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Abstract

Vibration-assisted drilling is particularly efficient for long-chipping and difficult-to-machine materials due to its special kinematics
with interrupted cutting. In order to optimize the process, a deeper understanding of the occurring external and internal material
loads is required. For this purpose, a model is developed and simulation results are compared with experimental data on the
materials Ti6Al4V and AISI 4140. Based on a kinematic simulation, individual segments on the main cutting edge are considered
and the local chip formation is modelled as an orthogonal cut using the CEL method. Special consideration is given to the process
kinematics, where, in addition to the entry and exit of the tool cutting edge, a varying uncut chip thickness occurs. Drilling without
vibration assistance is also modelled in this way. The resulting drilling torques and thrust forces are compared with experimental
data. The experiments are carried out on tubes with different internal diameters to represent the different segments of the main
cutting edge. In addition, experimental results on drilling a rod and into solid material quantify the effects of the chisel edge and
the minor cutting edges. The results show that both drilling and vibration-assisted drilling can be modelled using orthogonal cutting
models with acceptable computation times.
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1. Introduction normally results in higher mechanical peak loads [7-9]. By

further adapting the process kinematics, Paulsen et al. and

Low frequency vibration-assisted drilling represents a
promising alternative to conventional drilling when it comes to
difficult-to-machine and long-chipping materials [1,2]. By
adjusting its frequency and amplitude chip breaking and
interrupted cutting can be enforced, typically within one tool
rotation [3-5]. This has the potential to solve several difficulties
in drilling, e.g. an increasing workpiece temperature with
increasing drilling depth [6] and poor chip removal affecting
the quality of the bore hole [1] and its surface integrity [2].
Compared to drilling, the workpiece temperatures are approx.
43 % lower [5]. On the other hand, vibration-assisted drilling

2212-8271 © 2025 The Authors. Published by Elsevier B.V.

Schumski et al. were able to lower mechanical loads [8, 9].
Machining parameters for vibration-assisted drilling are, for
now, mostly determined based on experience. Brinksmeier et
al. published a straightforward kinematic model for the
movement of both cutting edges of a drill when an axial
vibration amplitude is superimposed on the linear feed [4].
Similar approaches supporting the process design can be found
in [3]. For drilling without vibration assistance, several studies
have focused on predicting mechanical and thermal loads by
means of numerical chip formation simulations [10-12]. In
addition to different materials and machining parameters,
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different formulation methods were used. In addition to the
Lagrangian formulation, the Coupled Eulerian-Lagrangian
(CEL) method has become increasingly popular in recent years
[13-15], e.g. Ducobu et al. obtained results with high accuracy
using a quasi-2D orthogonal simulation [16]. 3D models for
drilling using the CEL method also delivered promising results
[10, 11, 17]. However, a varying uncut chip thickness as it
occurs in vibration-assisted drilling is not part of these
investigations. Schulze et al. found no significant deviations
between modeling broaching with varying uncut chip thickness
by vertical tool movement or adjustment of the workpiece
shape [18]. Avevor et al. were able to model varying uncut chip
thickness by using an Arbitrary Lagrangian Eulerian (ALE)
model [19]. In previous studies on 3D chip formation models
of vibration-assisted drilling, Schumski et al. found that finite
element length is crucial for the prediction quality and, until
now, no satisfying results have been calculated, even with
element lengths down to 10 um and associated high
computational demands [9, 17]. Since in vibration-assisted
drilling the axial vibration amplitude of the tool is specifically
selected to ensure interrupted cutting with an entry and exit of
the cutting edge, an even finer mesh seems to be necessary in
these phases. Given the even higher computation times
resulting from this, in this work, a more efficient (quasi) 2D
numerical chip formation model was developed and utilized.

2. Objective and Procedure

In order to optimize low frequency vibration-assisted
drilling in terms of beneficial process parameters and cutting
edge geometry in the future, the objective of this work is the
prediction and analysis of drilling torque and thrust force when
uncut chip thickness varies over time. For this purpose, a
modeling approach was developed, presented within the
overall procedure in Fig. 1. Based on fixed process parameters
derived from previous experimental studies [8], a kinematic
model (cf. section 3.1) calculates the local uncut chip thickness
h(f) and local cutting velocity v. for different positions along
the main cutting edge of the tool. Both quantities, together with
measured local cutting edge radius 73, local clearance angle o,
and local rake angle y, were used as input for the numerical chip
formation model (cf. section 3.2). In this model, orthogonal
cutting conditions are assumed and the resulting specific
cutting force F.’(f) and normal force F.y'(f) were calculated.
By integrating these specific forces along the cutting edge, the
drilling torque M. m(f) and the thrust force F. g m(f) can be
determined and compared to measurements (cf. section 4).

The orthogonal cutting conditions assumed in the modeling
approach are not valid for the chisel edge and its transition area
to the main cutting edge. Therefore, in this first attempt, only
the main cutting edges are examined by using tubes with
different inner bore hole diameters as workpieces. In addition
to tube A and tube B, where these conditions are met and only
the main cutting edges are in contact, a rod, and a solid
geometry are investigated in the experiments (Table 1). This
allows a determination of the proportion each cutting edge area
contributes to the total process loads. To initially verify the
modeling approach, simulations and experiments are also
conducted for the simpler drilling kinematics without vibration.

The same workpiece geometries and process parameters were
used, but the feed was doubled to achieve a similar load level.
For both process kinematics, simulations and experiments were
conducted for titanium alloy Ti6Al4V and steel AISI 4140 in a
ferritic-pearlitic state.
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Fig. 1. Overall procedure and modeling approach for the prediction of drilling
torque and thrust force in (vibration-assisted) drilling of different workpieces.

Table 1. Details on investigated workpiece geometries.

workpiece label tube A tube B rod solid
outer diameter d; (mm) 7.6 7.6 7.6 12
inner diameter d, (mm) 54 32 - -

3. Modeling approach
3.1. Kinematic model

For vibration-assisted drilling, the position in feed direction
of the two cutting edges zs» in dependence of rotation angle ¢
can be calculated by equation 1. Considering the phase-shift
between the first cutting edge (@o,; = 0°) and the second cutting
edge (po2 = 180°) as well as the process parameters in Fig. 1, a
stationary shape of the borehole bottom topography is
generated after four tool revolutions. With further movement
of the cutting edges, interrupted cutting results, and for both
cutting edges the penetration in feed direction f(f) varies
between zero and a calculated maximum, which is smaller than
the sum of feed per tooth £ and vibration amplitude A.

Zﬂ/2=—f'¢)/360°+:&'Sin(Fs'(ﬂ'f‘wo,]/z) (1)

The uncut chip thickness can be calculated by considering
the drill-point angle ¢ according to /(¢) = fiis(?) - sin(0/2). The
resulting profile of the uncut chip thickness 4(?) is trapezoidal
according to equation2 and repeats with frequency of
Fy-n=39.8 Hz simultaneously for both cutting edges
independent of the position along the cutting edge.

28.5 pm/ms - ¢ s
h= 95.6 um ,34ms <¢<6.3ms )
—28.5 um/ms - £+ 274.8 um, 6.3 ms < <9.7 ms

,9.7ms <t<25.1ms

Oms<tr<34ms
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3.2. Numerical chip formation model

Chip formation in orthogonal cutting was simulated by
(quasi) 2D finite element models. They were developed with
Abaqus/Explicit 2022 (double precision) and the CEL
formulation was adopted. This formulation is only available in
3D but adequate boundary conditions were applied to satisfy
plane strain conditions with one element in the out-of-plane
direction with element length of 50 um [16, 20]. The workpiece
is modelled as a Eulerian body with element type EC3DSRT to
avoid mesh deformation, while the tool is a Lagrangian body
with element type C3D8T. This implies it is mandatory to mesh
the area above the workpiece to capture the chip formation as
shown in Fig. 2 (Initial void). In order to reduce computation
time, the size of the mesh representing the workpiece was
adjusted and a mass scaling factor of 1000 was implemented.
Element size in the area close to the cutting edge radius of the
tool and in the upper layer of the workpiece is 5 um X 5 pm
based on the results of a previous mesh sensitivity study carried
out for the same value of cutting edge radius [16].
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Fig. 2. Configuration of (a) drilling and (b) vibration-assisted drilling.

Workpiece materials have an elasto-plastic behavior with an
inelastic heat fraction of 0.9. The materials behavior is
described by Johnson-Cook approach in equation 3 [21].
o=@+B-&)-(1+C-mi)- (1- L) 3)

Tonett — Troom

The tool is made of tungsten carbide and has a linear elastic
behavior. Friction is modelled using Coulomb's assumption.
The efficiency of the conversion of friction energy into heat
energy is 100 % and the generated heat energy is equally
distributed between the tool and the workpiece.

For Ti6Al4V, the parameters of the Johnson-Cook model
and the value of Coulomb's friction coefficient were retrieved
from an Al-based inverse identification [22]. For AISI 4140
steel in a ferritic-pearlitic state, Johnson-Cook parameters,
determined by means of a microstructure-based material model
[23], and friction coefficient were taken from [24]. In the
friction model, a shear stress limit, estimated by the initial yield
stress, was implemented. Johnson-Cook and friction
parameters are provided in Table 2 for both materials.

Radiation with an emissivity of € = 0.3 [25] and convection
with U= 50 W/m?K [26] are included only for the Lagrangian
body as they are not available for the Eulerian one. Pressure-
based gap conductance at the tool-workpiece interface is
included [27]. Material properties are provided in Table 3.

Table 2. Johnson-Cook and Coulomb model parameters [22, 24].

parameter Ti6Al4V AISI 4140

A (MPa) 997.9 510

B (MPa) 331.2 480

n 0.54 0.25

m 0.714 1.46

C 0.0313 0.018

& 1 0.002

Tnere (K) 1878 1809

u 0.28 0.7

Ziax (MPa) - A/V3=295
Table 3. Materials properties [28-31].

material property Ti6Al4V AISI4140 wC

Young’s modulus, £ (GPa) 113.8 205.126 800

Poisson’s ratio, v 0.34 0.3 0.2

density, p (kg/m?) 4430 7612 15,000

conductivity, £ (W/mK) 7.3 40.38 100

expansion, o (K') 8.6-10° 10.79 -10°  5-10°

specific heat, ¢, (J/kgK) 580 447.04 202

Two different simulations were developed: with and without
vibration assistance. For the modeling without vibration
assistance, six tool geometry-cutting conditions couples were
considered to approximate drilling with the orthogonal cutting
assumption. Local cutting speeds were calculated along the
main cutting edge of the drill acc. to their radial distance r and
tool geometry was measured by optical measuring device
InfiniteFocus G5, Bruker Alicona, cf. Table 4. As the actual
tool movement during experiments is only considered in the
kinematic model to calculate the uncut chip thickness, the
measured clearance and rake angles were used instead of
effective angles. The uncut chip thickness was constant with
h=f. - sin(0/2) =48 pum. This results in six models with the
same uncut chip thickness, but with a different tool geometry-
cutting speed couple. The boundary conditions are a fixed tool
and a workpiece moving horizontally at the cutting speed as
shown in Fig. 2 (a).

Table 4. Cutting speed and tool geometry depending on the position along the
main cutting edge according to the radial distance.

radial distance, 7 (mm) 1.6 2.0 24 2.8 32 3.6
cutting speed, v, (m/min) 16 20 24 28 32 36
rake angle, yy (°) 10 15 18 21 24 26.5
clearance angle, ay (°) 10

cutting edge radius, 73 (um) 20

For the modelling with vibration assistance, the same six
positions along the main cutting edge of the drill were
considered with the same cutting speed and tool geometry.
Vibration was introduced according to the kinematic model and
equation 2 for the uncut chip thickness. The boundary
conditions were updated to include them as shown in Fig. 2 (b):
the tool now moves vertically to allow the change in the uncut
chip thickness value, while the workpiece still moves



L. Schumski et al. / Procedia CIRP 133 (2025) 376-381 379

horizontally at the cutting speed. Chip curl can result in contact
with the upper workpiece surface. To avoid non-physical
merging of the Eulerian chip with the Eulerian workpiece, a
Lagrangian frictionless contact surface with the same material
as the workpiece has been adopted.

4. Experimental setup

Experiments on vibration-assisted drilling were conducted
on a modified machining center DMU 80E, Deckel Maho
(Fig. 3). The magnetic bearing spindle of type LeviSpin, Keba,
was used with a solid carbide twist drill with TiAIN coating of
type WTX-T1.8,00.R.5D.IK.HA DPAS54, Ceratizit. In order to
meet the boundary conditions of the numerical model, no
cooling lubricant was used. In accordance with Fig. 1 and
Table 1 different workpiece geometries were prepared by
sawing, turning, and pre-drilling of bars. Workpiece materials
used were Ti6Al4V in Grade 5 acc. to ASTM standard and
AISI 4140 heat treated to a ferritic-pearlitic state (heating 10
K/min / 850 °C for 120 min / cooling in furnace 1.7 K/min).
During cutting, the drilling torque and forces were measured
by a dynamometer of type 9272, Kistler, with a 1 kHz low-pass
filter and a 2.5 kHz sampling rate. The tool was replaced after
drilling four workpiece geometries two times (one repetition).
The experiments for drilling without vibration assistance were
carried out on a machining centre DMC 65V, Deckel Maho.

- I
& 8 dynamometer

magnetic
bearing spindle

35mm 15 mm

NN

Fig. 3. Experimental setup for vibration-assisted drilling.

The data for drilling without vibration assistance was
analysed by mean value and standard deviation for the steady
state. In case of vibration-assisted drilling, a python script was
used to evaluate each tool engagement signal regarding its
maximum drilling torque and thrust force as well as its
engagement time. For comparison with simulations, signals
representing the mean of these values were selected.

5. Results and Discussion
5.1. Numerical simulation results on orthogonal cutting

The (quasi) 2D numerical chip formation model was used to
calculate specific forces for different cutting speeds and rake
angles acc. to the radial distances in Table 4. For the radial
distance » = 2.8 mm, Fig. 4 shows the evolution of the specific
forces over time for constant uncut chip thickness (drilling) and
varying uncut chip thickness (vibration-assisted drilling) and
for both workpiece materials. In the first case, a steady state is
reached within the first millisecond, indicating a 7 % higher
specific cutting force but a 42 % lower specific cutting normal

force for AIST 4140 than for Ti6AIV. The same order is true for
the second case (vibration-assisted drilling). Here, the specific
cutting forces follow the varying uncut chip thickness acc. to
equation 2. Regarding the specific cutting normal forces, a
constant level during constant uncut chip thickness can be
found, too. However, increasing uncut chip thickness results in
decreasing cutting normal forces and vice versa, which is not
known, e.g. from milling, and needs further investigations. This
is true for both materials but more pronounced for AISI 4140
and for higher radial distances 7 (higher cutting speed and rake
angle). Interestingly, this results in specific cutting normal
forces during constant uncut chip thickness (green dotted
curve) being sometimes even lower than the ones in the first
case (orange dotted curve) although their uncut chip thickness
is half of it.
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Fig. 4. Numerical simulation results on orthogonal cutting for » = 2.8 mm.

Fig. 5 shows the specific forces in dependence of the radial
distance in case of drilling. Both force components decrease
with higher cutting speed and rake angle due to thermal
softening. The specific cutting normal force for Ti6Al4V is
almost constant over the investigated range. The temporal
resolved forces in case of vibration-assisted drilling show a
similar behavior.

160 —

. N/mm -_F
120 J drilling, AISI 4140 | o
100

60 41 drilling, Ti6AI4V
L

specific force F

1.6 1.8 20 22 24 26 28 3.0 32 34 mm 38
radial distance of cutting edge position r

Fig. 5. Simulated specific forces along the main cutting edge in drilling.
5.2. Model validation for drilling without vibration assistance

Specific cutting forces F.’(r) and specific cutting normal
forces F.n’(r) were used to calculate drilling torque and thrust
force for both cutting edges in total by trapezoidal numerical
integration over the variable running along the cutting edge
s =r/sin(0/2) according to equations 4 — 5. As drilling is
usually described as oblique machining, the inclination angle
should be taken into account when calculating the drilling
torque and thrust force. Due to the minor influence of the
inclination angle (< 0.1% acc. to [32]), this is neglected in the
work.
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Fig. 6 shows the calculated results for Ti6Al4V in
comparison to measured drilling torques and thrust forces for
the investigated workpiece geometries. The calculated drilling
torques are in good agreement with measurements
(tube A: -14 %, tube B: -13 %) and lie within their standard
deviations for both simulated tubes. The thrust forces, however,
are underestimated by the model (tube A: -55%,
tube B: -54 %), which is known from various other works and
is associated with a neglection of an additional contact area at
the flank face, e.g. due to tool wear, in chip formation models.

A comparison of the different workpiece geometries
confirms the expectation of higher drilling torques and thrust
forces when more material volume is cut. In terms of torque,
the pre-drilled hole with diameter of 3.2 mm in tube B only
leads to a decrease of -11 % compared to the rod, whereas the
thrust force decreases by -44 %. This clearly outlines the effect
of the drill’s chisel edge, which is in contact only for the rod
geometry. In comparison to the rod, drilling into solid material
increases the drilling torque by 49 % and the thrust force by
14 %. Part of this increase is due to additional cut material
volume. Moreover, friction between the minor cutting edges as
well as chips and the bore hole wall has to be considered.

3 -
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- N

- 600
- 500
- 400
- 300
- 200
- 100

W

5] sim.
Nm 4| Ti6Al4vV

drilling torque M

thrust force F

0 4

Fig. 6. Comparison of measured and calculated results for drilling Ti6Al4V
without vibration assistance.

Almost the same deviations between simulations and
measurements occur for drilling AISI 4140 (Fig. 7), i.e. drilling
torque -11% (tube A) and -13% (tube B) and thrust
force -50 % (tube A) and -55 % (tube B). As already discussed
for the simulation results, drilling torques are higher and thrust
forces are lower compared to Ti6Al4V. The effect of an
inactive chisel edge between tube B and rod is - 26% in terms
of drilling torque and -59 % in terms of thrust force and thus is
more pronounced for AISI 4140. Drilling into solid material
increases the drilling torque by 29 % and thrust force by 14 %.

3
|.exp.
[ sim.
600

~Nm JAIST 4140
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200
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drilling torque M.
thrust force F

0

tube A

tube B rod solid

Fig. 7. Comparison of measured and calculated results for drilling AISI 4140
without vibration assistance.

5.3. Model validation for vibration-assisted drilling

Numerical integration was also conducted on the temporal
resolved specific forces when the uncut chip thickness varies
acc. to vibration-assisted drilling. Fig. 8 shows the comparison
of simulation results with one statistically representative tool
engagement from experiments for all investigated workpiece
geometries. Qualitatively, findings from drilling without
vibration assistance can be confirmed. The simulation is
capable of predicting the drilling torque with high accuracy,
although the measured signals for tube A and tube B show
high-frequency oscillations due to the missing process
stabilizing effect of an active chisel edge. Inaccuracies mainly
occur in the entry and exit phases of the tool cutting edges, and
more pronounced for Ti6Al4V, where the simulations show a
steeper slope of drilling torque and thrust force and thus shorter
time of engagement. A reason might be the neglection of the
system compliance in the kinematic model. This might also be
the reason that no constant level can be identified in the
measurements when the uncut chip thickness, at least the one
based on the kinematic model, is constant.
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Fig. 8. Measured and calculated results for vibration-assisted drilling.
6. Summary and Outlook

The developed modeling approach on low frequency
vibration-assisted drilling is able to calculate drilling torques in
agreement to experiments by utilizing (quasi) 2D chip
formation simulations under orthogonal cutting conditions with
varying uncut chip thickness. It could be shown that calculated
drilling torques for the two investigated materials Ti6Al4V and
AISI 4140 lie within the standard deviation of measurements
when drilling tubes with and without vibration assistance. This
allows for a first attempt to optimize the process in terms of
beneficial process parameters and cutting edge geometry in the
future. As a major advantage compared to 3D chip formation
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simulations shorter computation times can be reached and will
reduce optimization effort.

For vibration-assisted drilling, deviations between measured
and calculated drilling torques still occur at the entry and exit
of'the tool cutting edges. The neglection of elastic effects when
calculating the uncut chip thickness in the presented approach
might be the reason. This will be addressed in the future by
considering a preformed workpiece in the chip formation
simulation acc. to the revealed stationary shape of the borehole
bottom topography after four tool revolutions.

Results also show underestimated cutting normal forces and
thus thrust forces for drilling with and without vibration which
needs further investigations, e.g. implementation of tool wear.
The experimental results on drilling a rod and into solid
material also confirm higher thrust forces, and also drilling
torques, due to active chisel edge and minor cutting edges,
which has to be considered in the future.
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