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ARTICLE INFO ABSTRACT
Keywords: Drilling processes produce significant heat due to friction and material deformation, which can lead to tool
Peck drilling wear, surface damage, and residual stress in the workpiece. To mitigate these effects, the peck drilling

Thermomechanical model
Thermal experimental analysis
FVM modelling

Analytic thermal modelling

strategy was developed, incorporating periodic tool retractions to lower peak cutting temperatures and enhance
chip evacuation. Consequently, accurate temperature distribution predictions are essential to improve drilling
performance and ensure part quality. Few works in the literature focused on peck drilling operations, whose
success is mainly influenced by the mitigation of the cutting temperature. To fill this gap, this study introduces
a comprehensive predictive framework for evaluating cutting forces and temperatures in peck drilling. It
combines an analytical force model with two distinct thermal analysis methods: an analytical technique and
a Finite Volume Method (FVM) simulation. A novel oblique cutting model, grounded in Oxley’s machining
theory and incorporating the Johnson—-Cook material model, is proposed. The analytical thermal approach
extends the infinitesimal point-source method to represent transient heat conduction in finite media, while the
FVM simulation numerically models heat transfer and material removal dynamics. To validate the framework,
an experimental campaign was conducted under various cutting conditions. Results demonstrate the model’s
capability to reliably estimate cutting forces and temperature distributions across a wide range of parameters.
The average prediction errors were 4.66% for cutting power, 7.45% for cutting forces, and for maximum
temperature, 8% with the FVM and 11.64% using the analytical method. The developed framework lays the
groundwork for future investigations into the impact of lubrication strategies on peck drilling.

1. Introduction

Drilling is one of the most used metal-cutting operations in the
manufacturing industry. Even though it is a mature technology, it
requires specific attention to achieve optimal results. In fact, during
metal cutting, significant heat is generated due to friction between the
cutting tool and the workpiece, as well as the plastic deformation of
the material forming chips. High cutting temperatures have detrimental
effects on both the cutting tool and the workpiece [1]. Excessive heat
generation causes rapid wear for the drill bit, shortening its lifespan,
and may result in plastic deformation of the cutting edges if the tool
lacks sufficient hot-hardness and strength [2]. Thermal shocks may lead
to flaking and fracturing of the cutting edges [3], while the formation
of built-up edges further degrades the cutting performance [4]. Exces-
sive heat may also lead to dimensional inaccuracies due to thermal
distortion and expansion—contraction during and after machining [5].
The surface may suffer damage through oxidation, rapid corrosion, or
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burning, while residual tensile stresses and micro-cracks may form on
the surface or subsurface, further compromising its integrity [6,7].
The temperature generated during machining is influenced by var-
ious factors, such as the materials of the tool and workpiece, cutting
parameters, and the type and application method of cutting fluids [8].
Drilling strategy also plays an important role. Indeed, peck drilling
is often adopted to mitigate the cited problems [9,10]. It consists of
splitting the total drilling length into sequential dives, divided by a
short period in which the drill returns to the workpiece surface [11].
This strategy helps to keep the cutting temperature under control and
to evacuate the chip from the hole. Eltaggaz et al. [11] compared
continuous and peck drilling of Ti-6Al-4V in terms of tool life, surface
roughness, thrust force, torque, and burr formation. The facilitated chip
removal of peck drilling allowed for lower thrust force and torque
and reduced the flank wear. Peck drilling produced slightly higher
surface roughness compared to continuous drilling; the authors suggest
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this occurs because, during peck drilling, when the drill periodically
retracts, the flood coolant can wash debris and chips back into the hole.
When the drill re-enters, it can cause these particles to rub against the
hole wall, creating additional surface damage and increasing rough-
ness. Pervaiz et al.’s [12] investigation of peck drilling hole quality
in aluminium 6061 revealed that each new drilling step significantly
impacts the surface roughness of previously drilled sections. Their work
demonstrates that both step length and the total number of steps are
critical factors controlling surface quality in peck drilling operations.
Ravisubramanian et al. [13] proved that peck drilling strategy enabled
the production of large aspect-ratio micro-holes without drill breakage
in aluminium 6061-T6. By drilling through 3 mm thick plates, the
researchers achieved micro-holes with an aspect ratio of 6:1, demon-
strating the effectiveness of this approach for challenging deep-hole
applications. Compared to direct drilling, thrust force and drilling
torque in peck drilling are observed to be lower.

It follows that studying temperature distribution and maximum
temperature in metal cutting is crucial for determining optimal cutting
parameters. Despite its importance, direct measurement of temperature
at the tool-chip interface during metal cutting is unfeasible due to phys-
ical inaccessibility. Temperature is hence often estimated indirectly
through mathematical models, simulations, or measurement of related
parameters [14]. The primary factors causing temperature increase are
the dissipation of the plastic energy and the friction between the chip
and the tool, which directly determine the cutting forces. An estimation
of the temperature must hence start from the modelling of the solid
mechanics characteristics of drilling cutting [15].

The prediction of machining forces in drilling has been exten-
sively studied using empirical, mechanistic, and Finite Element Meth-
ods (FEM). Empirical models were initially developed to investigate
the relationships between thrust force, torque, and the drilling parame-
ters [16,17]. While these models provided valuable insights, they were
limited by their reliance on regression-based fitting and lacked physical
understanding of the process. Mechanistic approaches subsequently
improved upon empirical models by incorporating detailed process
kinematics and assuming that cutting forces are proportional to the
uncut chip area or chip load [18], all of which are grounded in the foun-
dational model proposed by Oxley [19]. This method requires fewer
calibration experiments and offers better accuracy across a broader
range of conditions because of its background in process physics. For in-
stance, Chandrasekharan et al. [20] utilised a mechanistic approach to
model cutting forces and predict thrust and torque in drilling processes,
specifically addressing the dynamics of Fiber-Reinforced Composite
Materials (FRCM). Their model accounted for parameters such as chip
load, chip thickness, and cutting angles, which remain consistent across
metals and FRCM. The finite element method directly simulated the
3D chip deformation and breakage [18]. Despite being computationally
intensive and time-consuming, FEM approaches are the most accurate
and require experimental data only for validation purposes.

Also, the cutting temperature evolution was directly investigated in
the literature with the different approaches just described. Analytical
methods predict temperature using process parameters or measure-
ments from adjacent areas, such as the chip or workpiece. Despite
their computational efficiency, these methods require simplifying as-
sumptions, which introduce errors, and involve high mathematical
complexity [21]. Empirical methods involve experiments to model the
relationships between input parameters (e.g., cutting speed, feed rate)
and outputs like cutting forces or temperatures. These methods are
constrained by the need for experimental data and assumptions [21].
Numerical methods, such as FEM, simulate the thermal field in machin-
ing with fewer assumptions than analytical methods. While highly ac-
curate, these approaches demand substantial computational resources
and extensive experimental inputs [21].

Strenkowski et al. [22] exemplified this by developing a finite
element model for drilling, representing the drill cutting lips as a series
of oblique sections. Using an analytical model for oblique cutting, they
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calculated three-dimensional cutting forces at each section to predict
thrust and torque under various operating conditions. Their model
was validated both through drilling experiments on AISI 1020 steel
using high-speed steel drills with different diameters and feed rates
and by comparing torque predictions with published data. These results
confirmed the reliability of FEM in predicting both thrust and torque for
drilling applications. Patne et al. [23] combined analytical, numerical,
and empirical methods to estimate temperatures during the drilling of
titanium alloys. After determining heat partitioning analytically, they
used FEM simulations to model the thermal field and validated results
with infrared (IR) camera measurements and thermocouples embedded
in the drill. Their findings highlighted the relationship between cut-
ting speed, feed rate, and temperature distribution in the workpiece.
Segurajauregui et al. [24] focused on quantifying heat transfer during
drilling operations. They found that higher cutting speeds reduced the
heat transferred to the workpiece, while lower feed rates increased it.
Using FEM simulations and IR measurements, they predicted distortions
caused by heat input during machining. Fleischer et al. [25] developed
a mathematical model to simulate the input heat flux for FEM-based
distortion analysis during machining with Minimum Quantity Lubrica-
tion. They showed that surface heat flux depends linearly on cutting
speed and tool diameter, while its relationship with feed rate follows
a polynomial or exponential trend. Experiments with thermocouples
revealed that heat generation varies significantly with tool wear and
cutting parameters. Kumar et al. presented a CFD-FEM model for
simulating the cryogenic drilling of Titanium alloys [26] to investigate
the temperature distribution under various cooling strategies.

Nevertheless, no research provided insights into the mechanics of
peck drilling and the associated thermal analysis. With this scope, a
predictive approach for the estimation of cutting forces and tempera-
tures for peck drilling operation is proposed, based on the integration
of an analytic model for the forces estimation with two different types
of thermal analysis (Section 2.1). For this purpose, the orthogonal
mechanistic model of Lalwani et al. [27] for orthogonal cutting is
extended to oblique cutting to study the phenomenology of the drilling
process. Lalwani et al. modified Oxley’s predictive model [19] to in-
clude the Johnson and Cook flow stress material model. This provided
an analytical framework for chip formation and cutting force deter-
mination in orthogonal cutting, incorporating assumptions about the
shear zones, strain rates, and the effects of temperature on flow stress.
Since drilling is an oblique cutting process, we introduced a third force
component to extend Lalwani’s model for peck drilling, drawing on the
works of Minukhin [28] and Altintas [29] (Section 2.1.1). Furthermore,
two alternative approaches are conceived to estimate the workpiece
temperature evolution. An analytic model (Section 2.1.2) is conceived
based on the heat solution for a conical moving heat source, starting
from the work by Shi et al. [30]. The solution was extended from
the hypothesis of an infinite to a semi-infinite medium by mirroring
heat sources to analyse a workpiece, with non-negligible boundary
effects. A thermal Finite Volume (FV) analysis is also carried out and
described in Section 2.1.3. Finite Volume differs from Finite Element in
the discretisation methodology adopted. The use of FV in the machining
sector is, up to now, limited to the study of the fluid dynamics of
the working fluid in various processes [31-33], while its application
to model temperature evolution in the drilling process is a novelty
in the literature. A side to the advantages deriving from a 3D anal-
ysis, which are comparable to the FEM modelling, this discretisation
methodology is at the base of Computational Fluid Dynamics, hence
it is interesting for integrating the effect of the lubrication strategy in
a coupled thermal simulation. This potentiality is possible since the
simulations are performed in OpenFOAM, an open-source software that
keeps both solid and fluid dynamic solvers. A similar simulation tech-
nique was previously proposed by the authors for cryogenic orthogonal
cutting [34].

The developed model is specifically designed for applications where
global machining parameters and workpiece thermal response are the
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Fig. 1. Overview of the numerical methodology.

primary concern, rather than detailed chip morphology. Finite Ele-
ment (FE) modelling can accurately capture chip formation mecha-
nisms [35]; however, this approach inherently requires extremely fine
spatial and temporal resolution. As a consequence, simulating a peck
drilling process through FEM would demand modelling physical times
on the order of tens of seconds and a computational domain several
orders of magnitude larger than the chip itself. These requirements
render full FE simulation of multi-peck drilling cycles computationally
prohibitive, making the approach impractical for engineering design
and process optimisation studies. In contrast, the methodology pro-
posed in this work achieves a similar level of insight at a fraction of
the computational cost when the objective is to investigate temperature
evolution in the workpiece and the influence of process parameters. The
FVM-based simulation requires approximately 3000 s per processor,
while the analytical model completes in about 60 s. This efficiency
enables parametric studies, process optimisation, and rapid evalua-
tion of multiple drilling strategies, capabilities essential for industrial
implementation.

The developed numerical methodology is supported by an experi-
mental campaign for validation purposes, varying both the operating
conditions and the drilling-bit (see Section 2.2.2). The proposed model
proved to be reliable in a wide range of cutting velocities and feed
rates, both for the forces and the temperature estimation (Section 3).
Conclusions are drawn in Section 4.

2. Materials and methods

This section describes the conceived simulation framework (Sec-
tion 2.1) and the experimental apparatus conceived for its validation
(Section 2.2). The modification made to the Lalwani model [27] made
to study oblique cutting and the analytic and finite volume thermal
models are described. Followed by the description of the experimental
setup and the data acquisition system.

2.1. Numerical model

Thermal power originates from the dissipation of plastic deforma-
tion energy and friction between the chip and tool, necessitating a
mechanistic model for its estimation. This thermal power, proportional
to the mechanical cutting power, serves as input to thermal models for
temperature prediction. The proposed methodology, illustrated in Fig.
1, follows this sequence: (1) the mechanistic model for oblique cutting
computes cutting forces and power, (2) the resulting cutting power is
scaled by a partition coefficient and applied to the thermal models
with a time-varying profile consistent with the peck-drilling strategy
to estimate workpiece temperature.
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The modelling framework relies on the following key assumptions,
detailed in subsequent sections:

Drilling is modelled as an oblique cutting process;

Cutting forces and power are assumed constant during the active
(engagement) phases of each peck;

Heat transfer to the workpiece is represented as a fraction of the
total cutting power, determined by the partition coefficient;

The peck-drilling strategy is incorporated through time-dependent
thermal power and drill displacement inputs to the thermal
model;

The analytical thermal model treats the workpiece as a continuous
solid throughout the process, neglecting material removal. Conse-
quently, heat propagates bidirectionally, both downward into the
uncut material and upward through previously machined regions;
The heat generated by the friction between the drill bit and the
hole wall is neglected.

The mechanistic model is inherently steady-state and thus does not
directly account for the peck drilling strategy. This assumption does
not limit the validity of the modelling strategy, since mechanical tran-
sients are very fast and the cutting power reaches steady-state almost
immediately during the active phases of the pecks. This behaviour is
visible in the measured forces and power temporal evolution (Fig. 10),
which exhibit a square wave profile, aside from secondary oscillations.
The power input is active and equal to the cutting power scaled by the
partition coefficient during the engagement phase of each peck and null
during the retraction periods.

2.1.1. Mechanical model

Cutting processes can be distinguished between orthogonal and
oblique depending on the angle at which the cutting tool approaches
the workpiece. While in orthogonal cutting the cutting edge of the tool
is orthogonal to the cutting speed (V), in oblique cutting the cutting
edge falls at an arbitrary angle to the cutting speed [29]. Indeed,
drilling falls in this second category. Because drilling is inherently a
three-dimensional machining process, the conditions vary along the
cutting edge. As a result, an oblique cutting model cannot be directly
applied, since the effective cutting angles change along the cutting
lip. However, the cutting edge can be decomposed into infinitesimal
oblique cutting elements in which the tool geometry and cutting angles
can be considered locally constant, making the application of oblique
cutting theory mathematically valid. The global cutting forces can then
be obtained by integrating the infinitesimal forces over the cutting
edge. In practice, the cutting edge is discretised into a finite number
of Elementary Cutting Tools (ECTs), and the oblique cutting model is
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-

evaluated for each of them. Finally, by performing a global force and
moment balance along the drilling edge, the overall drilling forces and
power consumption can be estimated. This approach was validated in
literature both for drilling [23,36] and milling [37,38] operations.

A mechanistic model was developed to analyse peck drilling by
extending the predictive machining framework for orthogonal cutting
proposed by Lalwani et al. [27] to an oblique cutting configuration.
Predictive machining models offer a simplified yet physically grounded
representation of the stress and strain fields during cutting. They are
based on the Oxley theory [19], a thick shear zone model for cutting
which includes the effects of strain hardening, strain rate and tempera-
ture on the material properties. The deformation of the chip is assumed
to occur in the Primary Shear Zone (PSZ), which runs parallel and
equidistant to the primary shear plane, defined as the plane with the
maximum shear stresses. A secondary shear zone exists at the tool-chip
interface, which is assumed to be of constant thickness. Oxley’s theory
employs a power law formulation for the flow stress field. However,
this formulation was applied only to a limited number of materials,
thereby limiting its applicability. Lalwani [27] modified this theory by
replacing the Johnson Cook flow stress model (Eq. (1)):

20-(=))

to the power law. Where ¢ is the plastic flow field, ¢ is the strain,
¢ is the strain rate, T, is the ambient temperature, T,, is the melting
points and A, B,C,n, m are experimental coefficients. In this way, the
effects of the material temperature and strain rate on the flow stress
are considered. Furthermore, a large database exists for this flow stress
model, making it applicable to a wider range of materials.

The numerical model employs an iterative procedure that calculates
the stress state within the primary and secondary shear zones as a func-
tion of: (a) the primary shear angle (¢), which defines the orientation
of the primary shear plane; (b) strain-rate constant C, at shear zone,

0'=(A+Be")<1+Cln (€D)
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\ \
-
s
Fig. 3. Geometry and angles associated with the drill bit. Cutting forces
generated during drilling.

hence the ratio of shear plane length to thickness of the primary shear
zone and (c) strain-rate constant § at tool—chip interface, hence the ratio
of the thickness of secondary shear zone to chip thickness.

Convergence is achieved when the applied forces are in equilib-
rium with the internal stress state of the material, and the condition
corresponding to the minimum energy required for the creation of the
chip is therefore achieved. In particular, the optimal value of the three
parameters is achieved when:

* ¢ is such that the shear stress z;,,, determined from the component
of the resultant force parallel to the tool-chip interface, matches
the shear flow stress k in the chip material at the interface.
Where:

F 1 éint Tint_Tw "
= kg = — (A+Be" ) (1+cm 22 ) (1 (t—e) ),
int hw chip \/3( Emt)( n é() >< <Tm_Tw
(2)

+ C, guarantees that the normal stress at the tool-chip interface, cal-
culated to the force component normal to the tool-chip interface,
matches the inner normal flow stress;

+ § corresponds to the minimum cutting force condition.

chip

With reference to Fig. 3, the following trigonometric analysis has
been performed to extend this model to oblique cutting.

A web angle 9 is introduced, generated between the cutting lip and
the radial line connecting the drill bit centre to a generic point P of the
cutting lip [28,29], defined as:

3

where w is the half-web thickness, and r the generic radial coordinate
of point P.

The helix angle g,, computed at point P, is a function of the nominal
helix angle g, (at r = R) as follows:

. w
sind = —,
”

tan g, = % tan f,

4

where R is the drill bit radius [28]. Two oblique angles can be com-
puted starting from 9 and the drill bit half taper angle «,. The incli-
nation angle i and the reference angle ¢ are thus defined as [28,29]:
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sini = sin 9 sink;,,

()

tane = tan J cos k;.

It is thus possible to compute the uncut chip thickness 7, through
Eq. (6) [28], based on the feed per revolution ¢, which is an input
parameter of the model:

©

The dynamic rake angle, a fundamental angle for oblique cutting,
is introduced [28,29]:

c .
= ESIHK[ COSE.

ng,

)

ta
tany, = (cos 9 + sin 9 tan § cos? K,) — tan § cos ;.

t
For low feed drilling applications, the dynamic rake angle can be
simplified and assumed equal to the static rake angle.

Three infinitesimal cutting forces components are generated at the
infinitesimal cutting lip at point P. Such components are aligned to the
tangential, radial and cutting directions of a frame aligned with the
infinitesimal cutting lips, and are identified with an overline in Fig. 3.
Their expressions are shown in Eq. (8) and they are function of the
reference ¢ and inclination i angles reported in Fig. 3 [28]:

df, = dF,cose —dF,sine,
df, =dF,cosi —dF,sini,

dF,=dF.cosi—dF,sini.

(€©))

The cutting dF, and dF, components of forces are assumed to be
independent of the inclination angle i. This assumption was widely
adopted in literature starting from experimental observations in [39].
The authors observed that for a given normal rake angle, these forces
were very nearly independent of the inclination angle [40]. Such an
assumption found applications in different works, such as [41], which
made the basis of several later developed methods. Indeed, the cutting
and tangential forces can be computed with the orthogonal cutting
formulation, following Lalwani et al.’s work [27] (and the central part
of Fig. 2). The radial force component dF,, the only one missing, is
derived from dF,, dF,, v, and the friction angle g, [28]:

dF, = 4/dF? + dF?sin f, cos y, tani.

According to Stabler’s rule [42], the chip flow angle n was con-
sidered to be equal to the inclination angle i. Stabler’s rule is widely
adopted and agreed upon in the literature of oblique cutting pro-
cesses [40]. Nevertheless, some extensions or alternative formulations
may be adopted in case of different workpiece materials [43] and
cutting conditions (e.g., cutting speed) [43,44], or taking into consid-
eration the normal rake angle [45]. Finally, the thrust force generated
on the infinitesimal element of the cutting lip is:

9

dFy, g = dF, sink, — dF, cos k,. (10)

Being the above quantities defined at a generic point P, they are
all functions of the radial distance r from the drill bit centre. Indeed,
cutting angles and the cutting velocities change moving along the lip,
since the peripheral velocity grows with the radius and the lip geometry
changes. It follows that the forces distribution is not uniform, and to
correctly describe this behaviour is necessary to split the cutting lip
into n, finite parts named Elemental Cutting Tools (ECTs). The oblique
cutting model is then applied to each ECT. The global quantities are
hence retrieved with a global force balance. The number of ECTs con-
sidered derives from a trade-off between accuracy and computational
efficiency (in this paper, the cutting lip was discretised in n, = 8 ECTSs).

The total thrust force F,, generated on the tool accounts for two
terms: the lip contribution, described above, and the chisel contribu-
tion. The chisel contribution is devoted to material indentation and can
be defined as follows [29]:

Fth,ch = AchI{b7 (11)
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Fig. 4. Dependency of partition coefficient from cutting velocity and feed rate.

where H, is the Brinell hardness of the drill bit material and A, is the
indentation area associated with the chisel edge, and computed from
the chisel edge angle y, as in [29]:

2wf

o= 12)
sin (7 — y, ) cos k,
The total thrust force results:
R ",
Fip = Fipen + 2/0 dFypip ® Fpen +2 z AFy, ;- 13)
j=1
Moreover, the total cutting torque is computed as:
R ne
c,=2/ rdF, ~2 ) r,AF, . a4
0 P
Jj=1

Hence, the total drilling power is defined as the sum of the thrust
and cutting powers:

Py =P. + P, =Cw+ F,V,, (15)

where o is the angular velocity of the drill bit and V, = 2zoc is the
feed speed.

At last, it is possible to define the thermal energy dissipated during
drilling. A partition coefficient g is defined to determine the portion of
heat flowing either into the workpiece or in the chip-tool pair:

Pd = (Pd,chip + Pd,rool) + Pd,wp = ﬂPd +(1 _ﬂ) Pd' (16)

The definition of the partition coefficient g is challenging, and
it is normally correlated to the cutting parameters. Segurajauregui
et al. [24] derived this parameter by matching experimental tempera-
ture values with FEM simulation. They found that it ranged between 6
and 53% and decreased both with the cutting velocity and the feed rate.
Another approach was carried out by [23], where the heat exchanged
with the workpiece is computed as the sum of the energy generated on
the shear plane and the contact between the flank face of the tool and
the finished workpiece surface. The approach employed in this work is
based on an analysis of the experimental campaign conducted by [24].
In that study, twenty drilling tests on aluminium were performed,
considering five cutting velocities (ranging from 50 to 300 m/min) and
four feed rates (from 0.15 to 0.5 mm/rev). Based on the experimentally
derived partition coefficients, a logarithmic correlation was developed
in the present work to relate the partition coefficient to both feed rate
and cutting velocity. The resulting logarithmic fit accurately reproduces
the experimental data, achieving an R2 value of 0.987:

B =Ky-In(V)+K, -In(c) + K, = —0.202 - In(V') = 0.175 - In(c) + 1.003. (17)

The fitting is presented in Fig. 4
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solution integration over the drill bit surface.

2.1.2. Analytical thermal model

The analytical thermal model conceived for peck drilling was for-
mulated leveraging the work by Shi et al. [30]. The drilling operation
here is approximated as a moving non-dimensional heat source that
conducts heat in a solid domain. The heat equation for a stationary
point source is the following [46]:

0 [ e-xP+o-y)+GE-z
@rani2 P dar

T(x,y,z,1) = s (18)
where x,, y, and z; are the point source coordinates, « is the thermal
diffusivity and Q is the source heat expressed as f—;:[K m3], where E,,
is the released thermal energy released instantaneously at ¢t = 0, p is
the material density and < the specific heat capacity. T(x, y, z,1) is the
temperature field generated by the point source in the infinite solid
medium (i.e., the workpiece).

For peck drilling, the solution has to be generalised, since the heat
source is not stationary but is moving inside the workpiece. So, the axial
position coordinate z, has to be described as a function of the generic
release time 7,:

zg = f(ty) = z,(15) + 2, 19)

where z; is the initial source position and z, is the generic source
displacement at time 1.

Moreover, the heat source must continuously (or intermittently)
release heat inside the workpiece. This is accounted through the super-
position principle, thus integrating Eq. (18) with respect to time, and
including in the formulation Eq. (19). Therefore, the temperature field
equation becomes:

q(,)

i Cx )2 _y )2 _ 2
T(x,y’z,t):/ ex = x) A O—y) (-2
0 pe, (4ra(t —1,))

da(t —1,)

o dr,,

(20)

where ¢(7,) is the thermal power released by the point source at time
instant 7, and we assume that the power is generated from time instant
0 to 7. Since the thermal power during cut is generated on the drill bit
surface (which can be considered conical over a drill bit revolution),
the solution must be generalised on a 2D surface.

The solution in Eq. (20) is considered to be released on an infinites-
imal conical element at a generic radius r from the drill bit centre.
With reference to Fig. 5, the infinitesimal conical element has area dA
computed as:

rdyd{

A= cos(x,)’ (21)

where ¢ is the axial position of the infinitesimal conical element from
the drill bit reference system coordinate z,. y is the circumferential
position of the infinitesimal conical element from x,.
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Indeed, the final solution in an infinite medium is obtained by
integrating (Eq. (20)) over the conical surface of the drill bit:

t h 2r
T(x,y,z,1) =/ / /
0o Jo 0

(x=x)* + (= y)* + (2 = z,(1,) = {)?

4a(t —t,)
where r = (h — {)tan(k,); x, = rcos(y) and y, = rsin(y); S = wRa is the
lateral area of cone and a is the cone apothem. Eq. (22) refers to the
temperature field generated by the drill bit cone centre in (x,, y,, z,(t,)),
releasing heat from time f; = 0 to time 7, = 7, in an infinite work-
piece. This means that ¢(¢,) can be computed as the fraction of power
introduced into the workpiece ¢(t,) = (1 — ) P,(t,). The introduced heat
is modelled as a flux computed by dividing the cutting power by the
cone area S, thus representing the average heat exchanged between the
drill and the workpiece over a complete revolution. By imposing this
average heat transfer, temperature fluctuations near the drill cannot
be captured; however, due to the thermal inertia of the material, these
fluctuations are highly localised near the cutting edge and have a negli-
gible effect on the overall temperature field. As a result, this approach
provides an accurate representation of the workpiece temperature. A
similar modelling strategy has been previously employed for drilling
thermal analyses (Patne et al. [23]).

q(tor
pe,S cos(k,)(dra(t —1))3/?

(22)
dydcdr,,

exp [—

Semi-infinite medium. Eq. (22) is valid in the hypothesis of an infinite
solid workpiece. That is not true for the analysed case and in general
when the volume of the workpiece is not negligible (see Section 2.2).
Since the holes of Section 2.2.2 are performed close to the edges of
the workpiece to facilitate temperature measurements, boundary con-
ditions must be introduced at workpiece surfaces. To do so, mirrored
virtual heat sources are be placed in the system. This approach allows to
introduce adiabatic and isothermal boundaries in the problem. Virtual
mirroring is performed with respect to the boundary surface to be
introduced in the model. In Fig. 6, an illustration of the application
of adiabatic and isothermal boundary conditions is shown, as well as
the combinations of heat sources required to achieve these conditions.
When an isothermal boundary surface must be introduced, the virtual
heat source is introduced with negative power. Indeed, this source
becomes a heat sink because the net flux moves from the real heat
source to the virtual heat source. Since the real heat source produces
a temperature field on the boundary surface equal in magnitude but
of opposite sign with respect to the field generated by the heat sink,
the net temperature increase on the boundary surface is null. When
an adiabatic boundary surface is instead considered, a positive power
virtual surface must be introduced. In this way, the two fluxes across
the mirroring surface are equal and opposite, generating a different
temperature field. In the analysed case (Section 2.2), the workpiece is
considered limited in two directions and infinite along the remaining
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Fig. 7. Mirroring heat source scheme of the analysed case. The real source
term is located in the centre. Blue sources are heat sinks, red are positive

sources.

axis. The workpiece upper surface is considered adiabatic, as well as the
two lateral surfaces (no heat exchange towards air is considered). The
bottom surface is considered isothermal because it is in contact with the
dynamometric table and consequently with the pallet (considered with
infinite thermal inertia). Referring to Fig. 7, HS-original thus represents
the real heat source, whereas others are all virtual and mirrored heat
sources.
The temperature field in the finite medium is obtained by superpo-
sition of the temperature field of each source j (real and virtual):
g
Ty y, 2.0 = 3 T)(x,y,2,0),
J

(23)
where n, is the total number of real and virtual sources.

2.1.3. Finite volume thermal model

The finite volume approach is a method for representing and eval-
uating partial differential equations (PDE) in the form of algebraic
equations. It uses a volume integral formulation of the problem with
a finite partitioning set of volumes to discretise the equations. It is the
methodology most used in Computational Fluid Dynamics, however, it
is suitable for every physical problem that is based on the definition of
a set of transport equations, as the heat transfer problem in analysis. In
the specific case, the physical quantity that must be transported in the
domain is the energy, and in particular, the enthalpy A. This transport
equation is written as follows:

dph

=A@ D) =V (Phdyeg) = S (X))

where « is the thermal diffusivity, p the density, ¢,,.,, is the mesh flux
on finite volume faces, defined as the scalar product between the face
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Fig. 8. FV numerical domain. Two time instants are represented to highlight
grid motion. The patch of application of thermal power is highlighted by
arrows.

velocity and its normal vector, and S, is a general source term. The
third term of the equation, referred to as the mesh flux correction,
accounts for the heat flux associated with the removal of material due
to mesh motion. It is defined as the product of the density, the energy,
and the mesh flux, the latter representing the surface flux component
induced by mesh deformation. This correction compensates for the
mesh motion to prevent non-physical heat fluxes from appearing within
the workpiece.

The first step of the simulation pre-processing is the definition
of the numerical domain. As shown in Fig. 8, which represents the
mesh with the boundary conditions at different steps of the drilling
process, symmetric geometrical characteristics are exploited to reduce
the computational cost of the analysis: only one quarter of the drilled
hole is modelled, and symmetric boundary conditions are applied along
the planes of geometrical symmetry (planes AD and DC). In the present
physical problem, these symmetry conditions correspond to a null nor-
mal enthalpy gradient. An adiabatic boundary condition is applied to
the plane where the experimental domain is truncated (plane AB), this
is justified because the surface is sufficiently distant from the thermo-
couple location. No tool-drilling hole wall friction and/or heat transfer
model has been adopted in this work; hence, an adiabatic boundary
condition is applied in correspondence with the drilling hole walls.
In addition, a convective boundary condition is imposed on the faces
representing the end of the workpiece (plane BC). The thermocouple is
positioned on plane DC. The starting mesh is purely hexahedral, and it
is set to have a refined and homogeneous cell size in correspondence to
the drilling wall to have a correct simulation of the temperature field
and thus a reasonable comparison with the experimental measurement.
To account for material removal, the mesh is deformed according to
the imposed cutting profile, an example of which is shown in Fig. 1.
The deformation is implemented by prescribing a displacement to the
boundary faces corresponding to the drill bit head (edges EFG in Fig.
8). As a consequence, the surrounding mesh adapts to accommodate
the resulting geometric variation. The deformation is computed using
the displacementComponentLaplacian algorithm, which determines the
mesh point displacements by solving the cell-centre Laplacian for the
prescribed motion direction. Since the mesh is only deformed and there
are no topological changes (addition or removal of mesh layers), the
number of cells remains constant during the simulation.
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Fig. 9. Mesh sensitivity analysis result on operating condition ID. 1. Temper-
ature sampled on thermocouple location.

Table 1

Mesh sensitivity analysis statistics.
Mesh Coarse Refinement 1 Refinement 2
n. cells 29870 170000 806 490
Min. cell Volume mm? 1.05e-3 6.45e—3 1.32477e-5
Max. cell Volume mm?® 4.84e-1 5.9e-2 1.83e-2
Max. cell Volume mm? 7.19e-2 8.9e-3 2.63e—3
Max non-orthogonality 7.54 7.65 7.68

Regarding the discretisation schemes, an Euler scheme is applied
for the time derivative, while linear discretisation schemes are used for
the divergence and Laplacian terms. The heat released by the cutting
process, obtained from the mechanical cutting model, is applied to the
lip boundary patch (patch EF) as a time-dependent imposed heat flux
boundary condition. The applied heat flux is active and computed from
Eq. (16) during the drilling phase, while it is set to zero when the drill
bit retracts and returns to the workpiece surface.

The final mesh size was selected based on a mesh sensitivity analy-
sis. Specifically, three meshes containing 29870, 238960, and 806490
cells were tested under one operating condition. The meshes were
generated by uniformly scaling the number of cells in all three spa-
tial dimensions, and their statistics are summarised in Table 1. The
simulations were performed for operating condition ID 1 (conditions
presented in Table 3), and the analysis was based on the temperature
evolution at the thermocouple location. As visible in Fig. 9, the three
meshes produced comparable results, particularly for the two finer
grids. Therefore, the mesh with the first level of refinement was selected
for the subsequent analyses, as further refinement did not significantly
improve the accuracy but led to a substantial increase in computational
cost.

2.2. Experimental setup

Experiments consisted of a set of drilling tests performed using a
Mandelli M5 machine tool. The 4-axis machine tool has a horizontal
spindle with a maximum speed of 7000 rpm, a maximum torque of
120 Nm, and a maximum power of 65 kW. Each hole was machined
following a peck drilling strategy characterised by 5 pecks, in dry
conditions. The position and speed of the drill bit for the peck drilling
strategy are represented in Fig. 10 (top). The drill bit is first placed at
100 mm from the workpiece. The cycle starts with rapid speed reaching
40 mm from the workpiece. The drill bit approaches in rapid the dwell
position at 4 mm from the surface. Here, the peck 0 (performed in air)
is done at a lower feed rate compared to the nominal experiment feed,
and it has the purpose of creating the centring mark. The remaining 4
pecks (identified Fig. 10 through enclosed numbers), the focus of our
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Table 2

Twist drill parameters.
Parameter Symbol Value
Cutting edge diameter 2R 8.8 mm
Cutting edge length L, 35 mm
Overall length A 89 mm
Projection length I 47 mm
Shank diameter (h6) d, 10 mm
Taper angle 2k, 140°

analysis, are 3 mm deep, for a total depth of the hole of 12 mm. After
each peck, the drill bit stands still within the hole for 0.7 s, then exits
the hole to evacuate the chip, returning at 4 mm far from the surface.
After the last peck, the tool exits directly in rapid mode at the safety
position of 40 mm from the surface and then at 100 mm.

10 holes were machined on the surface of the AISI316L workpiece,
which was shown in Fig. 11 and whose properties are reported in
Section 2.2.3. The workpiece exposes a surface where up to 18 holes
can be drilled (Fig. 11(b)). Each hole is positioned at 6.7 mm from the
side and has a diameter 2R = 8.8 mm, corresponding to the drill bit
diameter. The distance between two subsequent holes is 13.1 mm. On
the side of the workpiece, micro-holes were pre-drilled in correspon-
dence with the holes’ axes. Micro-holes were drilled 8.3 mm far from
the surface of the workpiece. Such micro-holes were used as positioning
slots for a thermocouple, with the aid of a support comb (see Fig.
11(c)). With a depth of 2.1 mm, micro-holes allowed to position a
thermocouple at 0.2 mm from the experimentation hole, in the middle
of the third peck (Fig. 11(b)). Positioning the thermocouple so close
to the drilling hole allows sampling of temperatures representative of
the maximum temperature reached inside the domain, a parameter that
directly affects machining quality indicators such as hole distortion.
The location of the thermocouple with respect to the signals is also
shown in Fig. 10.

A particular tool holder offered by Giihring was employed to reduce
the impact of tool run-out. Two solid carbide drills A3293TTP-8.8 with
AITiN coating, provided by Walter, were used for the experimental
tests, whose characteristics are listed in Table 2. In order to apply
the method, the rake angle of the drill bit should be computed along
the radial coordinate. To do so, it is possible to apply the method for
general twist drill bits provided in the work of Minunkhin et al. [28].
Nevertheless, Walter drill bits featured a ground chisel surface. Exper-
imental identification of the rake angle at the centre and at the outer
part of the lip was carried out through a Keyence VHX7000 digital
microscope. The results of the identification were used to tune the
initial and final value of the drill bit rake angle, while the trend along
the radial coordinate was determined through the use of the general
twist drill method in [28]. The resulting drill bit rake angle profile and
consequently the inclination and reference angles are shown in Fig. 12.

2.2.1. Data acquisition system

The data acquisition system is composed of a NI cDAQ9174, capable
of acquiring different quantities associated with the drilling process.
The data acquisition system was connected to a DELL laptop equipped
with Labview.

As shown in Fig. 11(a) a Kistler 9265 A dynamometric plate was
placed underneath the workpiece, to measure the thrust cutting force
generated by the drill bit on the workpiece. The measurement of
drilling temperature was carried out by means of a workpiece-embedded
thermocouple Tersid MTS-15000 Series Type K ¢ 0.5 mm with isolated
junction, covered with an Inconel-made sheath and insulation with
magnesium oxides. The positioning of the thermocouple was aided by
the use of the support comb shown in Fig. 11(a) and 11(c). A spring
included between the comb and the thermocouple guaranteed repeat-
able positioning of the thermocouple within the micro-hole. Electrical
spindle power P, was acquired through a power meter. The adopted
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sampling frequency was f, = 20 kHz. This frequency was necessary to
minimise the aliasing effect due to the electrical measurements carried
out on the electrospindle. In fact, the electrospindle is controlled
through Pulse Width Modulation (PWM). The voltage signal provided
to the electrospindle (i.e., the first signal to be acquired) is therefore
a square wave, including high-frequency harmonics. To measure it
correctly, a high acquisition frequency allows for measuring the voltage
signal spectrum.

The spindle active power P,(r) was calculated in real-time as:

Pi(0) = i,(0)v, () + ir (D0, (1) + i5(D)v3 (1) (25)

The three-phases voltages (v, v,, v3) and the corresponding currents
(i, iy, i3) were acquired through the properly designed power meter.
Each current was measured using a sensor based on Hall’s principle
(LEM LF205 — S/SP3).

Signal filtering was applied to the high-frequency spindle power,
and to the other quantities, i.e., thrust force F,,(r) and workpiece tem-
perature T,,,(¢), with a time interval 4z = 0.05 s. Indeed, the resulting
acquisitions were acquired at a sampling frequency of 20 Hz. This is
mainly needed to measure the effective power provided to the spindle
(i.e., the one required by the process), and not the one instantaneous
one (i.e., the one needed to control the electrospindle).

Py, is the total spindle power drawn from the network. Thus, it is
necessary to divide the total power into two contributions:

P, () + Py(1)

Py =
S

(26)
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where P,,.(7) is the mechanical power required to run the spindle at the
specified spindle speed, without cutting; #, is the electrical efficiency of
the spindle that considers the specific working condition of the spindle,
see also Albertelli [47]. To derive the mechanical power P,(r) required
by each peck of the drilling strategy, it was necessary to estimate P,,.
For each drilled hole, as shown in Fig. 10 (bottom), P,;. was estimated
as the mean power in the safety region (identified by vertical dashed
magenta lines) when the drill bit was far away from the workpiece.
Cutting torque was also computed starting from the mechanical drilling
power, as:

60P,(f)
2rw
where w is the spindle speed in rad/s.
It was then possible to compute F/,”, C;*" and P;*” by averaging
their values over each peck p (separated by dash-dotted green lines in
Fig. 10 (bottom)), and then on the pecks:

C,t) = 27)

4
1 p—
exp _
L 4 Z Finp
p=1
| =
= Y.<, (28)
p=1
1 4
exp __ D
P = > Pu,

=
T

Finally, real-time data associated to axis position and velocity of
the linear axes and the spindle were acquired through the SinuCom
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Fig. 11. Conceived drilling experimental setup details.

NC acquisition system from Siemens. This system was used to access
and store quantities from the numerical control of machine tools at a
frequency of 250 Hz.

2.2.2. Experiments

In order to validate the proposed methodology, a set of experiments
was designed. The objective was to assess the prediction capabilities
of the conceived numerical model under different combinations of
feed rate per revolution (¢) and cutting velocities (V). A set of 10
holes was performed on the workpiece described in Section 2.2. The
experiments were generated with a full-factorial design (2%+1). k stands
for the number of parameters varied in the design, i.e., ¢ and V. Each
parameter is tested on 2 levels. Moreover, a central point was added
with average feed ¢ and cutting speed V values. All the tests were
replicated twice, and the replicates were carried out on two identical
drill bits. Randomisation was performed to minimise the impact of
confounding variables, such as the border effect. The sequence (and
location in the workpiece) of the 10 holes was randomised to minimise
the border-effect influence on the measured physical quantities. The
resulting DoE campaign was shown in Table 3 (odds test IDs are made
with the first drill bit, evens with the second):

Explanatory trends of measured workpiece temperature were shown
in Fig. 10(top), while trends for thrust force and acquired power were
shown in Fig. 10(bottom). The values of the experimental thrust force
and cutting power characterising the drilling process were computed as
the mean of the values related to the four cutting phases of the tool.

2.2.3. Framework generalisation and material characterisation
The modelling framework proposed in this work is applicable to
any drilling configuration. The predictive machining model utilises the
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Johnson-Cook flow stress model to characterise the material’s consti-
tutive behaviour during machining and incorporates drill bit geometric
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Experimental tests parameters according to the DoE. ¢ is the feed per revolution, V' the cutting speed, S the spindle speed, F the thrust force. Odds test IDs are

made with the first drill bit, evens with the second.

Test ID ¢ [mm/rev] V [m/min] n [rpm] V; [mm/min] F;7 [N] F7 [N CVpeo [%] Py W] Py W] CVper [%]
1 0.048 40 1447 69 1026 1073 6.19 510 515 1.37
2 0.048 40 1447 69 1120 520
3 0.112 40 1447 162 1720 1945 16.36 1106 1075 4.01
4 0.112 40 1447 162 2170 1045
5 0.048 60 2170 104 1190 1080 14.40 610 691 16.57
6 0.048 60 2170 104 970 772
7 0.112 60 2170 243 1800 1750 4.04 1238 1250 1.36
8 0.112 60 2170 243 1700 1262
9 0.080 50 1809 145 1590 1685 7.97 902 915 2.01
10 0.080 50 1809 145 1780 928

Table 4 Table 5

Material characterisation. Mechanical model results.
Johnson Cook parameters for AISI 316L [48] Test ID Fpip [N] F,, [N] erry, [%] P, [W] P, [W] errp, [%]
A 412 [M Pa] 1,2 944 1028 4.38 491.30 493 4.46
B 761 [M Pa] 3,4 2069 2265 14.13 1080.96 1087 1.10
C 0.038 - 5,6 854 938 15.13 678.35 680 1.62
n 0.510 - 7,8 1602 1798 2.67 1349.08 1353 7.62
m 0.520 - 9,10 1529 1669 0.96 995.75 1000 8.50
Thermal Conductivity [49]
k 9.2848 +0.0157 - T[K] [%]

Heat Capacity Coefficient [49]

C

» 459.32+0.1328 - T[K]

cutting angles. Both thermal models require drill bit and workpiece ge-
ometry as input parameters, while workpiece material thermo-physical
properties are employed throughout all models. Once these param-
eters are identified for a specific drilling operation, users can input
them into dedicated dictionaries, thereby enabling broad application
of the methodology across different scenarios. For substantially dif-
ferent drilling configurations, recalibration of the partition coefficient
(Eq. (16)) may be necessary, as this parameter depends on cutting-
edge design and chip evacuation characteristics. For the methodology
validation presented in this study, the Johnson-Cook model parame-
ters for AISI 316L proposed by Amor [48] were employed, and the
thermal conductivity and heat capacity coefficients were treated as
temperature-dependent linear functions using coefficients proposed by
Kim [49]. Table 4 provides a summary of the material characterisation,
while Section 2.2 and Table 2 describe the drill bit in analysis.

3. Results and discussion

The developed methodology was applied to the cases represented in
Table 3. The mechanistic model results are first analysed, followed by
the validation of the cutting temperature with both the analytic and FV
models.

3.1. Mechanical analysis

The results of the mechanical model in terms of thrust force and
power are presented in Table 5. Since two different drilling holes were
performed under the same conditions, the model results are compared
with the experimental average ¢,,,. To define the accuracy of the
results, a relative error has been defined for each quantity (¢) as:

¢mod - (xbexp

erry[%] = - 100. (29)

exp

The average of the errors is 4.66% for the power and 7.45% for
the thrust forces. The least accurate results are achieved in the tests
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characterised by the highest Coefficient of Variation (CV), defined as
the ratio between the standard deviation (o) and the average value of
the specific quantity:

O,
2 . 100.

CVyl%] (30)
Such variations can be explained by differences in cutting edge ge-
ometry, which arise from machining tolerances and result in slightly
different cutting angles between the tools. Since the lip cuts the major-
ity of the chip and the feed velocity is much smaller than the rotating
one, the contribution of the feed power to the overall mechanical one
is small (Eq. (16)). Indeed, the cutting power is very close to the total
power.

3.2. Thermal analysis

Fig. 10 shows an experimentally measured temperature profile
alongside the corresponding drill penetration, to clarify the evolution
of temperature during the process. The four pecking steps are clearly
distinguishable in the temperature evolution and are slightly delayed
from the drilling profile due to the thermal inertia of the workpiece.
The highest temperature occurs during the third peck, as the tool is
closest to the measurement location, reducing the distance for heat to
diffuse through the material.

In the final peck, a significant temperature increase is measured,
even though the drill bit has passed below the measurement point. This
trend occurs even if the cutting region moves away from the measuring
point due to the friction between the chip and the hole side wall during
its evacuation, as well as heat conduction with the tool. Specifically,
during the chip motion inside the drill bit, the chip is pressed against
the drill wall by centrifugal force, generating friction that dissipates
heat into the workpiece. Additionally, the drill bit becomes increasingly
hot during operation and transfers heat to the hole wall.

This phenomenon is well-documented in deep drilling and leads to
the development of a depth-dependent force component known as the
evacuation force [50,51]. However, the current drilling condition is not
classified as deep drilling, since the depth is only 1.4 times the drill
diameter. Consequently, no significant increase in cutting power with
depth is observed. Still, the portion of this power that is dissipated
thermally into the workpiece is captured by the measurement, as the
thermocouple is located just 0.2 mm from the hole surface.
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Fig. 13. Sensitivity analysis on power partition coefficient.

The partition coefficient § used in the analysis was derived from
Eq. (17); however, it required calibration to fit the specific tools, cutting
conditions and workpiece material, which differed from those in the
original reference. To achieve this, three test IDs—1, 5, and 9 were used
to fit Eq. (17). The fitted coefficients were: K; = —0.111, K, = —0.044,
and K; = 0.602. These values were applied to the remaining tests.
Fig. 13 shows a sensitivity analysis comparing the original database
fitting [24] (Fig. 13(a)) with the tuned fitting used here (Fig. 13(b)).
The new fitting leads to a smaller partition coefficient, which can
be attributed to the different material drilled. The literature analy-
sis was performed on aluminium, while this work examines stainless
steel. Aluminium has a thermal diffusivity approximately four times
greater than stainless steel (97 mm?2/s vs. 20 mm?/s). Consequently,
at constant mechanical power, heat generated in aluminium diffuses
more easily throughout the material. In contrast, heat in steel remains
more localised near the chip, resulting in a larger portion of total heat
being dispersed by the chip. Both fittings follow the same trend with
varying cutting velocity and feed rate, since these parameters affect
heat diffusion independently of the workpiece material. Specifically,
faster cutting reduces the time available for heat to diffuse into the
workpiece, increasing the heat stored in the chip. The resulting parti-
tion coefficients for the specific test conditions are summarised in Table
6, these values align with Fleischer et al.’s literature review on dry
drilling [25], which reports a range from 0.1 to 0.35.

The temperature profiles of the two thermal models and the ex-
perimental measurements are compared in Fig. 15. For each set of
operating parameters, the error function is also represented for both
modelling strategies (Eq. (29)), calculated with respect to the average
between the two drill bit measurements. Given the same operating
conditions, the tests performed using the second drill bit show a higher
temperature than those conducted with the first one. This difference is
attributed to the higher mechanical power demand of the second drill
bit, highlighting the variability inherent in drilling (Section 3.1), even
if the nominal conditions are identical.

By comparing the numerical simulations with the experimental
temperature curves, the drilling operation can be divided into two
phases based on the relative position of the thermocouple and the drill
bit, as illustrated in Fig. 14. In the first phase, when the drill bit is above
the thermocouple, the sensor is embedded within the uncut workpiece
material. Temperature increases in this stage are primarily due to heat
conduction from the cutting zone through the material. In the second
phase, after the drill bit has passed the thermocouple, the sensor is
located near the inner surface of the hole. At this point, secondary heat
sources, such as friction and heat exchange between the chip and the
drill bit, are captured by the measurement system.
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Fig. 14. FVM Simulated temperature profile at different time steps, thermo-
couple location highlighted by black point.

In the first phase of drilling, for all simulated cases and both
models, the calculated temperature profiles well represent the average
experimental measurement. The average error in this region is well
below 10% for all the cases, and it is computed as follows:

1 1(Th1ax)
errp %= . lerry %| dt.
max,FV M t(TMax) 0

(3D

This indicates that both the primary heat source, plastic energy
dissipation, and the heat conduction within the material are being accu-
rately modelled. In the second phase, the models tend to under-estimate
the temperature, since the secondary heat sources described above are
not modelled. A similar trend was reported by Patne [23] in an analysis
of drilling in titanium alloys. In that study, the model overestimated the
temperature at a measurement point located 1 mm from the drilling
hole, five times farther from the hole than in the present work. The
discrepancy was observed only for the thermocouple closest to the hole
and diminished with increasing distance. This observation supports the
interpretation that the temperature rise measured in our experiments is
particularly pronounced because the thermocouple is positioned very
close to the hole wall (0.2 mm). Test case 6 (Fig. 15(b)) represents
the most critical condition due to the significantly higher mechanical
power required by the second drill bit under these specific parameters.

Comparing the predictions of the two models, the largest discrep-
ancies emerge after the drilling head passes the measurement location.
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Table 6
Maximum temperature for computed and measured data.
Test ID p -1 T . °C Tk [°C Tor. °C CVpen [%] erry, v 1% errr, . [%] errp %] errp %]
1,2 0.325 155.81 173.5 188 3.70 17.13 7.72 5.84 3.54
3,4 0.288 177.71 181.53 181.3 2.48 1.98 0.11 4.13 6.41
5,6 0.280 157.82 161.25 178.17 15.01 11.41 9.49 4.44 6.30
7,8 0.243 150.81 135.82 132.78 5.11 13.58 10.4 6.51 8.44
9,10 0.278 179.10 176.34 156.95 3.04 14.11 12.3 7.33 4.64

These differences stem from the distinct model formulations. The ana-
lytical model treats the heat source as a moving bi-dimensional cone,
without accounting for material removal. As a result, it allows heat to
propagate both downward (towards positive z in Fig. 5) and upward
(towards negative z in Fig. 5) within the workpiece. In contrast, the
FVM simulation includes the geometrical effect of the material removal,
which restricts heat conduction primarily to the region below the
cutting plane and only partially towards the side of the hole. Therefore,
once the drill bit moves past the thermocouple position, the FVM
heat source continues propagating downward only. In contrast, the
analytical model allows some heat to conduct upward, towards where
the drill bit should be located and back towards the thermocouple.
This difference causes the temperature to decrease more rapidly in
the FVM simulation compared to the analytical model. Notably, the
experimental temperature curve aligns more closely with the analytical
results, suggesting that thermal interaction between the drill bit and
the hole wall, neglected in the FVM model, plays a significant role.
The analytical model implicitly accounts for this effect through its
symmetrical heat propagation assumption.

To more accurately represent the thermal influence of the tool in the
FVM simulation, a coupled model could be implemented. This would
involve a separate thermal simulation of the drill bit and the application
of a heat transfer boundary condition on the interface between the tool
and the workpiece.

A quantitative comparison between simulated and experimental
data is performed at the point of maximum temperature, hence, when
the cutting edge passes the measurement location. This point is chosen
because it is a key indicator of tool wear and potential dimensional
inaccuracies. As shown in Table 6, the average error in predicting the
temperature peak is 8% for the FVM and 11.64% for the analytical
model.

No clear correlation is observed between the temperature peak and
most operational parameters, except for cutting velocity. The peak
temperature tends to decrease with increasing cutting velocity, a trend
that mirrors the behaviour of the partition coefficient .

This relationship can be attributed to the thermal inertia of the
workpiece. At lower cutting velocities, the feed velocity (V) is also
reduced, leading to a longer exposure time of the thermocouple to
the heat source. Importantly, no direct correlation is found between
cutting power and the maximum temperature in the workpiece. While
cutting power increases with both feed rate and cutting velocity, the
partition coefficient evolves in the opposite direction. This creates
a balancing effect: as power increases, a greater portion of heat is
dissipated through the chip and the drill bit, while a smaller portion
accumulates in the workpiece.

3.3. Computational cost

The computational costs of the proposed models are as follows:
600 s/processor for the mechanical machining model, 60 s for the
analytical thermal model, and 3000 s/processor for the FVM model.
The mechanical model is relatively computationally expensive because
the resolution of each ECT involves three nested loops, and no efficient
optimisation algorithm has yet been implemented, since currently all
possible parameter combinations are tested. There is therefore signif-
icant potential for improvement by introducing more efficient optimi-
sation strategies; even simple methods such as the bisection algorithm
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could lead to substantial reductions in computational cost. Compared to
FEM modelling of drilling, the FVM thermal model enables a significant
reduction in computational cost, as it relies on an analytical model
for the mechanics of cutting and therefore does not require direct
resolution of the chip formation process, permitting the use of coarser
mesh resolution and larger time steps. To provide a comparison of the
computational cost associated with FEM simulations, Yildiz et al. [35]
performed a finite element simulation of a drilling operation and esti-
mated a simulation time of 15-20 days for the chip formation process,
whereas Priest et al. [52] evaluated different FEM methodologies and
software packages for drilling simulation, reporting simulation times
ranging from 38 to 90 h. It should also be noted that the times reported
above correspond to only a fraction of the drilling process, whereas the
FVM model encompasses the entire peck drilling operation.

4. Conclusions

High cutting temperatures in drilling operations can significantly
compromise both tool life and workpiece integrity. This temperature
is affected by multiple factors, including tool and workpiece materials,
cutting parameters, and the application of cutting fluids. Additionally,
the chosen drilling strategy plays a crucial role in thermal management.
This study introduces a predictive model specifically developed to
evaluate the mechanical and thermal behaviour of peck drilling, a
widely adopted technique aimed at mitigating excessive heat genera-
tion during drilling. The model strategy is based on the interaction of
an analytical cutting model with two different thermal models for the
temperature estimation. The following aspects have been treated:

» The mechanical model extends Oxley’s machining theory to
oblique cutting by incorporating the Johnson-Cook material
model, enabling accurate predictions of cutting forces and power
in peck drilling scenarios;

The analytical thermal model captures transient heat conduc-
tion in a finite medium using a moving conical heat source
representation;

the FVM thermal model incorporates material removal via a
dynamic mesh and solves the energy transport equations using
OpenFOAM.

An experimental apparatus was conceived to validate both the
thermal and the mechanical aspects of peck drilling. Experimental
validation involved 10 drilling tests with varied cutting speeds and
feed rates, using thermocouples embedded 0.2 mm from the hole
surface. The model showed strong agreement with experimental data,
in particular:

Average error of 4.66% for cutting power prediction.

Average error of 7.45% for thrust force estimation.

Temperature prediction error of 8% for the FVM model and
11.64% for the analytical model.

During the cutting phase (drill above thermocouple), both ther-
mal models performed similarly with average temperature errors
around 5.8%.

Discrepancies arose during the post-cutting phase due to the FVM
model’s neglect of tool-hole wall interaction, which the analytical
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Fig. 15. Left: Comparison of computed temperature curves for analytic (blue line) and FVM modelling (red line) with thermocouples measurements for test
IDs: 1-9. The black line is the first drill bit, and the green line is the second. Right: error function for both models with respect to the average temperature
measurement. Vertical line corresponds to thermocouple position. Fig. 10 can be used to correlate the temperature evolution to the peck position.

model captures more effectively through its symmetric heat propaga-
tion assumptions. Incorporating a frictional heat source could improve
the accuracy of the model in this region. Future improvements on this
topic could start from the definition of a time-dependent thermal input
based on Han’s chip evacuation force model [50]. This enhancement
represents a valuable model refinement but requires dedicated exper-
imental work beyond the current study’s scope. The described model
allows a prediction of both the mechanical and thermal aspects of peck
drilling and hence can be useful as a design and/or diagnostic tool
for a specific peck drilling condition. The analytical and FVM thermal
models show comparable results for the specific analysis conducted.
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Therefore, for similar studies, the analytical model represents a compu-
tationally efficient approach for estimating the workpiece temperature
during cutting. The FVM methodology, on the other hand, provides
a powerful tool for performing more accurate and complex analyses.
For instance, complex workpiece geometries, where no straightforward
source-mirroring approach can be applied, can be simulated. Moreover,
within the OpenFOAM framework, a direct coupling with the lubrica-
tion strategy can be implemented, similarly to what was previously
proposed by the authors for cryogenic orthogonal machining [34].
The effect of thermally induced deformations could also be modelled
in OpenFOAM, thanks to the availability of specific solvers for this
purpose [53]. Hence, the present FVM model establishes the foundation
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for more advanced analyses, which will be the focus of future works.
Additional direction of research includes the possibility of modelling
the amount of power flowing into the chip and into the tool, separately,
aiming at modelling their temperature fields.
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