable insight into the physics of burr formation, it is rarely applied in practice because
multiple mechanisms often act simultaneously during the formation of a single burr [32].

(parting off)

Figure 2.4: (a) Poisson burr (b) Rollover burr (¢) Tear burr (d) Cut-off burr [76]

Formation Mechanism Burr classification
Lateral extrusion Poisson burrs
Chip plastic bending and rotation Rollover burrs
Tearing or failure in shear Tear burrs
Separation of the workpiece from raw material
before the separation cut is finished Cut-off burr

Table 2.1: Burr classification according to formation mechanism
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2. Classification by burr location

Burr location often is linked to with the dominant formation mechanism [6]. For drilling
operations, which are the focus of this study, burrs are typically classified as entry or exit
burrs, with exit burrs generally being larger, thus requiring a greater deburring effort.
When multiple plates are drilled together, interface burrs can also form at the contact
surfaces of the mating parts.

3. Classification by morphology

For drilling, Kim et al. [45] proposed a distinction between uniform, crown, and transition
burrs (Figure 2.5). Ko and Lee [48] introduced a similar three-type system (A, B, and C)
corresponding to uniform burrs without a drill cap, uniform burrs with a drill cap, and
non-uniform burrs with a drill cap, respectively (Figure 2.6). The drill cap is a portion of
material that remains attached to the burr while rotating. Dornfeld et al. [23] presented
a four-type classification (types I-IV: uniform burrs, lean-back burrs, rolled-back burrs,
and rolled-back burrs with widened exit) shown in Figure 2.7. Newman [60] offered yet
another morphological classification, identifying curling burrs, triangular burrs, and bulge
burrs (Figure 2.8).

(a) Uniform Burr (b) Transient Burr (c) Crown Burr

Figure 2.5: Drilling burr types from Kim et al. [45]

(a) Uniform Burr without cap (b) Uniform Burr with cap (c¢) Burst Burr with cap

Figure 2.6: Drilling burr types from Ko and Lee [48]

2.3 Burr formation

Burr formation has been extensively studied due to the industrial interest in developing predic-
tive models capable of estimating burr size and mechanical effects under different machining
conditions. Such models enable process optimization to minimize or even eliminate the need
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(a) Uniform Burr (b) Uniform leaned back burr

(c) Rolled back Burr (d) Rolled back Burr with widened exit

Figure 2.7: Drilling burr types from Dornfield et al. [23]

(a) Curling Burr (b) Triangular Burr (c) Bulge Burr

Figure 2.8: Drilling burr types from Newman [60]

for deburring. Additionally, predictive models allow engineers to assess, in advance, the post-
machining material state and the potential impact of burrs on structural performance.

This section first examines the main burr formation mechanisms identified in the literature
(previously summarized in Table 2.1) and then discusses the mechanics of burr formation in
both orthogonal cutting and drilling.

2.3.1 General burr formation mechanisms

Gillespie’s extensive experimental studies [29, 30, 32| identified three fundamental burr forma-
tion mechanisms, depicted in Figure 2.9.

e Lateral extrusion (Poisson burrs)

In this mechanism, contact between the tool and workpiece causes local material compres-
sion, which may result from pressure at the effective cutting edge, flank surface, lateral
tool face, or initial tool indentation. To satisfy plastic incompressibility, material is forced
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outward and remains plastically deformed after the load is removed. Burrs formed in this
way are known as Poisson burrs, driven by the Poisson effect.

e Plastic bending (Rollover burrs)

Here, the material bends plastically rather than shearing when the energy required to
bend the chip is less than that required to cut it. The chip rotates around a plastic hinge,
forming a rollover burr. This is the dominant mechanism observed in orthogonal cutting
operations.

e Plastic tearing (Tear burrs)

This mechanism involves shearing through plastic flow, where material undergoes both
bending and pure shear, resulting in a tear burr.

(a) Lateral Extrusion (b) Plastic Bending (c) Plastic Tear

Figure 2.9: Burr formation mechanisms from Gillespie [32]

While these mechanisms are useful for understanding the physics behind burr formation, it
is common in practice for multiple mechanisms to act simultaneously during burr generation.

2.3.2 Orthogonal cutting burr formation mechanics

Orthogonal cutting is defined as a two-dimensional machining process under plane strain con-
ditions, where the cutting edge of the tool is perpendicular both to the relative motion between
tool and workpiece and to the side face of the workpiece. As the simplest machining operation,
it has been extensively studied in the literature and is often used as a first step to understand
burr formation in more complex processes such as drilling. Indeed, some authors have ap-
proached the drilling problem by modeling it as a local orthogonal cutting operation, where
the cutting angles vary dynamically along the tool edges.

The mechanics of orthogonal cutting have been divided into four main stages. These stages
have been experimentally observed using Scanning Electron Microscopy (SEM) [57],and corrob-
orated by finite element simulations through accumulated plastic strain contours [26] (Figure

2.10).
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(a) Steady-state cutting (b) Burr initiation (c) Burr development (d) Final burr formation

Figure 2.10: Burr formation stages in orthogonal cutting - Experimental [57] and FEM simulation [26, 60]

1. Steady-state cutting (Figure 2.10a):

In this initial stage, material removal occurs primarily through concentrated shear along
the primary shear zone [56, 66]. The size and orientation of this zone depend on both
cutting conditions and tool-workpiece geometry. A secondary shear zone forms near the
rake face, where complex thermo-mechanical interactions occur between the chip and the
tool. Plastic deformation is therefore concentrated within the shear zones and just ahead
of the tool tip, while the rest of the workpiece material remains elastic (see representative
schematic in Figure 2.11).

Secondary
Primary shear zone
shear zone

Workpiece

Figure 2.11: Shear zones in orthogonal cutting [4]

10
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2. Burr initiation (Figure 2.10b):

As the tool approaches the end surface of the workpiece, the elastic stress and strain fields
extend to the free edge, producing elastic bending. With increasing intensity, this bending
reaches plastic conditions, initiating localized deformation at the workpiece edge. At this
point, a new negative shear zone forms, connecting the plasticized region near the tool tip
with the plastified edge surface. Originally proposed by Iwata et al. [54], this third shear
zone has since been widely recognized as the region where the dominant mechanisms of
burr formation occur. Its existence has been confirmed both experimentally through SEM
26, 37, 55| and numerically via FEM [38, 53, 57].

3. Burr development:

During this stage, a distribution of normal stresses develops along the negative shear
zone, driving plastic bending (Figure 2.12). As a result, the uncut material at the edge
undergoes a plastic rotation under near-incompressible conditions, gradually displacing
the material outward and forming the precursor of the burr [47].

- - % A
B

B
(a) FEM (b) Graphical [47]

Figure 2.12: Burr development stage: plastic bending normal stress distribution

4. Tool exit and final outcome:

The final stage occurs when the tool leaves the workpiece. The material’s ductility plays
a decisive role in the outcome:

e For ductile materials, the process leads to the formation of a final burr. The chip
separates along the same direction as steady-state cutting, leaving behind a protrusion
of plastically deformed material.

e For less ductile or brittle materials, the edge may fail through edge breakout, produc-
ing a rough chamfer instead of a burr. According to Chern [12], two mechanisms can
cause edge breakout: (i) normal stresses perpendicular to the negative shear plane,
opening a crack via mode I propagation, or (ii) shear stresses along the same plane,
promoting mode II propagation. In the latter case, micro-burrs may still form due to
friction effects during crack propagation.
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2.8 Burr formation

Overall, these four stages highlight that ductility is the key factor determining whether
burrs or edge breakout occur during orthogonal cutting.

2.3.3 Drilling burr formation mechanics

Before describing the burr formation process, it is useful to define the main parts of a twist
drill, which will be frequently referenced in this section. Figure 2.13 illustrates the geometry
of a standard twist drill [1], with its most relevant features labeled.

Rake face

Neck —| |a— Cutting edge

Taper shank

Shank length —»- |<——————— Drill body

Side view End view
(enlarged)

Lip relief
angle

Figure 2.13: Geometry of twist drill [1]

Burr formation during drilling is a non-axisymmetric, three-dimensional process, strongly
dependent on the cutting conditions and on the detailed geometry of the tool. Unlike other
machining operations, its study is particularly challenging, since the cutting zone is not directly
accessible and therefore difficult to observe experimentally [52].

Entry burr formation

Entry burrs are generally smaller than exit burrs. Two main mechanisms, acting simultane-
ously, have been identified:

/ N

(a) Poisson effect [29] (b) Pure shear [37]

Figure 2.14: Entry burr formation mechanism
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2.8 Burr formation

e Lateral extrusion at drill margins (Figure 2.14a).

This mechanism corresponds to the Poisson burr formation described by Gillespie [32].
It results from local compression of the material by the drill margins, and becomes more
significant when the tool flanks are worn.

e Vertical shear (Figure 2.14b).

As the cutting lips penetrate the workpiece, the chip begins to move upward along the
flanks of the drill. While still attached to the hole edge, this upward displacement gener-
ates a vertical shear state that plastically deforms the material near the entry edge. When
the chip is eventually torn away, a tear burr remains at the entry surface [29, 32, 36].

These mechanisms have not been thoroughly validated experimentally or numerically in the
literature.

Exit burr formation

Exit burrs have been studied much more extensively, as they are typically larger, more
irregular, and more detrimental to both deburring effort and structural performance. Their
formation has been divided into four main stages:

1. Steady-state cutting (Figure 2.16).

This stage starts once the tool has fully penetrated the material. Cutting conditions vary
locally across the drill bit: the chisel edge mainly produces indentation, with material
displaced outward due to the Poisson effect, while the flanks and lip regions behave
as oblique cutting operations with variable angles, forces, and speeds [49, 74]. This
complexity is often simplified by treating flank cutting as local 2D orthogonal cutting
under changing conditions. Ahead of the drill tip, an elastic compression zone develops,
which extends to the exit surface. Close to the tool edge, this zone transitions to plastic
deformation.

2. Initiation (Figure 2.16a).

When plastic deformation reaches the exit surface, a bulge forms ahead of the drill tip.
This corresponds to the same initiation mechanism identified in orthogonal cutting. In-
terrupted drilling tests, such as those by Debard [17], clearly show this bulge development
(Figure 2.15).

Figure 2.15: Drilling plastic bulge evolution at exit surface [17]

3. Development (Figure 2.16b).

The plastic bulge enlarges as the affected zone of compression and shear migrates toward
the exit surface, progressively displacing material outward.
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2.8 Burr formation

4. Final formation (Figure 2.16¢).
The breakthrough and final burr shape occur in three sub-stages [50, 51, 65, 69, 73, 78|:

e Drill breakthrough (Figure 2.16d). The thrust force causes fracture beneath the drill
tip, producing a drill cap, which may detach or remain attached to the workpiece.

e Plastic bending (Figure 2.16e). The remnant material rotates around a plastic hinge
near the hole edge, undergoing elongation by shear and bending, similar to entry burr
formation.

e Final fracture (Figure 2.16f). If fracture occurs at the drill edges, a well-defined burr
forms. Otherwise, a more irregular crown burr results.

\ \

\

(a) Steady-State cutting (b) Burr initiation (c¢) Burr development

oW

(d) Drill breakthrough (e) Burr plastic bending ) Final burr formation

Figure 2.16: Drilling exit burr formation stages [57]

Thrust force is the primary driver of exit burr formation [18]. Material ductility and local
temperature rise (from friction and plastic work) promote larger and more irregular burrs.
Microstructural studies (Figure 2.17) confirm significant strain hardening in burr material,
evidenced by refined grain size and higher hardness values. Residual stresses in the burr region
are typically complex, with both tensile and compressive components [75].

Industrial practices such as step drilling [54] and post-drilling reaming [29] often partially
remove burrs or alter their morphology, modifying the material conditions near the hole edge.

Interface burr formation

In stack drilling, where two or more plates are drilled simultaneously, interface burrs form
at the contacting surfaces. These are characterized by the simultaneous generation of an exit
burr on the upper plate and an entry burr on the lower one. Their development is constrained
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2.8 Burr formation

(a) Microstructural evolution in burr zone (b) Hardness evolution in burr zone

Figure 2.17: Micrographic cross-section [19]

by the nearby backup surface, which tends to favor lateral bulging of the displaced material
(36, 38].

The key factor influencing interface burrs is the gap between plates. Ideally, this gap should
be zero, but in practice it may result from imperfect positioning, lack of parallelism, insufficient
clamping, or deformation under the thrust force [67, 68, 77, 82]. Even if negligible initially,
the applied thrust force can increase separation during drilling, thus enlarging the space for
burr growth and promoting chip entrapment between plates [55].

(a) Steady-State cutting (b) Drill breakthrough (¢) Entry and exit interface burrs formation

Figure 2.18: Drilling interface burr formation stages [55]
The process can be divided into five stages:

1. Steady-state cutting of the upper plate (Figure 2.18a). Similar to free-surface exit burrs,
but accompanied by elastic bending of the plates due to thrust force.

2. Breakthrough of the upper plate (Figure 2.18b). The first plate experiences spring-back,
while the thrust force further opens the inter-plate gap.

3. Simultaneous burr formation. An exit burr develops on the upper plate, while an entry
burr forms on the lower plate. In some cases, the exit burr of the first plate may penetrate
into the second (Figure 2.18c), particularly if the lower plate has low transverse strength.

15



2.8 Burr formation

7

Figure 2.19: Interface burr penetrating backup plate in multi-stack material [26]

4. Advancement and spring-back. As drilling progresses, the plates attempt to return to
their original position, crushing the newly formed burrs.

5. Final morphology. The result depends on the interplay between thrust force, gap size,
and material properties, often yielding irregular burrs at the interface.

Since direct observation is not possible, experimental verification of interface burr formation
is more challenging than for orthogonal cutting. Nevertheless, methods such as high-speed
imaging of the exit surface [25], interrupted tests [17, 65], and monitoring of thrust force and
torque profiles [27, 70, 79] have been used successfully to identify stages and validate both
theoretical and numerical models of interface burr growth.
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Figure 2.20: Drilling thrust force profile for bi-metallic stack drilling surface [83]

16



2.4  Modeling of burr formation

2.4 Modeling of burr formation

The development of burr formation models is of great relevance for both industry and research,
as they enable the assessment of how machining parameters influence burr generation without
incurring the high costs of extensive experimental campaigns. Accurate burr formation models
can also provide reliable predictions of burr size and the post-machining condition of the
workpiece.

In the literature, three main modeling approaches can be distinguished: data-driven, mecha-
nistic, and hybrid (fusion) models. Data-driven approaches rely on databases of experimental
results and range from simple regressions to advanced machine learning algorithms. While they
can yield accurate predictions under specific conditions, they do not capture the underlying
physical mechanisms of burr formation and their reliability depends heavily on the quality and
extent of the calibration data.

By contrast, mechanistic models aim to reproduce the physics of burr formation. These
can be classified as analytical or numerical, with the latter being the focus of this project
and discussed in detail below. Fusion models combine both philosophies: they start from a
simplified physical formulation and then incorporate elements from data-driven approaches.

Numerical Burr

Formation Models

¥ 4

[ Finite Element Method (FEM) } [ Meshless Methods ]

—b{ Arbitrary Lagrangian Eulerian (ALE) }

—)[ Coupled Eulerian Lagrangian (CEL) }

Figure 2.21: Numerical burr formation models classification [16]

Analytical models are derived from simplified formulations of burr formation mechanics,
typically based on material behavior theories [26]. Despite their name, these models often
require numerical techniques for their solution. They have been widely studied for various
machining processes, particularly 2D orthogonal cutting and drilling. In drilling, distinct
analytical formulations are required for entry, exit, and interface burrs. Literature shows
limited development of models for entry burrs, somewhat more for interface burrs, while exit
burr formation has received the most attention.
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2.5 Finite elements modeling

This project, however, focuses on numerical models. These rely on explicit simulations
where time-integration schemes replace the step-by-step iterative convergence typical of im-
plicit methods [81]. Such an approach is well suited to machining simulations, as it significantly
reduces computation time when dealing with the highly dynamic problems of cutting, which
involve large deformations and displacements.

Numerical burr formation models can be divided into two major categories depending on
the computational method employed: Finite Element Method (FEM) models and meshless
models. FEM is by far the most widely adopted in machining simulations, whereas meshless

methods eliminate the mesh altogether, avoiding issues related to distortion that often arise
in FEM.

2.5 Finite elements modeling

Within FEM-based approaches (Figure 2.21), different mesh strategies exist:

e Lagrangian models: the mesh is attached to the deforming workpiece material, and de-
forms accordingly. This is the most common approach found in literature for chip and
burr formation [53, 71].

e FEulerian models: the mesh is fixed in space, a strategy typical in Computational Fluid
Dynamics (CFD). While rarely applied in machining, this method avoids mesh distortion
problems.

e Arbitrary Lagrangian—FEulerian (ALE) models: employ an adaptive mesh that continu-
ously adjusts to the material’s deformation. This reduces distortion but increases com-
putational cost.

e Coupled Eulerian-Lagrangian (CEL) models: combine both strategies, using an Eulerian
region for large-deformation areas and a Lagrangian mesh for less critical regions.

Among machining operations, 2D orthogonal cutting has been the most widely studied for
predictive modeling of burr formation, due to its relative simplicity. Both analytical and
numerical models are extensively documented. Numerical models have been used not only for
burr formation but also for edge breakout, as demonstrated by Hashimura et al. [35]. Park and
Dornfeld [63, 64] developed a Lagrangian model that explored different damage initiation and
evolution criteria to capture burr formation stages and studied the influence of rake angle and
backup material. Many other Lagrangian studies can be found [20, 72, 75]. ALE approaches
have also been proposed, such as Huang et al. [40], who investigated rake angle, tool edge,
and cutting speed in micro-cutting. Movahhedy et al. [58, 59] highlighted ALE’s advantages
over pure Lagrangian models due to reduced mesh distortion.

For drilling burr formation, which is inherently more complex than 2D orthogonal cutting
because of its three-dimensional nature and the role of tool geometry, research has also been
extensive. The degree of coverage varies depending on the burr type—entry, exit, or interface.
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2.5 Finite elements modeling

e Entry burrs: Few models exist. Choi et al. [15] proposed a Lagrangian FEM model,
though results remain unvalidated. Abdelhafeez et al. [2] developed a CEL model for
aluminium and titanium, validated against experiments, with accurate predictions of burr
height under different cutting speeds.

e Exit burrs: This category has been studied most extensively. All FEM strategies (La-
grangian, ALE, CEL) have been employed. Guo and Dornfeld [33] proposed a Lagrangian
model with variable ductile damage criteria adapted to burr formation stages. Min et al.
[57] predicted drilling thrust force in steady-state cutting, though not during burr forma-
tion. Other works include Isbilir and Ghassemieh [41], Abdelhafeez et al. [2], and Gajrani
et al. [27], with models validated for burr height, cutting forces, and torque in titanium
drilling. Non-Lagrangian approaches also exist, such as the ALE model by Efstathiou et
al. [25], validated experimentally, and CEL simulations from Abdelhafeez et al. [2], which
showed strong agreement with experiments.

e Interface burrs: Some studies address the prediction of the gap’s evolution during drilling.
Choi and Min [14] developed a Lagrangian model, while Choi et al. [15] provided thrust
force predictions validated against experiments, with rough predictions of burr geometry
(height and thickness).

In this section, the constitutive laws reported in the literature are presented. These equations
are implemented in numerical codes to describe the underlying physics of the problems.

2.5.1 Plasticity Models

Plasticity models define the behavior of the material once plastic deformations are obtained.

e Ludwick law

It is the simplest plasticity law. It considers plastic deformation as the sole cause of strain
hardening. As a result, there is a direct correspondence between the strain value and the
stress. According to Harzallah’s thesis [34], the range of strain on the test should not
exceed 0.7.

o=A+B-¢g, (2.1)
The equation’s parameters 2.1 represents:

— A: Flow stress at zero plastic strain
— B: Strain-hardening module

— n: Strain-hardening exponent
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2.5 Finite elements modeling

e Johnson-Cook law

The Johnson—Cook law is by far the most widely used in the literature. It accounts
for the effects of strain rate and temperature on plasticization. These terms appear as
multiplicative factors of the Ludwick law, keeping the overall formulation relatively simple.

men g fron(3)]- ()"

The new parameters appearing are, respectively:

(2.2)

— (' Strain rate sensibility
— m: Thermal-softening exponent
— T: Melting temperature
— To: Reference temperature
— £o: Reference strain rate
In his thesis [34], Harzallah compiles values from the literature for the Johnson-Cook

model parameters for Ti6Al4V. Table 2.2 summarizes the studies considered, including
the parameters from Abdelhafeez [2] and Harzallah himself.

A [MPa] | B [MPa] n C m
Johnson 1989 862 331 0.34 0.012 0.8
Lee 1998 724.7 683.1 0.47 0.035 1
Macdougall 1999 984 520.3 0.5102 0.015 0.82
Lesuer 2000 1098 1092 0.93 0.014 1.1
Nemat-Nasser 2001 1119 838.6 0.4734 | 0.01921 | 0.6437
Shivpuri 2002 870 990 0.25 0.011 1
Meyer 2001 862 331 0.34 0.012 0.8
Ozel 2004 859 640 0.22 0.000022 1.1
Khan 2004 1080 1007 0.5975 | 0.001304 | 0.7701
Seo 2005 997.9 653.1 0.45 0.0198 0.7
Li 2006 968 380 0.421 0.0197 0.577
Umbrello 2008 782.7 498.4 0.28 0.028 1
Buchnak 2010 983 348 0.32 0.024 0.69
Abdelhafeez 2016 860 683 0.47 0.035 1
Harzallah 2018 (1) 838 626.92 0.394 0.0274 0.7852
Harzallah 2018 (2) 798.87 396.85 0.23 0.056 0.42

Table 2.2: Johnson-Cook model identifications for Ti6Al4V [2, 34]

e Johnson-Cook law with modifications

The Johnson—Cook model has found wide application in the literature, as previously
mentioned. Frequently, depending on the materials and processes considered, authors
have introduced adjustments and modifications to obtain a formulation more suitable for
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the problem under investigation. Table 2.3 presents several notable examples taken from
Debard’s paper [16].

References Modified Johnson-Cook laws
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Table 2.3: Modified Johnson-Cook laws [16]

e Other formulations

The previously reported examples consider the effect of strain rate and temperature as a
multiplicative parameter of the Ludwick law. However, in the literature, models can be
found that explicitly account for the influence of these variables on the coefficients A, B,
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and n. One such example is the model proposed by Harzallah [34], in which Equation 2.1
becomes:

o=AET)+ B(ET) - "D (2.3)

The effects of strain rate and temperature are incorporated into the coefficients of the
Ludwick law. Consequently, they are no longer constant but become functions of € e T.
In particular, in his formulation, Harzallah shows that the values of these parameters can
be approximated by a three-dimensional planar distribution.

2.5.2 Damage Laws

When studies about predicting ductile fracture of metals are approached, the majority of
authors agrees on the three main points [21]:

e Ductile fracture is driven by plastic strain, rather than stress.
e The plastic strain at fracture depends on the state of stress.

e This dependency requires a minimum of two stress-state descriptors: one related to the
first invariant, and the other one related to the third invariant.

Three different approaches have been developed to achieve a good description of the phe-
nomenon: micro-mechanics models, thermodynamic models and empirical models. Between
those ones, the empirical approaches are the simplest to implement and are the most used in
literature. They intend to predict the fracture of the material, regardless of how the damage
evolution has led to it. These models focus on the plastic strain evolution, so that when this
parameter reaches the corresponding fracture criterion, fracture of the material occurs.

Here are presented empirical laws which describe material damage, as reported by Debard
[16].

e Oyane law

This model calculates the parameter I, which represent the void volume inside the mate-
rial. When this parameter reaches the value 1, the fracture of the material occurs.

1 €t OHy
== 1 de 2.4
b/() < " aaeq) 6p (24)

— 0¢q: Von Mises equivalent stress.

where:

— op: Hydrostatic stress.

— € : Fracture equivalent strain.
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— dgp: Plastic equivalent strain increment.

— a and b: Material’s parameters to be identified.

e Johnson-Cook damage law

This law is the most used used to model damage in cutting simulations. It is defined
by the Damage parameter D, which is defined as the ratio between plastic strain and

equivalent fracture strain:
AEP!
D= Z( — > (2.5)

€r

Damage occurs when D = 1. The equivalent plastic strain n at the onset of damage is

given by:
3 T—"1T,
= |dy + doeap( ds 7L ) | |1+ dain <2 ) | |1 +4d 0 2.
s [1+ 2617}7( 3Ueq + dgln £ + ds T, — T (2.6)

e Mohr-Coulomb law

Fracture occurs when Equation 2.7 is verified:

T+ cio, = Cyc (2.7)
Where:

— o0,: Normal stress
— 7 : Tangential stress
— ¢q: Friction parameter

— Cyyco: Critical value

e Tresca law

This law is a special case of the Mohr-Coulomb law, where ¢; = 0.

T = CMC (28)
According to this Harzallah, a pertinent damage model needs to follow two criteria:

e It needs to be dependent on temperature and strain rate.

e It needs to be applicable for values of triaxiality n and Lode angle 6 encountered during
metal cutting processes.
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These parameters are descriptors of the stress state in the material, and influence the fracture.
The triaxiality is a function of the first invariant I;:

o I
n=—t=— (2.9)

Ocq 30

Lode angle, instead, depend on J, and J3, the second and the third invariant of the stress
deviator tensor.

cos(30) = %(%) (2.10)

Moreover, also the equivalent stress o., can be calculated from J,.

Oeq = /35 (2.11)

In his paper, Harzallah studied several fracture laws at different values of triaxiality and
Lode angle, and concluded that both the Mohr-Coulomb law and the Tresca law are the ones
that better describe the Ti6Al4V alloy’s fracture behavior.

2.5.3 Contact/Friction Laws

The drilling process generates high friction forces and significant amounts of heat due to the
interaction between the tool and the workpiece. These interactions also affect chip morphology.
Tribology is defined as the study of friction, wear and lubrication, and design of bearings,
science of interacting surfaces in relative motion [61].

Several laws can be found in the literature to model the phenomenon. A few examples, taken
from Debard [16], are reported below.

e Coulomb law

This is one of the most used laws to model the contact, but studies have shown that
a more complex contact model is more suited to solve thermomechanical problems [16].
Generally, a constant friction coefficient is implemented.

In the Lagrangian model developed by Abdelhafeez for a drilling process [2], the friction
between the tool and the workpiece was modeled using this following law:

Ttrie = Up,  Uf pup < Tpmax (Sticking) (2.12)
?f”c = Trmaz> Zf up 2 Tmaz (Sldeg) ’
where
A
Tmaz = —= 2.13
N 213
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This relation can also be corrected by accounting for the effect of temperature. By
substituting Equation 2.2 into the Von Mises criterion:

Oeq =— \/g * Tmazx (214)

and considering this o., at the onset of plasticity (g, = 0, £, = £), the following equation
is obtained:

Another law with wide application in machining simulations is the Zorev’s model. It
considers two different interaction/contact behaviors on the rake face (stick-slip phe-
nomenon):

Zorev’s model

— Sticking area: sliding speed of the chip is very low compared to the tool. Shear stress
is constant and equal to the limit flow stress of the material. This area is typically
modeled with the Tresca’s friction law:

- 00 ‘7g
V3|Vl

Where 7 is the stress induced by friction, my, is the Tresca’s friction coefficient, o is
the elastic strain limit of the material and V} is the sliding speed.

— Sliding area: zone where the chip easily flows on the tool rake face (low friction co-
efficient). If the friction coefficient is constant, the equation used is called Coulomb’s
friction law. However, models can be found in which nonlinear coefficients iy, are
employed. Among these is, for instance, Harzallah’s modified Coulomb friction law

[34]. .

- oy V,
T = _,uapp(‘/g)%ﬁ
g

Where o, is the normal stress and the apparent friction coefficient fi,,, is function
dependent on V.

(2.17)

So the stick-slip zone can be modeled with Tresca’s friction law and the modified
Coulomb’s friction law:

oo Vg

= M ) if po, Smk% (Sticking)

ml

i (2.18)

P (V)Sh if oz (Sliding)
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Figure 2.22: Modelization of the stick-slip contact from Zorev [19]

2.5.4 Temperature Laws

As previously mentioned, metal cutting processes generate heat, particularly at the tool cutting
edge. The two main sources are the plastic deformation of the material during chip formation
and the friction between the workpiece and the drill bit. This last phenomenon occurs at the
rake face of the tool (tool-chip interface) and at the flank face of the tool (tool-generated surface
interface). Tool’s coating and lubricants are often used in production to reduce frictional forces,
thus thermal effects. Another option is the use of coolants, to increase heat dissipation.

Several temperature laws have been developed to describe the physics of the problem. Some
of the most notable ones, discussed in Debard’s paper [16], are reported here.

e Heat generation by plastic deformation
The heat generated by plastic deformation can be described as a volumetric heat power
dp-

gp=Prqg o : € (2.19)
The parameters that appear in the equation are:

— Brgo: Taylor-Quinney’s coefficient. It’s the portion of energy generated by plastic
deformation converted into heat. The rest of it (1 — frg) is the responsible for the
plastic deformation of the material. It is directly related with the adiabatic heat
fraction in ABAQUS.

— o stress tensor

— €: strain rate tensor
It is common to consider the Taylor-Quinney’s coefficient a constant. Debard observed
that many authors showed that it is dependent on the plastic deformation, the strain rate

and the deformation path. Bonnet [10] studies its dependence with the damage parameter
D (Equations 2.20 and Figure 2.23).

26



2.5 Finite elements modeling

Brg = 0.625 if D<0.8 (2.20)
ﬁTQ = 1.87D — 0.88 Zf D > 038 ’
Br

1.0 g
0.625

0.0

0.0 08 10
D

Figure 2.23: Taylor-Quinney’s coefficient [10]

e Heat generation by friction

It can be described as a surface heat power (§f). ¢f. is the surface heat power seen by
the workpiece, instead, and it’ formulated as showed down here:

dfw = Brw-np -7V (2.21)
where:

— Btw: the fraction of this dissipated heat that goes into the workpiece

— ny : fraction of the friction power (7 -V,) that is dissipated as heat (typically 0.9 in
the literature)

— 7 : friction stress
— V1 sliding speed

Brw is also called thermal effusivity barycenter of the materials in contact and is defined
as:

__Gw
=G (2.22)

where (; is the thermal effusivity of the material i, which, in turn, can be calculated as:

G = \/ AipiCpi (2.23)
where:

— A;: thermal conductivity
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— p;: density
— ¢pit specific heat capacity

The part of heat which goes into the tool Sy, can be calculated with:

Bt =1 = Bru (2.24)

e Heat generation by convection

The heat dissipated by convection can be describe as a surface heat power Geony-

(jconv = hfluid(Tsurf - Tfluid) (225)

where:

— hfiuia 1s the convection coefficient of the fluid (air and lubricant).

— Tury and T'pq are, respectively, the temperature of the surface in contact with the
fluid and the temperature of the fluid.

e Heat equation Heat generated by friction and plastic deformation propagates in the
workpiece during the cutting process through conduction.

orT

V- (AVT) + P — Per gy =0 (2.26)

where:

— A is the thermal conductivity of the material
— T is the temperature

— Py, is the volumetric heat power generated
— p is the density

— ¢, is the specific heat capacity fo the material

2.6 Conclusions

Following the evaluation of the current state of the art on burr formation, it is evident that
most existing models have been developed primarily to predict burr size, with the ultimate
goal of minimizing it in order to reduce deburring costs or to mitigate the consequences of
leaving burrs unremoved.

However, significant knowledge gaps remain regarding the effect of drilling burrs on the
mechanical strength of components when they are not eliminated. In particular, there is a lack
of models capable of predicting the post-burr formation condition of the material and assessing
how burrs influence the structural performance of the assembly. This aspect is rarely addressed
in the literature, as deburring is generally applied in most industrial contexts. Nevertheless,
in applications involving One-Way-Assembly joints, it becomes essential to consider scenarios
where burrs remain in place.
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3 Analysis’ Methodology

3 Analysis’ Methodology

Once the most suitable set of equations to describe the problem is defined, the FEM model
for simulating the axial drilling of a titanium plate can be established.

Figure 3.1 shows the complete life cycle of the specimen. The first stage corresponds to the
manufacturing process, in which an initial drilling operation produces a hole with a diameter of
9.48 mm, followed by a reaming step that enlarges it to 9.52 mm. Two different levels of tool
wear, creating different burrs, have been used to manufacture different specimens. Once the
open-hole specimens are manufactured, they are divided into two series: one is heat-treated to
relieve the residual stresses induced during manufacturing before being tested under fatigue,
while the other is directly tested without any intermediate treatment.

DRILLING (@ = 9.48 mm)
Two drill bits with and without wear HEAT
[ TREATMENT FATIGUE
- —— TEST
Vacuum furnace
2h at 700 °C
Two specimens
series

REAMING (@ = 9.52 mm)

= ) FATOUE

MANUFACTURING TESTING

Figure 3.1: End-to-End specimen’s life

The purpose of this study is to numerically reproduce the entire process, aiming to develop
a reliable tool capable of predicting the material state after each step. To achieve this, sev-
eral finite element models are created and validated by comparison with experimental results
obtained in the laboratory.

Phase Model Input Result
Convergence analysis . S
Steady-State o : Force and Torque magnitude validation
- Sensitivity analysis
Drilling
Full-Drilling Parameters from Steady-State simulations | Force and Torque full signal validation
Validation by burr geometr,
Burr Formation | Parameters from Steady-State simulations Y & Y
Material state after drilling
. X . . Validation by burr geometry,
Reaming Burr Formation Material state after drilling
Material state after reaming
Fatigue Test Fatigue Test 3D stress distribution Fatigue life

Table 3.1: FE modelization
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8.1 Steady-State simulation

Table 3.1 summarizes the modeling framework. The drilling phase is divided into three
simulations: Steady-State, Full-Drilling, and Burr Formation. These models are validated in
terms of forces, torque, and burr geometry, in order to extract the material state at the end of
the drilling process. The subsequent Reaming simulation, also validated against burr geometry,
provides the material state after the complete manufacturing process. These simulations are
then repeated using a worn drill bit to assess the influence of tool wear on the final outcome.
Finally, the three-dimensional residual stress field is extracted and implemented in the last
simulation (Fatigue Test), which reproduces the fatigue testing phase for both heat-treated
and as-drilled specimens.

3.1 Steady-State simulation

This model is developed with the objective of validate the material laws, tool geometry and
position, in order to guarantee that we are globally representative of the cutting process. As
figure of interest we use force and torque. Specially important is the thrust force because it is
the main driver of burr formation. Four drill-bit revolutions are simulated in order to check the
positioning of the tool and to validate the model, while avoiding the significant computational
cost of representing the entire drilling process.

For this model, the material in the center of the workpiece is removed according to the point
angle and the chisel edge angle of the drill bit. The purpose of this simplification is to further
reduce computational cost and to initialize the tool already “inside” the workpiece. However,
since these cutting edges are not perfectly straight lines, a small transient phase still occurs
before the tool becomes fully engaged with the workpiece.

Figure 3.2 shows the simulation assembly, including the tool and the workpiece.

Figure 3.2: Steady-State simulation: Assembly
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8.1 Steady-State simulation

3.1.1 Part

The workpiece is a cylinder with a radius of 6 mm and a height of 2.8 mm. A countersink
with a radius of 4.77 mm is created at its center. It features two different slopes: 10.75° for
the inner section and 18.03° for the outer section. The thickness at the center of the workpiece
is thus reduced to 1.48 mm.

Additionally, a partition following the profile of the upper surface is created, located at a
depth of 0.5 mm.

Figure 3.3 shows a 3D view of the part and a sectional view of the cylinder.

Figure 3.3: Steady-State simulation: Workpiece

3.1.2 Mesh

The mesh must be fine in the region where the drill bit indents, and the contact must be as
uniform and continuous as possible.

Figure 3.4: Steady-State simulation: Mesh

To ensure that the drill bit is indenting at every instant, the element height must be at most
equal to the drill advancement per half revolution:

A .
hmaz - i — —6 mm/mzn = 0.029mm
2w 793 rpm
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3.2 Full-Drilling simulation

A value of 0.025 mm is imposed for the elements of the upper partition.
In the indented area, a mesh with hexahedral elements is chosen, randomly distributed and as
similar to each other as possible. The size of these elements is defined by seeding the entire
part. The chosen value comes from a convergence analysis, which will be presented in a later
stage.

To reduce the total number of elements, the lower partition contains 9 elements with a height
bias of 8, while the outermost radial region of the workpiece uses a mesh seed with a bias from
0.15 mm to 0.35 mm.

The element type chosen is C3D8R: 8-node linear brick, reduced integration, default hour-
glass control. This type of elements is implemented in every simulation.

3.1.3 Boundary conditions

An encastre is imposed on the external walls of the workpiece. Moreover, also the temperature
is a boundary condition of the model: an initial temperature of 500 °C is applied throughout
the entire model.

3.2 Full-Drilling simulation

This model (Figure 3.5) simulates the entire drilling process, starting from the entry of the
chisel edge into the plate and continuing until its exit.

As this is a particularly long and computationally expensive simulation, it is performed only
after all model parameters have been studied and tuned in the Steady-State simulation.

Figure 3.5: Full-Drilling simulation: Assembly
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3.8  One-Way-Assembly simulation

3.2.1 Part

In this case (Figure 3.6), the workpiece has the same dimensions as the one in the Steady-State
simulation. However, the countersink and the partition are not present.

Figure 3.6: Full-Drilling simulation: Workpiece

3.2.2 Mesh

A mesh seed of 0.025 mm is applied in the axial direction, while a general mesh seed of 0.18 mm
is imposed in order to avoid excessively increasing the computational cost of the simulation.

Figure 3.7: Full-Drilling simulation: Mesh

3.2.3 Boundary conditions

As for the Steady-State simulation, an encastre is imposed on the external walls of the work-
piece. The same goes for the temperature: an initial temperature of 500 °C is applied through-
out the entire model.

3.3 One-Way-Assembly simulation

This final model is created to simulate the drilling process of two stacked plates. In manufac-
turing processes, the plates to be joined are typically stacked first and then drilled, ensuring
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3.8  One-Way-Assembly simulation

coaxial holes and significantly reducing manufacturing time. The objective of this model is to
represent how the addition of material beneath the top plate affects the generated forces and
the final burr geometry.

As in the previous simulations, two cylinders are created to represent the portion of the
panels to be drilled. The upper cylinder is countersunk to accommodate the drill bit during
the final phases of machining the first plate and to significantly reduce computational time.
Two 3D shell surfaces are also added to the model to represent the remainder of the panels.
This addition is necessary to study the differential bending of the plates.

Figure 3.8: One-Way-Assembly simulation: Assembly

3.3.1 Part

The OWA model is composed of three parts:

e First part — A cylinder similar to that used in the Steady-State simulation, with identical
dimensions. However, the countersink is lowered by 0.98 mm to simulate the process from
a more advanced stage;

e Second part — Identical to the one used in the Full-Drilling simulation. A partition is
added at a depth of 1.3 mm;

e Third part — Modeled as a 3D shell-type part. It has an outer radius of 30 mm and an
inner radius of 6 mm. The plate thickness is set to 2.8 mm.
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3.8  One-Way-Assembly simulation

Figure 3.9: One-Way-Assembly simulation: Workpiece

3.3.2 Mesh

The three parts are meshed as follows:

e Upper panel — The mesh is similar to that used in the Steady-State simulation. However,
the partition from that simulation is not present. The indented zone has a mesh seed of
0.025 mm in height, while the upper part uses a mesh seed growing from 0.05 mm to 0.35
mm. The general mesh seed is 0.18 mm;

e Lower panel — Partitioned into two regions: the upper region has a mesh seed of 0.025
mm, while the lower region contains 7 elements with a bias of 8. Again, the general mesh
seed is 0.18 mm;

e 2D panel — The general mesh seed is 2 mm. The element type is S4R: a 4-node doubly
curved thin or thick shell, with reduced integration, hourglass control, and finite mem-
brane strains.

Figure 3.10: One-Way-Assembly simulation: Mesh

3.3.3 Boundary conditions

An encastre is imposed on the external radius of the shell parts and an initial temperature of
500 °C is applied throughout the entire model.

Furthermore, a Shell-to-Solid coupling is defined between the 2D parts and their correspond-
ing 3D workpieces.
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3.4 Burr Formation simulation

3.4 Burr Formation simulation

The model was validated through the Steady-State and Full-Drilling simulations in terms of
force and torque. The Burr Formation simulation is now performed to extract the final material
state after hole machining and the resulting residual stress distribution. This simulation is
validated in terms of burr geometry. To achieve this, very fine meshes are required to accurately
capture the formation mechanics, which was not feasible in the Full-Drilling simulation due
to the prohibitive computational cost. Moreover, a refined mesh allows for a more detailed
extraction of the residual stress profile at the hole’s walls.

Figure 3.11: Burr Formation simulation: Assembly

To meet these requirements, a 40° circular sector (one-ninth of the full model) is isolated.
This sector includes a countersink similar to that of the steady-state simulation, but the central
region in contact with the chisel edge is removed and the height is reduced, in order to minimize
the total number of elements. Figure 3.11 shows the setup of this model.

Figure 3.12: Burr Formation simulation: Reaming step
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3.4 Burr Formation simulation

However, drilling with a twist drill is not the only step in the hole-making process. A
second operation is performed using a reamer, designed to circularize the hole and remove
any geometric defects. The final hole radius increases by approximately 2 mm. It is therefore
important to assess the condition of the hole after this operation and to study the differences
between the two processes.

3.4.1 Part

Figure 3.13 shows the workpiece used. It consists of a 40° circular sector taken from the
workpiece of the steady-state simulation. The outer radius of the part is 6 mm, while the
inner radius is 1.68 mm. The slope is again 18.03°. In addition, three partitions are created
at radii of 4.65 mm, 4.81 mm, and 5.05 mm, respectively. Finally, a triangular partition is
created in the outermost radial section.

Figure 3.13: Burr Formation simulation: Workpiece

3.4.2 Mesh

In this model, the area of interest is the region near the hole walls. Therefore, the mesh seed is
refined in the zones where the drill bit margins and the reamer will indent. Observing Figure
3.14 from left to right in the radial direction: in the outermost partition, a mesh seed from
0.25 mm to 0.06 mm is defined, followed by one from 0.05 mm to 0.012 mm, then 0.01 mm in
the area of greatest interest, and finally 81 elements with a bias of 9 in the region where the
main lips indent.

The mesh is divided into two regions: the zone in contact with the tools uses a structured
mesh control with hexahedral elements. In the outer region, a sweep mesh with hexahedral
elements is chosen to reduce the total number of elements. A triangular partition is created
to facilitate the transition from small to larger elements.
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3.5 Thermal Stresses simulation

Figure 3.14: Burr Formation simulation: Mesh

3.4.3 Boundary conditions

An encastre is imposed on the external walls of the workpiece, while the outer radial band is
bounded in the azimuthal direction. The initial temperature is imposed equal to 500 °C in the
whole model.

3.5 Thermal Stresses simulation

A dedicated simulation was performed to obtain a first approximation of the thermal stresses
generated during the drilling process. To achieve this, an initial temperature profile is imposed,
and the workpiece is allowed to cool down for 5 seconds, until it reaches room temperature.

3.5.1 Part

The thermal model consists of an axisymmetric rectangular workpiece of 5.21 mm x 2.8 mm.
Two partitions are created, starting from the left: one at 0.25 mm and one at 1.21 mm.

3.5.2 Mesh

Elements with a height of 0.025 mm are created through the thickness of the workpiece, and
the same dimension is imposed in the first partition. In the following partition, a biased mesh
seed is defined, ranging from 0.025 mm to 0.1 mm, while in the last partition the bias ranges
from 0.1 mm to 0.5 mm. At the rightmost end, six elements are defined through the thickness.

Figure 3.15: Thermal Stresses simulation: Mesh
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3.6 Fatigue Test simulation

3.5.3 Boundary and initial conditions

An encastre is imposed in the right edge of the workpiece. In the same edge, a temperature of
25°C acts as a boundary condition.

An initial parabolic temperature distribution, similar to that observed by Debard [17] near
the cutting region, was imposed on the workpiece (Figure 3.16). Four temperature are con-
sidered at the hole’s walls: 200°C, 300°C, 400°C and 500°C and simulations are performed
considering the 4 distributions.

Initial temperature profile
800 1

—200°C

7501 —300°C

700 - 400°C
500°C

650 -
600 -
E 550 -
: 500 -
450
400

350 -

300

250 | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
True radial distance from hole center [mm)|

Figure 3.16: Thermal Stresses study: Temperature profile

3.6 Fatigue Test simulation

The previous steps served to validate the model and obtain the post-drilling material state.
The objective of the present simulation is to draw conclusions regarding the fatigue life of the
specimen. Two configurations are investigated, with and without residual stresses, in order to
reproduce the experimental conditions of heat-treated and non-heat-treated specimens.

An implicit simulation is performed to reproduce a single loading cycle. First, a stress
relaxation step is applied to allow the stresses to redistribute and reach equilibrium. Then, a
tensile load is applied, with the minimum load level corresponding to 10% of the maximum
load.

Fatigue life is evaluated using the Dang Van fatigue criterion [3], which allows predicting
the fatigue crack initiation in metallic materials from the full load history while accounting
for multiaxial stress conditions. This approach is particularly suitable for variable or non-
proportional loading conditions, as in fatigue tests. The parameters used in the model were
calibrated based on values found in the literature [9].
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3.6 Fatigue Test simulation

3.6.1 Part

Fatigue tests are carried out on specimens conforming to standard EN 6072, with dimensions
of 146 mm x 26 mum and a thickness of 2.8 mm (Figure 3.17).

. L JIzs

146

Figure 3.17: Specimen (EN 6072)

To simulate the test, only one quarter of the specimen was modeled. The hole has a diameter
of 9.58 mm, corresponding to the final diameter obtained in the reaming simulation.

A horizontal partition was created 13 mm from the hole center to reduce the number of
elements. Additional partitions were defined near the hole, similarly to the Burr Formation
simulation: three circular partitions with radii of 4.81 mm, 5.05 mm, and 6 mm, respectively,
and a triangular partition in the outer region to enable a smooth transition from smaller to
larger elements. The resulting geometry is shown in Figure 3.18.

Figure 3.18: Fatigue Test simulation: Workpiece

3.6.2 Mesh

Far from the hole, a mesh seed of 2 mm was applied in the plane, with eight elements through
the thickness.

The mesh around the hole closely reproduces that obtained at the end of the Burr Formation
simulation, enabling straightforward mapping of the stress distribution into the model. In the
innermost region, the elements have a radial size of 0.01 mm. The second partition features a
radially biased mesh seed from 0.012 mm to 0.05 mm, while the third ranges from 0.06 mm
to 0.25 mm. Finally, to connect the hole region to the rest of the mesh, another biased mesh
seed from 0.25 mm to 2 mm was created. A sweep mesh was used in this region to ensure a
smooth element transition. Along the z-direction, the element height is 0.1 mm.
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3.7 Tools

Figure 3.19: Fatigue Test simulation: Mesh

3.6.3 Boundary conditions and Loads

Two symmetry boundary conditions are applied to the inner surfaces of the specimen to re-
produce the full geometry.

A uniaxial tensile load is applied on the upper surface in the y-direction. Different load levels
are tested to reconstruct the fatigue curves.

3.6.4 Subroutine SIGINI

ABAQUS allows the use of Fortran subroutines to initialize the stress state in the model.
Starting from the 3D stress state extracted from the Burr Formation simulation, expressed in
cylindrical coordinates, the stresses are transformed into global coordinates and assigned to the
integration points of the elements. It is crucial to reproduce the mesh of the Burr Formation
simulation, particularly in the radial direction, to correctly assign the stresses as extracted and
accurately reproduce their profile. The inserted stresses vary along the radial direction but
maintain the same profile along the z-axis.

3.7 Tools

Three different tools are used in the simulation: a new drill bit, with the nominal dimensions
declared by the manufacturer; a worn drill bit, following its use in previous drilling operations;
and finally, a reamer lip.

The CAD models of the tools can be found on the manufacturer’s website. However, these
models often do not accurately represent the real tool geometry. Therefore, the drill bit is
scanned in order to capture its complex features. The same modeling procedure is followed for
all three tools.

Using the Alicona 3D scanner, the selected tool is first scanned. From the scan, an STL file
is generated, containing a very dense triangular mesh of the tool, with millions of elements.
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3.7 Tools

Since such a mesh is too heavy and problematic for FEM simulations, an additional software
tool, Blender, is used to simplify the file. In particular, the “Modeling” tab is the most useful
for working on the mesh. First, loose elements are removed using the dedicated function, while
unnecessary parts of the mesh are manually deleted. Then, using the “Decimate Geometry”
function, the number of elements in the mesh is reduced by a chosen percentage. This function
is ideal for the task, as it decreases the file size without significantly altering the macro-
geometry of the tool. Finally, the “Merge > By Distance” function is applied to reduce the
number of elements in the less critical regions of the tool, such as the rake face, while missing
elements are manually created to fill any gaps in the mesh.

The final mesh is then ready to be used in ABAQUS/CAE. The “Import” tab allows the STL
file to be converted into an INP file, ready to be used in the models.

This meshes contain between 10,000 and 20,000 triangular elements. The part is defined as
Discrete Rigid.

Figure 3.20 shows different views of the new drill bit.

Figure 3.20: New Drill Bit CAD

By observing Figure 3.21, and in particular the top-left view, the defect of the worn tool
near the drill bit margins can be clearly seen.
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3.7 Tools

Figure 3.21: Worn Drill Bit CAD

Only one lip of the reamer is modeled, as it is the only part of the tool in contact with the
hole walls and this choice significantly reduces the number of elements (Figure 3.22).

Figure 3.22: Reamer CAD
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3.8 Model setup

3.7.1 Boundary conditions

The tools are considered as rigid bodies, and their motion is constrained to that of their
reference point.

Two parameters describe the tool’s motion: feed and rotational speed. They are imposed as
boundary conditions for the tools movement.

Regarding the drilling process:

e Feed: f =46 mm/min = 0.7665 mm/s
e Rotational speed: w = 793 rpm = 83.004 rad/s

while during reaming:

e Feed: f =134 mm/min = 2.233 mm/s
e Rotational speed: w = 670 rpm = 70.162 rad/s

3.8 Model setup

In this section, the needed inputs to create an ABAQUS/CAE simulation are described.

3.8.1 Material definition

The material properties used in the model are derived from static tests performed in the
laboratory on Ti6Al4V specimens. These tests were used to characterize the Young’s modulus
E, the Poisson’s ratio v, and the plasticization (hardening) curve.

Density [kg/m3] 4430
Young’s Module [M Pa] | 109500
Poisson’s Ratio [kg/m3] 0.34

Melting Temperature [K] 1877

Table 3.2: Material properties for Ti6Al4V

The material behavior is described using the Johnson—Cook plasticity law, selected for its
simplicity, ease of calibration, and the wide availability of experimental data in the literature.
This law has also been extensively employed in previous modeling efforts, consistently yielding
reliable results. Table 3.3 reports the measured parameters used to represent the Johnson—Cook
plasticity model. The reference strain rate is initially set to 1, although its actual value will
be discussed in the following sections.

Damage initiation is defined according to Equation 2.6, while damage evolution is modeled
through an exponential energy criterion, chosen for its robustness and reduced sensitivity to
mesh refinement. Damage modeling is often complex to describe and evaluate; therefore, the
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3.8 Model setup

A [MPa] | B[MPa] | n C m | T, [K] | T, [K]
927 565 0.46 | 0.035 | 1 298 1877

Table 3.3: Johnson-Cook plasticity model parameters for Ti6Al4V

values used for the Johnson-Cook damage model are taken from the literature. Specifically,
reference is made to Abdelhafeez’s paper [2], where the following parameters were used in a
CEL-type FE drilling simulation.

d]_ d2 d3 d4 d5
-0.09 | 0.25 | 0.5 | 0.014 | 3.87

Table 3.4: Johnson-Cook damage model parameters for Ti6Al4V

The damage criterion is modeled using an energy-based approach, expressed in terms of
the damage evolution parameter D. It is based on the fracture energy Gy with exponential
softening, as shown in the following equation.

Up '0“_
Dzl—exp(—/ —)du 3.1
0 Gf 4 ( )

Again referring to the same source, the fracture energy is evaluated using the following
formula:

1—v
Gr= K3 ——
f cT
where K¢ is the fracture toughness of the material, reported as 60 M Pay/m in the paper.
This leads to a calculated value of G; = 27.93 m.J/mm?.

As mentioned in the previous section, since the tools are modeled as rigid bodies, no material
is assigned to them.

(3.2)

3.8.2 Physical approach

In all models, the influence of temperature on the material behavior is not considered. There-
fore, the thermo-mechanically coupled problem is not solved, but rather a purely dynamic one.
Temperature is included in the simulation only as a parameter in the Johnson—-Cook laws, but
it is not treated as a degree of freedom of the elements.

Nonetheless, neglecting the thermal effect might be an excessive simplification of the problem.
At a later stage, a simple thermal model will be introduced to obtain an initial estimate of the
contribution given by temperature. For these simulations, the following values are considered,
which are again taken from Abdelhafeez’s paper [2], plus the coefficient of thermal expansion
taken from [62].
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8.9 Computational cost reduction techniques

Conductivity [W/mK]| 6.7

Specific Heat [J/kgK] 526.3

Inelastic Heat Fraction 0.9
Expansion Coefficient [um/(m°C)] | 3-107°T +7-107°

Table 3.5: Thermal properties for Ti6A14V

3.8.3 Contact

The contact defined between the parts is specified as a General Contact (Explicit). This allows
modeling the interaction between the tool and the workpiece. To define it, two surfaces are
required:

e Tool surface — element-based, containing all the elements of the tool;

e Workpiece surface — node-based, defined over the entire workpiece. Its definition is not
implemented directly in ABAQUS/CAE, but is possible only by modifying the INP file.

An additional General Contact is applied between the two cylinders in the OWA simulation.
All possible surfaces of the elements from both meshes are selected, and contact is imposed
between them.

The chosen contact properties are:

e Normal behavior: with “Hard” contact and the Lagrange multiplier method for constraint
enforcement. This is set to model how the pair of surfaces interact perpendicularly. Hard
contact avoids that surfaces penetrate each other.

e Tangential behavior: Coulomb’s model that was presented in the previous chapter is used
to model the friction between the tool and the material. Initially, the friction coefficient
is set to 0.4, but following a sensitivity analysis, the final value is chosen as 0.6. This
choice is justified in the next chapter. The maximum shear stress is derived from formula
2.15:

/ . 0.46
_ A _927{1_<773 298) _ 3749 MPa

Tmaz = =3 1877 — 298

3.9 Computational cost reduction techniques

The choice of explicit schemes for the simulation is dictated by the need to reduce the compu-
tational time required to obtain results. Due to the large nonlinearities that arise in machining
processes, implicit methods are more complex and often struggle to converge. However, this
choice has a drawback: the problem becomes conditionally stable, i.e., dependent on the chosen
integration time step.

The stability condition for an explicit simulation is given by
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8.9 Computational cost reduction techniques

At < Atsi&able = E (33)
Ce
where L. is the characteristic size of the element and C, is the highest characteristic wave
speed of the material. This condition therefore requires using integration time steps smaller
than the minimum At .., otherwise the simulation will not converge. This also means that
the smaller Atgqpe, the longer the simulation time. Considering the need for fine meshes to
accurately capture the physical behavior of the problem, L. is often very small. Therefore,
solutions that allow faster simulations become necessary.

It should be noted that the material wave speed C., is defined as

E
C, = \E (3.4)

and, consequently, substituting into the equation above, the relationship

Atstable = Le % (35)

is obtained. It is evident that Atg.e depends on the material density.

Mass scaling refers to scaling the mass of the problem to increase the minimum required
integration time step. ABAQUS provides several methods to apply mass scaling. Mass scaling
can also be applied selectively to specific parts of the model, such as regions where some
elements do not require the minimum time increment.

e Fixed mass scaling: it scales the original nodal mass matrix at the beginning of the step
at which it is specified (unless a variable mass scaling is applied as well), which makes it
computationally efficient. Two different approaches can be used, in turn, to apply a fixed
mass scaling:

— Mass scaling factor definition: this is the factor by which the density will be multi-
plied. Thus, Atgape will be increased by the square root of this factor (see Equation
3.5).

— Desired minimum stable time increment definition: the required scaling factor by
which the density is multiplied is computed so that the minimum stable time incre-
ment matches the imposed value.

e Variable mass scaling: the mass of the elements is periodically scaled during a step. It can
be applied alongside fixed mass scaling. For this type of mass scaling, the specification
need to be a desired minimum stable time increment, and the scaling factor will be
automatically computed and applied, as required, throughout the step.

This type of mass scaling is useful when the stable time increment changes drastically
during a step. For example, when elements are highly compressed or crushed, as happens
in machining operations like drilling.
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8.9 Computational cost reduction techniques

The parameter that linearly multiplies the minimum integration time step is called the Mass
Scaling Factor (MS).

MS?p
E

Another commonly used method in this type of analysis is time/load scaling. This technique
consists of accelerating the operational conditions of the process. The loading rate is scaled
by a parameter called the Time Scaling Factor (TS). Accelerating the simulation reduces the
simulation time and therefore the computational cost.

stmulation __ real
Atstable - MS ’ Atstable - Le

(3.6)

simulation

‘/simulation = TS . ‘/real <~ TS = % (37)

total

These methods are very useful for achieving faster simulations but must be applied carefully.
Increasing the density of a material leads to a linear increase in kinetic energy. The dynamic
effects of the problem may then dominate the simulation, producing invalid results. Similarly,
increasing the load rate introduces large artificial inertial forces, which also increase kinetic
energy, quadratically proportional to the velocity.

In explicit solutions, it is therefore important to monitor the kinetic energy as an indicator
of the simulation’s quality. Its contribution must remain negligible to treat the problem as
quasi-static. This limit is often set at 5% of the simulation’s internal energy.

Additionally, it is particularly important to be cautious when accelerating the simulation
if strain rates are considered in the material behavior. As demonstrated in Vazquez del Rey
Perdomo’s report [19], it has to be scaled with the T'S factor used in the simulation.

3.9.1 Mass scaling

The mass scaling is set as a variable one that is applied every 1 time increments on those
elements whose stable time increment is under the specified one.

The mentioned target time increment is initially set to 5- 1078 for the steady-state simulation.
Subsequently, the effect of this value on the simulation is studied. Table 3.6 reports the results
for force, torque, and the ratio between kinetic and internal energy (K/I).

MS Force [N] | Torque [Nmm] | K/I [/]
2.5-107% 270.58 1085 0.60
5-1078 280.25 1149 0.75
1-1077 291.42 1212 1.07
5-10°7 273.72 1324 7.98

Table 3.6: Mass scaling sensitivity analysis

The upper limit for Aty is 5- 1077, as the energy ratio exceeds the imposed limit. The
effect of mass scaling is essentially negligible in the range 2.5-1078+1-107"(~ 5%). Therefore,
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8.9 Computational cost reduction techniques

Atgapie = 5 - 1078 confirmed for the steady-state simulation, corresponding to a mass scaling
factor (MS) of 25. For the other, much longer simulations, Atape = 1 - 10~ 7is employed. For
the burr formation simulation, where elements are smaller, the MS is set to 100.

3.9.2 Time scaling

Regarding time scaling, the simulations are accelerated compared to the original machining
conditions.
Again the effects of the speed up are studied. Table 3.7 shows force, torque and K /I trends.

TS | Force [N] | Torque [Nmm] | K/I[/]
2 350.34 1098 0.48
5 377.30 1173 0.63
10 383.78 1249 0.93
20 373.95 1247 1.77

Table 3.7: Time scaling sensitivity analysis

The reference value for the time scaling factor (TS) is 5. Reducing the TS factor leads to a
6-7% decrease in both force and torque. Increasing this value, instead, has a negligible effect
on the force but causes a significant increase in torque.

Therefore, T'S = 5 is chosen for the Steady-State simulation, while TS = 20 is applied for the
other, considerably more computationally expensive simulations. The machining conditions
are thus:

o V5. =3.8325 mm/s
e w=415.02 rad/s

and

o V34 =15.33 mm/s
e w = 1660.08 rad/s

In consequence, the reference strain rate is set as 5 and 20, respectively.

49



4 Drilling Simulation results

4 Drilling Simulation results

In this chapter, the results obtained from the simulations are showed. A comparison will be
performed with an experimental benchmark, obtained by coupon testing.

4.1 Experimental results

The first phase of the study consisted of collecting experimental data obtained from specimen
testing. The objective was to expand the available drilling database and serve as a validation
point for the FE models that had been developed.

The experimental tests were carried out on specimens with different burr heights. To produce
the holes, an initial drilling phase was performed, followed by a reaming phase. The first drilling
step was conducted using a Tivoly drill bit, a twist drill with two cutting lips. Initially a hole
with a diameter of 9.48 mm is produced. Subsequently, a Mapal reamer was employed to
obtain the final diameter of 9.52 mm.

To control burr formation, different drill bits were used. Debard [17] demonstrates how
the presence of tool wear affects the final burr size. For this reason, a defect was artificially
introduced on the drill bit by sanding its corners. Apart from this variation, the remainder of
the drill geometry was equivalent to that of a new tool. The drills were labeled according to
the expected burr height generated by the process: new for the unmodified tool, worn for the
drill bit that generates burr of 0.4 mm.

Aad n

(a) New drill bit (b) Worn drill bit

Figure 4.1: Drill bits comparison

Figure 4.1 reports the details of the corner wear for the new tool and the one that generates
0.4 mm burrs. A significant wear is present on the corners, with a radius of about 0.25 mm.

4.1.1 Thrust force and torque

A Kistler load cell was mounted at the center of the drilling setup and used to acquire force
and torque data for each specimen. The measurements were recorded at a sampling frequency
of 10,000 Hz. The resulting signals exhibit noise across all channels, particularly for torque
values. Consequently, a low-pass Butterworth filter (order n = 4, cutoff frequency fe.u =
w/2 = 6.7 Hz) was applied to the data. Results are shown in Figure 4.2.
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Figure 4.2: Experimental results: Thrust Force and Torque for the different drill bits

The results of the different specimens are subsequently collected, and an average is computed
across the datasets. By observing the resulting curves, four key instants can be identified, each
representing a distinct stage of process progression. Reference is made to Figure 4.3, which
schematically illustrates the position of the tool relative to the workpiece at each of the analyzed
moments.

[VJT\/TVUWC]

.

(a) z=0.34 mm (b) z=1.49 mm (c) z =2.80 mm (d) z =4.18 mm

Figure 4.3: Different phases of the drilling process

The first stage considered is the instant when the main cutting edge enters the workpiece.
Up to this point, only the chisel edge was engaged with the plate, resulting in a rapid increase
in thrust force, reaching nearly its maximum value. The torque, on the other hand, remains
negligible.

In the second stage, the corners begin to engage. The thrust forces decrease slightly due to the
reduced amount of material to be removed, while the torque rises significantly as contributions
from regions farther from the process center become dominant.

At the third instant, the drill has reached the lower surface of the panel. As in stage two, a
decrease in cutting force is observed, likely influenced by the reduced distance between the drill
tip and the bottom of the workpiece. The torque, however, continues to increase due to the
contribution of the margins and remains present as cutting is still occurring at the periphery.
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Finally, the last stage corresponds to the exit of the corners from the workpiece. Both thrust
force and torque drop to zero, indicating the completion of the drilling process. Residual torque
signals are still present due to flanks friction.

Subsequently, the signals obtained from the two drill bits are compared (Figure 4.2).

Overall, the behavior observed during stages 1 and 3 is very similar across the different
tests. The most significant differences are found in stages 2 and 4. When the corners engage, a
substantial increase (up to 100%) in thrust force is observed. The torque does not exhibit major
differences, although a slight increase in values can be noticed. The other major difference in
the curves occurs at stage 4. At corner exit, a delay in the signal is observed, attributable to
flank wear. Residual torque can still be observed at the end of the drilling process.

4.1.2 Burr measurement

Once the drilling of the specimens is completed, the geometry of the burr is measured for each
of them. The measurements are acquired using Alicona 3D Focus and DTI techniques. Exit
burrs are measured on 10 specimens for each drill bit, while entry burrs are analyzed only on
5 specimens per drill bit.

The procedure followed is briefly reported below. For the Alicona scanning:

e Data acquisition: 8 radial measurements taken at 45° intervals;

e Data cleaning: invalid values and points with negative z-coordinates are removed, as well
as points whose values are 20% higher than the preceding ones;

e Data processing:

— the same origin is set for all measured points, both in z and r coordinates. The
reference coordinate z = 0 is defined as the average of the first five measured points.
The reference coordinate r = 0 is set at the point immediately after the maximum,
where the z-coordinate is equal to or less than 80% of that maximum;

— the burr profile and thickness are extracted, and both mean value and scatter are
computed. The thickness is defined as the radial distance from the origin to the point
where the burr height decreases to 0.01 mm.

In addition, four measurements at 90° intervals are performed using DTI, from which the
mean value and scatter of burr height are calculated. No information is obtained regarding
the burr thickness.

Table 4.1 reports the average values and scatter of height and thickness for both entry and
exit burrs. The entry burr values for the new tool were not extracted, as their dimensions were
found to be negligible.

The increase in tool wear is associated with a growth in burr dimensions, both at the entry
and at the exit.

As an example, four 3D images obtained from the scanning of the exit burr are also reported.
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New Burr 0.4 [mm]

Exit Entry Exit
Height [pm)] 34+23 | T5E£7 | 368+ 13

Thickness [um] | 62 £ 35 | 135 £ 27 | 145+ 9

Table 4.1: Experimental Burr dimensions

(a) Reference

(b) Burr 0.4 mm

Figure 4.4: Experimental results: 3D Burr scan

4.1.3 Fatigue Test

Once the manufacturing phase was completed, the open-hole specimens were subjected to
fatigue testing.

Figure 4.5 shows the Wohler curves for the two specimen series: the reference specimens
drilled with a new tool, and those drilled with a worn tool producing burrs of approximately
0.4 mm. Experimental results indicate that specimens with larger burr dimensions exhibit a
significant reduction in fatigue life, a phenomenon referred to as the knock-down effect.

Among the hypotheses formulated to explain this behavior, one attributes the cause to the
tensile stresses that may arise in regions where large burrs are present. The FEM models

aim to assess whether such stresses are indeed generated and whether residual stresses are
responsible for the observed decrease in fatigue life.

Open-hole test campaign - Knock-down effect
16 T T

<
e @ ® Reference
14l NN ® Bur 0.4 mm| |
- NI
RN

Normalized o4,
.

. . .
107 10° 10
Normalized number of cycles to failure N

Figure 4.5: Fatigue Test: Fatigue life comparison between specimens with and without burr
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4.2 Steady-State simulation

Once data collection is completed, a simulation is performed to accurately represent the drilling
process.

As a first step, the positioning of the tool with respect to the workpiece is examined. Since

the mesh used does not include reference systems, there are no precise indicators to ensure
perfect centering and axial alignment of the drill bit. Furthermore, the general asymmetry of
the mesh does not guarantee a symmetric behavior of the two cutting lips.
In drilling processes, in-plane forces and moments are negligible compared to the axial com-
ponents. Consequently, an optimal positioning should exhibit this characteristic. Figure 4.6
shows the three components of both force and moment. The median values of forces and mo-
ments are close to 1% of the median value of the z-components, while their maximum values
do not exceed 25% of the z-components. It is therefore concluded that the drill is adequately
positioned.
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Figure 4.6: Thrust Force and Torque components at steady state

At this stage of the analysis, the median values obtained from the simulation are examined.

A convergence analysis is performed, to study the best suited value for the mesh seed. Results
are shown in Figure 4.7. A value of 0.15 mm is selected, which ensures torque convergence
and results in a 5.8% deviation for the force from the next refinement.

F,: Convergence analysis M,: Convergence analysis M,: Convergence analysis
1400

tep [%

median [N]

= 280

Delta from previous st

220 20 700 20
04 06 08 1 12 14 16 18 2 22 24 04 06 08 1 12 14 16 18 2 22 24 04 06 08 1 12 14 16 18 2 22 24 04 06 08 1 12 14 16 18 2 22 24
Number of elements in the chip volume 10 Number of elements in the chip volume 10° Number of elements in the chip volume 108 Number of elements in the chip volume 105

Figure 4.7: Steady-State simulation: Convergence analysis results

The simulated force is 25% lower than the experimental reference force, while the torque is
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overestimated by 51%. A sensitivity study of the parameters on the final result is therefore
carried out. The following parameters are varied:

e Friction coefficient p
e Fracture energy Gy
e Shear limit 7,4,

e Temperature T'

Sensitivity
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Figure 4.8: Sensitivity analysis results: parameter influence

For each parameter, two analyses are performed, evaluating a reduced and an increased
value. Only for the shear limit is a single simulation carried out, where the chosen value is
derived from the ratio A/+/3, neglecting the temperature effect. The derivative is evaluated
at the point corresponding to the initial parameter value. The result is then normalized with
respect to the experimental values. In Figure 4.8, the bar charts report the influence of the
parameters on both force and torque values.

As the parameters increase, a general rise in both force and torque values is observed, except
for the shear limit, where the torque remains essentially unchanged. A friction coefficient of
0.6 is therefore selected, as it allows the force value to increase without excessively amplifying
the torque, which is already overestimated.

Figure 4.9 shows the updated force and torque trends. The median value now differs by -0.1%
for force and by +55.1% for torque. The overestimation of torque is attributed to shear locking.
In fact, the employment of reduced integration elements are introducing artificial stiffness in
azimuthal direction. A potential solution would be the use of C3D8I elements (8-node linear
brick, incompatible modes); however, their excessive distortion hinders their practical use.
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Figure 4.9: Steady-State simulation: Final Thrust Force and Torque

In the literature, some authors have reported similar issues. Abdelhafeez [2] reports a 56%
deviation for torque values using Lagrangian elements, while the CEL simulation represented
this value more accurately, reducing the deviation to 22%.

The torque error is therefore accepted, and p = 0.6 is established as the new baseline. In the
same paper [2], Abdelhafeez states that a friction coefficient varying from 0.1 to 0.8 has just

a minor influence on chip morphology (up to 15%). Given that, the p chosen is in the range
considered by authors in literature.

4.2.1 Worn tool results

The same simulation is repeated using the second drill bit, namely the one that generates
a 0.6 mm burr. Considering the delayed engagement of the margins with the workpiece, 10

drill revolutions are simulated, and steady state is assumed when the entire drill bit is fully
immersed.

Figure 4.10: Steady-State simulation: Worn tool details

The results show a general reduction in both force and torque compared to the previous
simulation. This is attributed to the lack of corner indentation, caused by the coarse mesh,
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4.2 Steady-State simulation

which poorly represents the contact between the tool and the workpiece.

The workpiece is therefore modified by adding a partition corresponding to the drill margins,
with a radial width of 4.75 mm and a slope of 45.45°. Twenty elements are generated in the
radial direction. This new workpiece allows for a shorter simulation time and a more uniform
contact representation in the region corresponding to the damaged drill margin. Figure 4.10
shows the mesh of the new part and a detailed view of the margin indentation.

The values obtained with the new model show a -40% difference in thrust force and a 65%
difference in torque. Moreover, the expected force peak is not observed.

Percentual contribute of the drill bit’s parts

[ Chisel edge
06k [ Main cutting lips
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Figure 4.11: Steady-State simulation: Forces components

To study the drill bit’s behavior in greater detail, a partition similar to that used in the new
workpiece is created in the original one, without changing the slope of the region. Three sets
are defined, corresponding to the regions where the main parts of the drill indent: the chisel
edge, main cutting lips, and margins.

Figure 4.11 reports the contributions of the three parts to force and torque, normalized with
respect to the experimental values of the new drill bit. As expected, 40% of the thrust force is
generated by the chisel edge alone, while the torque contribution comes almost entirely from
the main cutting lips and the margins. The damaged corners amplify both the force and torque
signals, effectively doubling them, but this effect is mitigated by the simultaneous decrease in
the signals generated by the chisel edge and cutting lips. This unexpected behavior is likely due
to the way the drill initially indents the plate: during the first revolutions, only the margins
engage with the workpiece, while the other two regions start cutting with a delay.

The previous analysis made it possible to verify the percentage contribution of the contacts
between tool and workpiece in the simulation.

Table 4.2 reports the average values of contact pressure and frictional stress for both drill bits.

Force [N] | Percentual contribute [%] | Torque [Nmm] | Percentual contribute [%]
Contact pressure 169.94 44.27 1276.50 99.27
Frictional stress 208.65 54.35 30.55 2.38

Table 4.2: Steady-State simulation: Contact contributions
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The thrust force therefore depends on similar contributions from contact pressure and fric-
tional stresses, whereas the torque is generated solely by the pressure forces.
This result justifies the choice of the friction coefficient: increasing its value has a signifi-
cant effect on the thrust force, while its effect on the torque is essentially negligible, since
its contribution is nearly zero. This finding can be used to choose the friction coefficient in
simulations to better match experimental thrust force measurements, without substantially
affecting torque predictions. This allows for a more accurate calibration of the model while
keeping computational complexity low.

4.3 Full-Drilling simulation

The Steady-State simulation provided greater insight into the numerical mechanisms arising
in drilling models. The parameters investigated serve as the new baseline for the subsequent
models.

The Full-Drilling simulation was then performed, with the objective of reproducing the same
behaviors observed in the experimental tests (Figure 4.2).

Figure 4.12: New Tool Burr Formation: Burr Formation steps

Figure 4.12 shows the evolution of the drill bit as it penetrates the workpiece: in the top-left
image, the chisel edge has just entered; in the top-right, the corners engage the material; in the
bottom-left, the drill reaches the lower surface of the plate; and finally, in the bottom-right,
the tool exits the workpiece. Figure 4.13 illustrates the formation of the burr dome.

Figure 4.13: New Tool Burr Formation: Dome formation
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4.8 Full-Drilling simulation

As with the experimental data, the numerical results exhibit considerable variability between
consecutive measurements. The signals were therefore filtered using the same low-pass But-
terworth filter with a cutoff frequency of 10 Hz. Figure 4.14 shows the numerical thrust force
and torque curves together with the filtered signal.
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Figure 4.14: Data filtering of numerical results
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Figure 4.15: Results comparison: Experimental vs Numerical

Figure 4.15 compares the experimental and numerical curves. The thrust force signal ac-
curately reproduces the phenomena analyzed in Section 4.1.1. Three slope changes can be
observed at the beginning of penetration, corresponding respectively to the entry of the the
chisel edge (center and margins) and the main cutting lips. The contribution of the chisel edge
appears slightly underestimated in the initial phase. At steady state, the curves are perfectly
overlapped, in agreement with the study carried out in the previous section. Furthermore, the
force reductions due to the exit of the drill tip and, subsequently, of the margins from the plate
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are properly reproduced.

The torque signal also follows the same trends as the experimental tests; however, its ampli-
tude is nearly doubled. An increase of 55% was already expected based on the Steady-State
simulation results. In addition, the effects of increased time scaling and mass scaling, con-
tributing another 10-15%, as well as the coarser mesh adopted, contributing an additional
5-10%, must also be considered.

4.3.1 Worn tool results

The same simulation was also reproduced using the worn tool. Figure 4.16 shows the filtering
applied to the signals, while Figure 4.17 reports the comparison between the experimental and
numerical curves.
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Figure 4.16: Data filtering of numerical results

As already discussed in the previous section, the force signal is underestimated. Furthermore,
both the force and torque signals fail to capture the observed delay. This occurs due to the
coarse mesh, which cannot adequately reproduce the contact at the damaged corners. In fact,
the elements are eroded and removed before the margins are able to indent the workpiece. A
possible solution to this issue would be to increase the number of elements in proximity to the
hole walls; however, this option was not pursued in the present study due to the associated
high computational cost.

As expected, at the end of the simulation the hole does not exhibit any burr formation. This
outcome is again related to the overly coarse mesh: the elements are removed prematurely and
do not undergo sufficient plastic deformation. In any case, their size is too large to predict the
final geometry. In the following section, through the Burr Formation simulation, the final hole
geometry will be analyzed.
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Figure 4.17: Results comparison: Experimental vs Numerical

4.4 One-Way-Assembly simulation

This section presents the results of the drilling simulation involving two stacked plates. Since
no direct experimental reference is available for this configuration, a validation of the results
cannot be performed. However, a qualitative comparison can be made based on the cutting
forces, for which experimental data are available from tests involving the drilling of three
stacked plates.

4.4.1 Forces

Figures 4.18 and 4.19 show the extracted and filtered signals of force and torque. Regarding
the force trend, a first peak appears as the chisel edge enters the first plate. However, the
second peak—corresponding to the entry into the underlying plate—is not observed. This
second peak should appear slightly lower than the first one (Figure 4.20), and it is expected
to occur even in the absence of a third plate.

In general, the trend can be described as follows: the chisel edge penetrates the plate, leading
to a rapid increase in thrust force, which is considerably higher due to the presence of the
backup plate. As the drill approaches the lower surface, the force initially decreases—similarly
to what was observed in the Full-Drilling simulation. However, in this case, the force rises
again as the tool engages the next plate. This phenomenon repeats for the third plate, and
finally, the force drops to zero once the tool exits the plate stack.

The current model does not generate interface burrs and therefore cannot fully reproduce
the experimental behavior. Further improvements are required to capture this phenomenon
accurately.
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Figure 4.18: Force and Torque in the OWA simulation - New Tool
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Figure 4.19: Force and Torque in the OWA simulation - Worn Tool
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Figure 4.20: Forces in a 3-plate drilling
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4.4.2 Gap Evolution

Figure 4.21 shows the relative displacement between the two plates during drilling. The result
is reported for the new tool, but since no burrs are generated, the outcome is identical for the
worn tool.
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Figure 4.21: Displacement and Gap evolution in the OWA simulation

A difference in the displacement values of the two plates can be observed, confirming the
occurrence of differential bending between them. However, the magnitude of this displacement
is relatively small (~ 10 pum) and therefore not realistic. The presence of burrs would likely
amplify this effect, especially when using the worn drill bit.

4.5 Burr Formation simulation

The data concerning burr geometry are now presented. The geometry at the end of drilling is
compared with that obtained after reaming the hole produced with the new tool. A similar
analysis is carried out with the worn tool, although in this case reaming is not performed.

Subsequently, the residual stresses on the hole walls are presented. The residual stresses
extracted from the simulation with the new tool are then introduced into the subsequent
Fatigue Test simulation.

4.5.1 Burr Geometry New Tool

Figure 4.22 shows several stages of the burr formation process obtained from the simulation.
The top images illustrate two different instants during material removal, while the bottom
ones depict the downward bending of the material followed by its final fracture, leading to the
formation of the hole.
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Figure 4.22: New Tool Burr Formation: Burr Formation steps

Additionally, Figure 4.23 reports two contour plots showing, respectively, the equivalent
plastic strain (PEEQ) and the burr height expressed in terms of axial displacement (Us).

Figure 4.23: New Tool Burr Formation: PEEQ and U3 plots

Data were extracted from the model using the ABAQUS “Path” function. A cylindrical coor-
dinate system was first defined, centered at the theoretical midpoint of the complete workpiece,
with radial (r) and azimuthal () axes lying on the lower plane and the z-axis pointing upward.

The axial displacement Us was measured for both the entry and exit burrs. The burr geom-
etry was also evaluated by extracting the profiles at the center of the entry side and at several
azimuthal positions for the exit side. The results are compared to experimental data, available
only for the exit burr.
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Figure 4.24: New Tool Burr Formation: Entry Burr dimensions

Figure 4.24 presents the entry burr curves. The data near the outer regions are less reliable
due to model simplifications. The burr height remains relatively small, ranging between 20
and 30 pm, and the burr thickness is also reduced.
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Figure 4.25: New Tool Burr Formation: Exit Burr dimensions

In Figure 4.25, the exit burr data show good agreement with the experimental evidence in
the central region. The geometric profiles, extracted at various azimuthal positions, are also
consistent with the experimental results.

Afterward, the simulation was restarted to perform the reaming step. Figure 4.26 shows
selected stages of this process.

In the simulation, the hole radius increases from 4.76 mm to 4.79 mm. Experimental results
show that burr dimensions do not significantly change between drilling and reaming operations,
and the simulation appears to reproduce this trend. The burr heights remain within the
experimental range, although a slight increase in exit burr thickness is observed.
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Burr Formation simulation

Figure 4.26: New Tool Burr Formation: Reaming steps
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Figure 4.27: New Tool Burr Formation: Burr Heights comparison

4.5.2 Burr Geometry Worn Tool

The same simulation was repeated using the worn tool.

In this case, the material exhibited significant torsion and bending during drilling. These
effects became more pronounced toward the end of the process, when the remaining material
was thinner and more flexible. Vibrational effects caused wide oscillations of the burr, which
was ultimately removed by impact with the flank rather than by the cutting lips.

To address this issue, two steel backup plates (E = 210000 M Pa, v = 0.3) were added to
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4.5 Burr Formation simulation

the simulation on both sides of the titanium workpiece to limit torsional and bending effects.

The results reported here correspond to a simulation frame in which the burr is still in its
final upright position. Shortly afterward, renewed contact and vibration caused the burr to be
completely detached.

Figure 4.28: Worn Tool Burr Formation: Burr Formation steps

Figure 4.28 illustrates the burr formation mechanism. Clear differences are observed com-
pared to the new tool: the material profile follows the detailed micro-geometry of the worn
cutting edge, and the burr exhibits a stronger downward bending without dome detachment.

Figure 4.29: Worn Tool Burr Formation: PEEQ and U3 plots

Figure 4.29 presents the final burr geometry and equivalent plastic strain. The model remains
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4.5 Burr Formation simulation

a simplification of the real process, but its central region is sufficiently accurate for extracting
results. The secondary burr visible on the right side is not considered.

Again, the geometry data were extracted using ABAQUS paths. The results correspond to
the end of the drilling stage, since reaming was not simulated. Nonetheless, similar results
are expected, as experimental evidence indicates that reaming removes only a few microns of
material without significantly affecting burr dimensions.

In this case, experimental data are available for the entry burr. The FEM model does
not reproduce this phenomenon accurately, as it is not optimized for the more complex burr
formation mechanism occurring on the entry side.
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Figure 4.30: New Tool Burr Formation: Burr Heights comparison

In the bottom-right plot of Figure 4.30, burr profiles along different radial paths are reported.
The predicted burr height is overestimated by about 25%, while the thickness is overestimated
by roughly 50%. Nevertheless, the qualitative shape of the FEM profile shows good agreement
with the experimental observations. Therefore, the model can be considered validated, and
the post-manufacturing material state is expected to be consistent with the real one.
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4.5 Burr Formation simulation

4.5.3 Residual stresses New Tool

The model, initially validated in terms of force and torque, was also validated with respect to
the final burr geometry. The next step consists in extracting the residual stress profile within
the material.

Figure 4.31: Burr Formation simulation: cylindrical coordinate system

The “Path” function is again employed to extract the stress values along the three axes of
a cylindrical coordinate system (Figure 4.31). The reported values correspond to the nodal
stresses along the defined radial paths. ABAQUS computes stresses at the integration points;
therefore, the nodal stresses result from the averaging of the values from all elements sharing
the same node. This averaging occurs only if the stress values are within 75% of each other;
otherwise, the value is disregarded.

Figure 4.32 shows the stress curves for the three components, evaluated along radial paths
at different heights of the workpiece. The origin is set at the lower surface. S11 corresponds
to o, S22 to oy and S33 to o,,.

S11 at different radial paths heights 822 at different radial paths heights 833 at different radial paths heights

Figure 4.32: New Tool Burr Formation: Stresses on radial paths after drilling

Observing the left-hand side of the curves, corresponding to the hole wall, all three compo-
nents show values close to zero. In particular, for gy, no significant tensile stress is observed
for the curves at lower heights (near the burr region).

Furthermore, beyond a radial distance of approximately 0.25-0.30 mm, the curves exhibit
a very similar trend. This region, far from the free boundaries of the hole, is referred to as
the steady-state zone. The stress distributions in this region show minimal variation and are
extracted for subsequent use in the Fatigue Test simulation.
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4.5 Burr Formation simulation

The stress state was also extracted after the reaming simulation.

Figure 4.33 presents two bands corresponding to the radial stress distributions for the three
stress components, before and after reaming, in the steady-state region. The bands represent
the minimum and maximum stress values at each radial position. The values of o,, are neg-
ligible both before and after reaming, whereas o4y and o, are compressive, with the former
showing partial relaxation following reaming.
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Figure 4.33: New Tool Burr Formation: Stresses on radial path at steady state - comparison

The mean value of the bands corresponding to the reamed configuration is stored and rep-
resents the stress distribution considered in the following subsection.

4.5.4 Residual stresses Worn Tool

The same procedure was applied to the simulation performed with the worn tool. In this case,
however, only the drilling phase was simulated.

Figure 4.34 compares the stress bands for the two tool configurations after drilling.

S11 at steady state S22 at steady state S33 at steady state
200 New Tool: drilling 200 New Tool: drilling 200 New Tool: drilling
‘Worn tool: drilling ‘Worn tool: drilling Worn tool: drilling
100 100 100
0 0 0
-100 -100 -100
< 200 < 200 < 200
= = 2
"L 300 s 300 T -300
5 5 5
-400 -400 -400
-500 -500 -500
-600 -600 -600
-700 -700 -700
0 0.05 0.1 0.15 02 025 03 0 0.05 0.1 0.15 02 025 03 4 0.05 0.1 0.15 02 025 03

True radial distance [mm)] True radial distance [rmm)] True radial distance [mm]

Figure 4.34: Worn Tool Burr Formation: Stresses on radial path at steady state - comparison

The curves are very similar, with slightly higher compressive values observed for ggy. Con-
sidering the overall similarity between the two cases, a comparable stress distribution to that
in Figure 4.33 is expected after reaming.
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4.6 Fatigue Test simulation

4.5.5 Thermal Stresses

Once the mechanical stress distribution has been obtained, a preliminary assessment of the
influence of thermal effects is performed. The Thermal Stresses simulation is carried out, and
after cooling the model, the resulting residual thermal stresses are extracted.

Figure 4.35 shows the resulting stress distributions in the model and the radial paths of
the three stress components. The radial and axial components are found to be negligible,
while significant tensile stresses are observed in the azimuthal direction. Debard reported
temperatures of approximately 500 °C in the contact zone [18]; however, such values are not
uniform throughout the workpiece. The most realistic approximation for the model is likely
around 200 °C, for which tensile stresses of about 200 M Pa are observed.

S11 profile S22 profile S33 profile

200 °C —200°C
70 ——300 °C ——300°C ——300°C
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Figure 4.35: Thermal Stresses study: Stresses distribution and stresses on radial paths

4.6 Fatigue Test simulation

This subsection aims to evaluate the effect of residual stresses on the fatigue life of the specimen.

The stress field is introduced into the model using the SIGINI subroutine, followed by a
relaxation step. It should be noted that the initial distribution is assumed constant through
the specimen thickness.

Figure 4.36 shows the distribution of the stress oyy along a vertical path through the thickness.
The relaxed distribution, which should coincide with the steady-state region, satisfactorily
reproduces the stress trend even near the burr region. This occurs because a slight stress
relaxation is observed close to the free-edge, similar to the one detected near the burr.

The model therefore provides a good approximation of the post-manufacturing stress distri-
bution, despite the simplifications introduced.
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S22 on a vertical path: comparison
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Figure 4.36: Fatigue Test: Stress gy profile after relaxation
Figures 4.37 and 4.38 show the stress distributions at the maximum load of the fatigue cycle.

The distributions appear very similar between the cases with and without residual stresses (left
and right, respectively). However, a noticeable difference is observed at the minimum load.

Figure 4.37: Fatigue Test: Stress o, distribution at maximum load

Figure 4.38: Fatigue Test: Stress o, distribution at maximum load - hole detail
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The stress concentration factor k; is defined as:

Omaaz,local
iy = memdocal

(4.1)

O nominal

and represents how much a geometric discontinuity, such as a hole, amplifies local stresses
compared to the nominal one. For circular holes, k; = 3.6.

The load ratio R is defined as:

k minloa
R = —tminload (4.2)
kt,maacload
and characterizes the loading cycle:
e R = —1: fully reversed (tension—compression);

e R = 0: pulsating (from 0 to maximum load);

e R > 0: always positive (no load reversal).

In this simulation, a fully positive loading cycle is applied (R > 0). A high R value (ap-
proaching 1) has two opposite effects:

e at low loads, it implies a smaller stress amplitude, beneficial to fatigue life;

e at high loads, it results in a higher mean stress, thus penalizing fatigue life.
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Figure 4.39: Fatigue Test: k; and R parameters
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4.6 Fatigue Test simulation

Figure 4.39 reports the extracted parameters. The dashed line represents the k; and R values
for the specimen without residual stresses, while the blue and red curves correspond to the
cases with stresses. The stress concentration factor k; shows a maximum deviation of about
10%, confirming the qualitative similarity observed in Figure 4.38. On the other hand, R varies
between 20% and 100%, with larger differences at lower load levels. This variation positively
affects fatigue life, suggesting a stronger divergence between fatigue curves at lower applied
loads.

Finally, the Dang Van fatigue criterion is applied to the simulation results, and the corre-
sponding Wéhler curves are plotted for cases with and without residual stresses (Figure 4.40).
The case with residual stresses is compared with the experimentally tested specimens, while
the stress-free case corresponds to the thermally treated specimens. Both curves show good
agreement with experiments, with a slight shift at higher loads — where the elastic material
assumption becomes less accurate.

Residual compressive stresses prove beneficial for fatigue life, and the increased R values at
lower loads further shift the curve to the right.
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Figure 4.40: Fatigue Test: Fatigue life comparison between experimental and FEM results

Given the similarity in the residual stress profiles obtained after manufacturing with the new
and worn tools, the fatigue curve for the worn tool is expected to follow a similar trend to the
red one. Therefore, the knock-down effect observed experimentally is not expected to arise
from residual stresses.
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4.6 Fatigue Test simulation

This conclusion is supported by experimental results (Figure 4.41), showing that specimens
subjected to thermal stress-relief and untreated ones exhibit almost identical fatigue lives.
Hence, the reduction in fatigue performance must originate from microstructural mechanisms
triggered by burr formation rather than from residual stress effects.
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Figure 4.41: Fatigue Test: Fatigue life comparison between specimens with and without thermal treatment
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5 Future Work

5 Future Work

In this work, it has been demonstrated that residual stresses are not responsible for the knock-
down effect observed in the experimental fatigue life tests. Nevertheless, several directions for
further developments can be identified.

First, to reinforce the reliability of the current results, a mesh convergence study on the burr
formation model should be carried out. This would allow a better understanding and reduction
of mesh-dependency effects on the results, both in terms of burr dimensions and residual stress
distribution.

Second, the study with the worn drill bit still needs to be completed: reaming should be
performed, and the corresponding fatigue curves extracted to validate the findings.

Regarding the fatigue test simulations, an important development would be to include in
the model a variable stress distribution across the specimen thickness, as well as the localized
plasticity and damage observed on the hole walls. This would improve the level of detail and
accuracy of the simulations.

Finally, the same methodology could be extended to interface burrs, considering the presence
of a background plate as in OWA processes. Starting from the proposed model and validating
it in terms of force, torque, and burr dimensions, the fatigue life of specimens produced under
these conditions could also be determined.
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6 Conclusions

This project enabled the reproduction of the entire life cycle of an open-hole fatigue test,
from its manufacturing to the testing phase, through finite element simulations.

The overall process was divided into simpler simulation steps, which allowed first to validate
the numerical model and then to extract meaningful conclusions. This modular approach was
necessary to deal with the demanding mesh requirements of drilling and reaming simulations,
given their inherently 3D and non-axisymmetric nature.

In the first stage, only four revolutions of the drill bit were simulated under steady-state
conditions. This initial step made it possible to calibrate the model parameters and reproduce
the correct amplitude of force and torque signals.

The second simulation, corresponding to the full drilling operation, successfully reproduced
the entire drilling process. The force and torque curves obtained numerically showed the same
trends as those observed in the experimental tests.

A third model focusing on burr formation was then developed, requiring a finer mesh to
accurately capture the phenomenon. With this model, both drilling and reaming phases were
simulated. The model was validated in terms of burr dimensions, namely height and thickness,
showing good agreement with experimental measurements. Moreover, based on the resulting
drilled hole, the post-drilling material state was analyzed by extracting the circumferential
residual stresses at the hole wall. The hypothesis of having tensile stresses near the burr
region was not confirmed, although a slight difference in amplitude was observed between
the regions close to and farther from the burr. Compressive stresses were found in both the
azimuthal and axial directions, with the former relaxing after the reaming operation.

The residual stresses extracted from a steady-state region of the distribution were then
imported into the final model, used to simulate the fatigue test. Two cases were considered:
one specimen without residual stresses, and another with the stresses introduced as a constant
distribution through the specimen thickness. Several tensile loading conditions were applied,
and using the Dang Van criterion, the fatigue life was estimated from the stress distribution
within the specimen.

The results showed a rightward shift of the fatigue curves when residual stresses were in-
cluded, indicating the beneficial effect of compressive stresses on fatigue life. The fatigue curves
obtained from the FEM simulations exhibited excellent agreement with the experimental data.

Although the reaming simulation following drilling with the worn tool was not performed,
the initial 3D stress distribution, very similar to that obtained with the new tool, suggests
that the final stress state after manufacturing would also be comparable. Consequently, the
corresponding fatigue curves would likely coincide. Residual stresses can therefore be ruled
out as the cause of the knock-down effect observed experimentally. This finding confirms
the experimental evidence: relaxing the stresses through heat treatment does not allow the
specimen to recover its mechanical properties, indicating that the detrimental effect should
not be attributed to the residual stresses induced by hole machining.
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