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Abstract
Flow drilling is a relatively unexplored manufacturing process in which the tool penetrates the workpiece with a defined force or
defined feed along its rotational axis. This paper presents a developed three-dimensional (3D)-finite element method (FEM)
simulation model to predict the performance of modified flow drilling tools. To validate the simulation model, the flow drilling of
AlSi10Mg with a non-pre-heated (Tinitial = 20 °C) and pre-heated (Tinfluenced = 200 °C) tool was investigated. Thereby, the
comparison of measured and simulated values of temperature, force and torques showed a good agreement. The comparison
of the forces and torques concluded in almost identical maximum values. Nevertheless, the pre-heated tool was found to have a
significantly more continuous heat distribution and higher bore quality than non-pre-heated flow drills, which can be attributed to
the better formability of the cast aluminum alloy at elevated temperatures. Since the results of the simulation showed a good
agreement with the experimental values, the three-dimensional model was used to predict the process behavior of a modified flow
drilling tool, which could contribute to the optimization of the process. The result show, that the process time could be reduced by
half, while the occurring temperatures, forces and torques remained acceptable.
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Nomenclature
A Initial yield N/mm2

B Hardening modulus
Cs Strain rate sensitivity
c Specific heat, J/(kg∙K)
D Cumulative-damage fracture factor
d1…d5 Damage constants
dFD Tool diameter, mm
d2 Shrank diameter, mm
F Force, N
hCy Cylindrical height, mm
hCo Conical height, mm
hT Tip/center height, mm
k Heat conductivity, W/(m∙K)
l Length, mm
lt Drilling depth (simulation), mm
Mt Torque, Nm

m Thermal softening effect
n Rotational speed, 1/min
Rz Average surface roughness
t Time, s
T Homogenous temperature, K
Tf Friction moment, K
th Thick, mm
Tinfluenced Influenced temperature, °C
Tinitial Initial temperature, °C
Tm Melting temperature, K
Tr Transition temperature, K
vc Peripheral speed
vf Feed speed, mm/min
w Wide, mm
q˙ f Heat generation, m/s

Greek symbols
αFD Tip/center angle, degree
εm Emission rate
εplastic Plastic strain
βFD Conical angle, degree
ε˙ Strain rate, 1/s
ε0˙ Reference strain rate, 1/s
εf Equivalent strain to fracture, 1/s
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Introduction

Flow drilling is a chipless manufacturing process used to pro-
duce bores in relatively thin-walled tubes or bushes and is also
known as thermal drilling, plastic drilling, thermoplastic dril-
ling, form drilling and friction stir drilling [1]. Only few stud-
ies exist on the flow drilling process [2]. For machining of
thin-walled profiles, the mechanical loads acting on the

workpiece are of special interest, since elastic and plastic de-
formations could influence the integrity of the workpiece [3].
A major industrial application of flow drilling is the
manufacturing of bushings for high-strength threads in thin-
walled plates, tubes or tube profiles. Subsequently
manufactured threads by chipless processes such as thread-
forming show a particularly high pull-out strength [4] .

During flow drilling, the rotating tool is positioned in front
of the workpiece and then moved along the tool axis under
high axial pressure and high speed to achieve an adequate
temperature [5]. The occurring frictional heat between tool
and workpiece decreases the material strength, resulting in
good formability and penetration. Tool temperatures up to
T = 900 °C and workpiece temperatures about T = 700 °C oc-
cur [6]. An important parameter for good ductility when flow
drilling is the ratio between workpiece thickness and tool di-
ameter depending on the thermal conductivity coefficient [7].
A small amount of lubricant is used in exceptional cases to
avoid material transfer or adhering of the workpiece material
on the tool surface [8]. The tools are generally made out of
specially sintered carbide grades to satisfy the high require-
ments regarding wear resistance, hardness and temperature
resistance. Therefore carbide tools are especially suitable for
flow drilling [9]. The geometry of the flow drill can be divided
into a center region, conical region, cylindrical region, shoul-
der region und shank region (Fig. 1). The center and conical
region widen the bore. Subsequently the cylindrical region
creates the actual workpiece form and defines the surface
quality. Upward extruded material can be machined or formed
regarding to the application of the tool collar [10]. The shank
region is used for tool mounting. Amongst other aspects, the
mechanical process is described in [11].

The physical processes during flow drilling involve friction
and extrusion, while the material is subjected to intense
heating and deformation, which affects the microstructure
[1]. Flow drilling can be successfully applied on many differ-
ent materials. Aluminum alloys ensure a high degree of

Fig. 1 Stages of flow drilling
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ε˙ pl Comparative strain rate, 1/s
η Hardening exponent
σ Flow stress, N/mm2

ρ Density, N/m2

ρh Hydrostatic pressure, hPa
ω Angular velocity, rad∙s−1

Abbreviations
Al Aluminum alloy
approx. Approximate
Bal. Balance
Cu Copper
DIN German institute for standardization
3D Three-dimensional
EN European standards
FEM Finite element method
FE Finite element
Fe Iron
Mg Magnesium
Mn Manganese
Ni Nickel
Pb Lead
Si Silicon
Sn Tin
Ti Titanium
WC Tungsten carbide
x, y, z Cartesian coordinates
Zn Zinc



stiffness with a minimum weight and are therefore used in
many areas of technical engineering, especially in the auto-
motive industry [12, 13].

In the presented work a 3D FEM simulation model was
developed, which could be used to optimize the flow drilling
process by modifying the tool geometry and analyzing the
according impact on process parameters like temperatures,
forces and torques. The flow drilling process is investigated
on the aluminum cast alloy AlSi10Mg. The low formability of
this material class complicates performing flow drilling with-
out any process adjustments. Because of this, a pre-heating of
the tool was applied. For tempering the tool, inductive
heating, heating by radiation of halogen incandescent ceramic
heating elements and direct resistance heating can be used.
Induction heating systems are widely spread for heating up
metallic materials and were also used in this work [14]. Since
the feed rate during flow drilling is determined by the rotation
frequency, the process is similar to the principle of regular
machining processes. The three-dimensional modelling and

FEM simulation, which have already become established for
machining processes [15–17], come with certain challenges
for flow drilling, since it is still a relatively unexplored
manufacturing process. The flow drilling was carried out with
two different initial tool temperatures (20 °C / 200 °C) and the
simulation results were compared to experimentally obtained
data. Based on this, the simulation model was used to predict
the performance of a modified tool, whereby it could be
found, that the process time could be significantly reduced
compared to the standard tool.

Experimental setup

The presented work deals with the analysis of flow drilling of
the aluminum cast alloy AlSi10Mg. The low formability of
this alloy complicates the flow drilling without any process
adjustments. In the following chapter, the material properties

Table 1 Chemical composition of AlSi10Mg alloy (wt.-%)

Al Mg Si Fe Cu Mn Ni Zn Pb Sn Ti Others

DIN EN 1706 Bal. 0.2–0.45 9–11 <0.55 <0.05 <0.45 <0.05 <0.1 <0.05 <0.05 <0.15 <0.15

AlSi10Mg Bal. 0.34 9.4 0.16 0.01 0.04 0.003 0.02 0.001 0.01 0.11 0.01

Fig. 2 Measuring instruments
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and the experimental setup with its measuring and controlling
devices as well as the drilling parameters will be described.

Material

In order to get exact information about the chemical compo-
sition of the used AlSi10Mg alloy, an optical emission spec-
troscopy has been conducted. The results and the related lim-
iting values for alloying elements according to DIN EN 1706
are given in Table 1.

Experimental setup and process parameters

The experimental setup with its different devices is depicted in
Fig. 2. All experiments were conducted on a GROBBZ 40CS
machining center. In order to measure the temperatures occur-
ring during the flow drilling experiments, a high-speed ther-
mographic camera of the type ImageIR 8300 from Infratec
with a detector-resolution of 640 × 512 pixels was used. To
ensure the possibility of recording the temperature develop-
ment during the process, a frame rate of 80 pictures per second
was used. The surface of the workpiece was blackened with a
special varnish to get a high emission rate of εm = 0.95. The
camera was positioned in such a way, that it was possible to

focus vertically on the side of the specimen. In order to mea-
sure temperatures as close to reality as possible, the bores in
these experimental tests were set flush with the edge of the
workpiece, which corresponds to a distance of d = 2.7 mm to
the tool center point.

Fig. 3 Developed model for the 3D FEM flow drilling simulation

Table 2 Simulation parameters for method I and method II

Method I Method II

Tip/center angle αFD = 90°

Conical angle ßFD = 34°

Tool diameter dFD = 5.4 mm

Shank diameter d2 = 6 mm

Conical height hCo = 7 mm

Drilling depth for simulation lt = 10.5 mm

Workpiece material AlSi10Mg

Tool material WC

Material model Johnson and Cook

Workpiece 1 mesh elements 90,000 60,000

Workpiece 2 mesh elements – 50,000

Tool mesh elements 100,000

Computing time approx. 720 h approx. 168 h
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During the experiments, a pre-heating of the tool was ap-
plied in order to improve the formability of the aluminum cast
alloy. In this study, a portable induction system of the type
Himmelwerk HU2000 Plus was used. As depicted in Fig. 2,
the inductor was placed near the machine vice within the ma-
chine room. An IR-pyrometer as well as a contact thermome-
ter were assembled to control the initial tool temperatures.

Another aspect in the validation of the simulative results
are the mechanical loads. In order to measure the feed forces
and torques during the experiments, a piezo-electric-
measuring-platform type 9255B and a charge amplifier type

5070 fromKistler were used. Themeasured data was analyzed
with the software DIAdem.

The general design of flow drilling tools was already de-
scribed in chapter 1. Tools used in this study are solid carbide
tools without coating. All tools have a diameter of dFD =
5.4 mm. The tool tip has a tip angle of αFD = 90° and is the
shortest part with a height of hT = 0.56 mm in feed direction.
The conical region is located after the tip and is constructed
with a conical angle of βFD = 34°. The height of the conical
part measures hCo = 7 mm. Following the conical region, the
cylindrical part of the tool is located.

Table 3 Used parameters for Johnson and Cook model

A
in MPa

B
in MPa

η CS ε0˙

in 1/s
m Tr

in K
Tm
in K

270 155 0.28 0.018 0.001 1.43 293.15 830.15

Fig. 4 Force validation with
initial tool temperature of Tinitial =
20 °C
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To validate the numerically calculated forces and
torques, experiments with the same process parameters
were conducted. The peripheral speed was set to vc =
120 m/min and the feed velocity was adjusted to vf =
300 mm/min. The experiments as well as the simula-
tions were carried out with to different initial tool tem-
peratures. In a first step, no pre-heating of the tool was
used, which lead to a tool temperature of Tinitial =
20 °C. In order to improve the formabili ty of
AlSi10Mg and to reduce the mechanical loads, a pre-
heating to Tinfluenced = 200 °C was realized. Multiple
friction drilled bores were done on a larger sample.
Sample dimensions were 80 × 50 mm. The distance be-
tween the bore middle points was 15 mm. After every
bore, it was waited until the tool and the workpiece
returned to room temperature again.

Development of an 3D FEM simulation model
for flow drilling

The finite element modelling (FEM) is an established tool for
the analysis of machining and forming processes. It helps to
reduce the extensive experiments and to understand and opti-
mize these operations. For this simulation, the FEM software
DEFORM 3D and the adaptive mesh technique of the
Arbitrary Lagrangian Eulerian method were used, which
does not alter the topology of the mesh. With the adap-
tive meshing technique, the element nodes adapt inde-
pendently of the material in order to prevent strong
element deformation. The ALE method combines the
advantages of the Lagrangian and the Euler formulation,
i.e. it reduces mesh distortion while correctly mapping
the boundary conditions.

Fig. 5 Force validation with
initial tool temperature of
Tinfluenced = 200 °C
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The three-dimensional FE modelling was carried out using
two different methods I and II. The method I was intended to
achieve the shortest possible computing time by minimizing
the workpiece dimensions (Fig. 3). With this model, heat ex-
change with the environment after the tool penetrated the
workpiece was limited by the small dimensions and only pos-
sible via the upper and lower workpiece surfaces. However, as
the results in chapter 4 show, the forming process leads to a
heat accumulation on all six surfaces of the workpiece. For
this reason, a further method II was implemented to enable
heat exchange with the environment via all six surfaces. A
second workpiece was added to fix the original workpiece 1
with the non-separable condition in all special directions of the
workpiece 2 (l = 30 x w = 30 mm). Thereby, the heat accumu-
lation could be prevented, so that the flow drilling process
could be reproduced realistically.

The meshing procedure, which differs for the methods I
and II. In both cases, the orientation of the tool axis to the

workpiece surface is rectangular and the contact surface is
symmetrical. For method I, the contact zone between tool
and workpiece, where the tool penetrates the material, was
selected for a local meshing procedure with very fine tetrahe-
dral elements. These smaller finite elements are especially
necessary in places where large stress gradients are expected,
since otherwise inaccurate results could occur. However, due
to the small dimensioning, the numerical calculation could not
be carried out completely, since the mesh nodes of the work-
piece side surfaces could not be deformed any further, which
ultimately led to a heat accumulation. In method II, the fixed
workpiece 1, where the actual penetration takes place, was
discretized with fine tetrahedron elements and the workpiece
2, which prevents heat accumulation, was meshed with rough-
er tetrahedron elements. This approach provided the possibil-
ity to deform the former problematic mesh nodes in all direc-
tions, so that tool and workpiece behavior could be modelled
realistically for the performed simulation. Detailed

Fig. 6 Torque validation with
initial tool temperature of Tinitial =
20 °C
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information on the mesh settings and simulation parameters
are listed in Table 2.

The heat generation during flow drilling is influenced
by the plastic energy loss due to the shear deformation
and the friction between the tool and the workpiece,
whereby the latter accounts for 98 to 99% of the total
heat generation [18]. The heat transfer that occurs dur-
ing the penetration can be described as:

ρc ¼ ∂T
∂t

¼ kx
∂2T
∂x2

þ ky
∂2T
∂y2

þ ∂2T
∂z2

� �
þ q˙ f ð1Þ

whereby T is the temperature, ρ the material density, t
the time, k the heat conductivity, c the specific heat in
all three Cartesian coordinates, while q̇ f describes the

heat generation generated by friction.

The heat generated by friction is the result of the integral
over the angular velocity of the tool ω in the interval of the
friction moment in the contact zone Tf and 0:

∫T f

0 ω dT : ð2Þ

In current literature, relatively thin tool plates are used for
FEM simulations. In the simulation performed here, the bore
was drilled into a th = 2.5 mm thick workpiece plate,
which led to convergence problems in the numerical
calculation. Only the use of the specific material param-
eters A (initial yield), B (hardening modulus), εplastic
(plastic strain), CS (strain rate sensitivity), η (hardening
exponent), m (thermal softening effect) and ε˙ 0 (reference
strain rate), T (homogenous temperature), Tr (transition
temperature) and Tm (melting temperature) for the alu-
minum cast alloy in the Johnson and Cook model (Eq.

Fig. 7 Torque validation with
initial tool temperature of
Tinfluenced = 200 °C
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3) resulted in a good mesh quality and convergence
(Table 3) [19]:

σ ¼ Aþ Bεηplastic
� �

1þ Cs⋅ln
ε
:

ε
:
0

� �� �
1−

T−Tr

Tm−Tr

� �m� �
: ð3Þ

Results and validation of modelling method II

Feed forces at initial tool temperatures of 20 °C
and 200 °C

Besides the temperature development, the numerically calcu-
lated forces and torques were compared to the experimentally
measured values in order to validate the simulation results. As
in the validation of the temperature development, the area
from the center to the end of the conical region of the tool
was examined. Analyzing the forces, an intense rise can be
noticed as the tool starts to penetrate the workpiece due to the
low heat generated by friction and the resulting higher

material resistance. As the heat input increases, the flow resis-
tance decreases in the effective zone and tool can penetrate the
workpiece more easily. The heating reaches its maximum in
the effective zone. Figures 4 and 5 shows that the actual de-
formation work is carried out in the first t = 2.4 s of the pro-
cess. Therefore, the simulation results were validated with the
experimental values in this time frame and show a good cor-
relation. Analyzing the results without a pre-heating maximal
forces of approx. F = 1.3 kN are reached in both, the simula-
tion and experiments. Using a pre-heating of the tool to
Tinfluenced = 200 °C the maximal forces show no significant
difference to those without using a pre-heating.

Torque at initial tool temperatures of 20 °C and 200 °C

The torque follows a nearly linear course until the bore diam-
eter is formed by the conical part of the tool and forms a
plateau until the tool penetrates the workpiece. In this range,
the torque remains constant, so that the t = 2.4 s time interval
was taken into account for validating the simulation results

Int J Mater Form (2019) 12:477–490 485
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Fig. 9 Temperature development during the flow drilling process with initial tool temperature of Tinfluenced = 200 °C
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Fig. 10 Quality of the bore walls regarding the tool temperature



(Figs. 6 and 7). As depicted, the simulated values show a good
agreement with the experimentally determined torques.
Maximal torques of approx.Mt = 1.3 Nm are reached without
as well as with a pre-heated tool.

Heat exchange at initial tool temperatures of 20 °C
and 200 °C

Figure 8 shows the heat exchange at an initial tool temperature
of Tinitial = 20 °C. The temperature rises continuously with
increasing drilling depth and reaches a maximum of approx.

T = 453 °C as the conical part of the tool is fully immerged
into the workpiece. The maximum temperatures can be ob-
served in this area of the process, as most forming work has to
be carried out. The temperatures during the experimental tests,
recorded with a thermographic camera, show corresponding
results. The measured temperatures reach a maximum of
approx. T = 430 °C. Furthermore, the temperature distribution
along a measurement line can be analyzed. As depicted, sim-
ulative and experimental results show a good correlation.

According to Hutchinsona et al., the behavior of magne-
sium alloys changes considerably with increasing

Fig. 11 Modified flow drill
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Fig. 12 Comparison of feed forces between the two reference simulations and the modified model



temperatures, so that the ductility increases with the usual
decrease in flow stress at temperature above Tinfluenced =
200 °C [20]. Similar effects can be used to improve the form-
ability of aluminum alloys [21]. This way, the center region of
the flow drilling tool penetrates the material more easily.
Another advantage results in the improvement of the bore
quality as shown in chapter 4.4. Figure 9 shows the tempera-
ture development during the flow drilling process with an
influenced tool temperature of Tinfluenced = 200 °C. Both the
simulative and experimental results regarding maximum tem-
peratures show a slight increase compared to the temperatures
without pre-heated tools. The simulation results in a maxi-
mum temperature of approx. T = 478 °C, whereas in the ex-
perimental tests a temperature of approx. T = 444 °Cwas mea-
sured. Based on these results, the simulation approach can be
validated with respect to the temperature development during
flow drilling.

Bore quality

The resulting bore quality is an important aspect in the evalu-
ation of flow drilled bores. The low formability of aluminum
cast alloys at room temperature makes it difficult to realize
flow drilling without any process adjustments. For this reason,

the flow drilling tools were pre-heated via a portable induction
system. In Fig. 10 the quality of the bore walls is depicted
regarding the initial tool temperatures. Bores generated with-
out a pre-heating of the tool showed a poor surface quality of
the bore wall, which is dominated by relatively deep grooves.
In contrast, a significant improvement in bore quality can be
observed when pre-heating the tool to Tinfluenced = 200 °C.
Measurements of the surface roughness were carried out via
a tactile measuring machine of the typeMarSurf XR20. Using
no pre-heating, the average surface roughness reached values
of Rz = 7.2161 μm, while using a pre-heating values of Rz =
3.1683 μm were measured. Since a higher tool temperature
evidently increases the bore hole quality, while a pre-heating
increases the process time and cost, according optimizations
need to be carried out. The bore quality can effect a subse-
quent threading operation or the resulting characteristics of the
threads, so that grooves have to be avoided in order to gener-
ate solid and stabile threads.

Flow drill modification and optimization

Based on the validated simulation model, the costs of tool
development processes and uncertainties about possible

Fig. 14 Comparison of temperatures between the two reference simulations and the modified model
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Fig. 13 Comparison of torques between the two reference simulations and the modified model



design variations could be reduced by predicting feed force,
torque and temperature in advance of experimental prototype
production. Therefore, the flow drill was constructively mod-
ified by significantly shortening the conical region compared
to the reference model (Fig. 11). The simulation was then
carried out with the described modelling method II at a tool
temperature of Tinitial = 20 °C.

Results: Feed force of the modified flow drill

To evaluate the simulation of the modified tool, the resulting
feed forces were compared to the validated reference tool with
the two different initial tool temperatures (Fig. 12). It can be
seen, that the feed force occurring during tool penetration is
higher in comparison to the reference flow drilling tool, which
is due to the modified shorter conical region and the resulting
larger contact area between tool and workpiece. However, the
process time is reduced by almost 50%, due to the shorter
conical region.

Results: Torque of the modified flow drill

The torque of the modified tool is at a slightly higher level
than that of the two reference simulations (Fig. 13). The con-
tact surface between the tool and the workpiece increases
quicker due to the modification, whereby the torque increases
sharply for a short time. Compared to the two reference
models, the torque plateau is achieved twice as fast with the
modified tool.

Results: Temperature of the modified flow drill

The temperature occurring during the flow drilling process
shows a much faster rise for the modified tool compared to
both reference models (Fig. 14). The result indicates, that a
considerably better flow behavior could be achieved with the
shortening of the conical region, due to the increased rise in
temperature, resulting in better bore hole quality, as pointed
out in chapter 4.4. In this context, it should again be men-
tioned that the process time could be reduced significantly,
therefore benefitting for industrial applications.

Conclusion

This paper presented the development of a 3D FEM simula-
tion model, which can be used to predict the modified flow
drill behavior. In this way, occurring feed force, torque and
temperature can be analyzed before the production of expen-
sive modified tool prototypes, thus reducing development
time and development costs. With the first modelling method,
the limited dimension of the workpiece led to heat accumula-
tion, while the deformation could not be accurately displayed

due to the high mesh distortion. In order to model heat ex-
change with the environment in all directions, the workpiece
dimensions were increased in the second modelling method
and the FEM simulations were carried out on this basis. The
simulated temperature development, forces and torques were
compared and validated with experimental values. The simu-
lation results showed that the flow drilling process can be
simulated realistically, so that the developed simulation model
was used to predict the process behavior of a modified flow
drilling tool. The conical region of the flow drill model was
shorted significantly compared to the reference model, so that
the contact area between the tool and workpiece and in this
context the friction area was enlarged. The results show that
the feed force and torque reach a slightly higher level than the
non-pre-heated and pre-heated (20 °C / 200 °C) reference
models. Due to the increased friction area, the temperature
rises faster and further. As a result, a better bore hole quality
and shorter process time could be achieved with the modified
tool geometry.
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