Available online at www.sciencedirect.com

ScienceDirect

Procedia CIRP 141 (2026) 37-42

www.elsevier.com/locate/procedia

10th Conference on High Performance Cutting (CIRP-HPC 2026)

Geometric simulation of process and tool design for high-speed whirling and
high-speed whirl-milling of end mill geometries

Emma Punsmann®*, Jannik Schwalm?, Volker Schulze?

“wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Kaiserstr. 12, 76131 Karlsruhe, Germany

* Corresponding author. Tel.: +49-1523-9502596 ; E-mail address: emma.punsmann @Xkit.edu

Abstract

Whirling is widely applied in the manufacturing of threaded components with high surface quality requirements, such as bone screws and
precision lead screws. Due to favorable engagement conditions, the process is particularly suitable for hard-to-machine materials like titanium.
Synchronized cyclic processes are increasingly used because they offer a high degree of geometric freedom. In synchronized high-speed whirling
and high-speed whirl-milling, the rotational speeds of the workpiece and tool are synchronized according to the ratio of thread pitch to the number
of cutting edges. This configuration allows for a significant reduction in process time compared to conventional whirling.

This work investigates the geometric feasibility of manufacturing end mill geometries using high-speed whirling and high-speed whirl-milling.
Tool and process design for one exemplary end mill variant are derived from geometric penetration calculations and the resulting process param-
eters for high-speed whirling and high-speed whirl-milling are compared. The simulation results indicate that both processes are fundamentally
suitable for producing end mill geometries. Nevertheless, the present work is restricted to a geometric feasibility assessment. Experimental val-
idation is required to evaluate practical applicability, particularly with regard to cutting material selection, achievable surface integrity, and tool

wear behavior.
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1. Introduction

Whirling was first patented in 1963 to machine multi-start
threads in a single pass [1] and is widely applied to manufac-
ture thread-like components with high surface quality require-
ments such as bone screws or precision lead screws. In whirling
processes the tool rotates at high speed with the cutting tools
facing inwards. The pitch of the thread is generated through a
slow coupled axial and rotational feed of the workpiece.

In recent years, synchronized cyclic processes have attracted
increasing scientific attention. [2] In synchronized high-speed
whirling and high-speed whirl-milling, the tool and workpiece
axes rotate at synchronous high speeds according to the ratio of
thread pitch to the number of cutting edges. This configuration
enables a substantial reduction in processing time compared to
conventional whirling.

Synchronized high-speed whirling was introduced in 2017
by Klotz et al. to enable its combination with turning opera-
tions, resulting in improved cutting conditions and a 30 % in-
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crease in productivity. [3] Building on this, high-speed whirl-
milling was introduced within the joint research project "Zyk-
loMed”. In whirl-milling, one or two side-and-face cutters are
set at an axis-crossing angle, enabling the production of threads
with variable pitch. This process also achieves improved sur-
face quality and increased productivity compared to conven-
tional whirling and further offers enhanced accessibility and
chip removal.[4] This work aims to transfer the insights gained
in the domain of medical screw manufacturing to the produc-
tion of end mills (see Figure 1).

In modern CNC and production machining, tungsten carbide
has become the predominant material for end mills due to its su-
perior hardness, heat resistance, and rigidity. The conventional
manufacturing process for tungsten carbide end mills typically
involves green machining prior to sintering, followed by grind-
ing in the fully sintered state. As grinding often represents the
most time-consuming step in the production process, research
efforts focus on replacing or complementing this process with
alternative machining operations, such as milling, in order to re-
duce both machining time and overall manufacturing costs. [5]
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Fig. 1. Process illustration of high-speed whirling a) and high-speed whirl
milling b)

However, the machining of hard metals is considered challeng-
ing, because of the high hardness leading to accelerated tool
wear, comparatively high cutting forces, and poor surface in-
tegrity. [6]

Fromming investigated the influence of process parameters
for interrupted machining of tungsten carbide with different
tool materials. Based on his findings, large negative rake angles
are recommended for roughing operations, while small nega-
tive rake angles are suggested for finishing in order to minimize
subsurface damage. Nevertheless, tool life was extremly limited
due to abrasive wear on both rake and flank faces. [6] Otters-
bach also showed that weakening of the cutting wedge leads to
premature tool failure, but reproducible machining of tungsten
carbide was achieved at cutting speeds of v, = 70mmin~' with
uncut chip thickness 2 < 15um and at v. = 140 mmin~' with
h < 10 um, using a clearance angle of @ = 15° and a rake an-
gle of ¥ = 0°. While cutting speed had only a minor influence
on mechanical loads, it strongly affected thermal loads. [7] Fil-
ipovié focused on identifying optimal machining parameters for
hard metals using CVD-D tools and achieved significant reduc-
tions in process time compared to grinding, demonstrating the
potential of machining for the production of carbide tools. [5]

These findings suggest that whirling may be particularly
suitable for end mill production, as it frequently involves neg-
ative rake and small clearance angles, which can be further ad-
justed through the geometric degrees of freedom inherent to
synchronized cyclic processes. Applications in thread manufac-
turing have already demonstrated the potential of periodic, ro-
tating structures but it remains to be investigated whether these
principles can be transferred to end mills, given their steeper he-
lix angles, increased number of threads and the more complex
flute geometry. Additionally, synchronized cyclic processes in-
duce strong local variations in process parameters, such as un-
cut chip thickness, effective normal speed and cutting angles
over the tool engagement.

The objective of the present work is therefore a proof-of-
concept study, demonstrating the theoretical feasibility of ap-
plying high-speed whirling and high-speed whirl-milling to end
mill manufacturing and providing initial insights into the result-
ing cutting conditions with a focus on load distribution along
the tool profile and engagement. While this work focuses on
theoretical and simulation-based investigations, it provides a
basis for experimental validation to assess practical applicabil-

ity, particularly regarding cutting material selection and achiev-
able surface quality or process design optimized for load distri-
bution and tool life in future studies.

2. Geometric model

The complex process kinematics of synchronized cyclic cut-
ting processes introduce additional degrees of freedom to the
process design, as the process depends on both tool design and
kinematic configuration. Consequently and since the effective
cutting conditions vary significantly along the tool profile and
tool-workpiece engagement, extensive design studies and pro-
cess investigations are required.

Kinematics and

tool calculation

—_—

Numerical model

—

@ Process analysis

and optimization

Fig. 2. Geometric simulation workflow

This work builds on an existing simulation framework for
synchronized cyclic processes developed at the wbk Institute of
Production Science. As established by Hiihsam for gear skiv-
ing, the process analysis is conducted in two main steps (see
Fig. 2). [8] The resulting workpiece geometry is defined by the
envelope of the generating motion of the tool profile. Conse-
quently, the cutting-tool geometry cannot be derived from the
workpiece contour alone but must incorporate the specific pro-
cess kinematics. A numerical approach based on spatial and
temporal discretization of the targeted workpiece geometry and
the machining motion is implemented in the first step. It is
based on a dexel-based geometric penetration calculation for
determining the cutting tool profile by pointwise trimming of a
blank cutting tool in each step by detecting intersections with
the surface of the workpiece as first introduced by Zanger et al.
[9] After defining the tool geometry, the second step comprises
the process analysis and optimization based on parameters such
as feed and rotational speeds. The local effective cutting condi-
tions are evaluated through a dexel-based geometric penetration
calculation on the uncut chip, following the methodology intro-
duced by Hilligardt et al. In the simulation, the cutting edge is
discretized and normal vectors, normal rake face vectors, nor-
mal clearance face vectors and local tangential vectors of the
cutting edge are defined for every discrete point. The workpiece
is modeled by a number of dexel, with triangulated end points.
The uncut chip thickness 4 is calculated along the cutting edge
normal on the rake face for every incremental step. Afterwards
the workpiece dexel are trimmed against the triangulated sweep
surface of the cutting edge in its current position and the step
before. The local cutting conditions are derived from the local
speed vectors. The resulting effective cutting speed v, corre-
sponds to the relative speed between workpiece and cutting tool
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and can be divided into sliding speed v5,, which is tangential to
the cutting edge and the effective normal speed vj,,. The effec-
tive normal rake and clearance angles, y,, and a,,, are deter-
mined by the relative orientation of the effective normal speed,
the local contour normal, and the normal of the clearance face
within the cutting edge normal plane. [10]

3. Kinematics and tool calculation

The parameters of the chosen reference geometry are defined
according to DIN 6528 [11] and are listed in Table 1. Accord-
ing to the standard, helix angles A between 30° and 45° are
common; hence, the midpoint of this interval was chosen here.
Since the shaping of the flutes is not uniquely defined by these
parameters, the radius r was introduced. Following the analogy
to screw geometry definitions, the rake and clearance faces ex-
tend in this radius from the core diameter dg. Figure 3 shows
the workpiece geometry and parameters in cross-section and the
3D extrusion.

Table 1. Reference geometry

Diameter d, 8 mm
Number of cutting edges z 4
Helix angle A 375°
Rake angle v 10°
Clearance angle a 12°
Core diameter d¢ 5 mm
Radius r  1lmm
b)

Fig. 3. Workpiece geometry and parameters: cross section a) and 3D-
triangulated surface b)

In conventional whirling the tilt angle between the axes of
the tool and the workpiece corresponds to the lead angle of the
workpiece; for synchronized whirling, this angle corresponds to
the vector of relative motion between tool and workpiece. [9] To
ensure consistent nomenclature this angle is generally referred
to as the axis-crossing X in sychronized cyclic processes, which
will also be used throughout this work.

As illustrated in Figure 4, high-speed whirling and high-
speed whirl-milling differ with respect to the orientation of the
cutting edges, which are directed either inwards or outwards.
The tool engagement position is determined by the tool outer

i
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Fig. 4. Process kinematics of high-speed whirling a) and high-speed whirl-
milling b)

diameter D and the core diameter of the workpiece dg. The tool
is tilted by the angle X about the Y-axis and can additionally
be positioned eccentrically by the angle «. The engagement an-
gles of the tool Q2 and the workpiece & can be derived using the
law of cosines. The center distance between tool and workpiece
axes is denoted by a. Depending on the configuration, the center
distance results in

0= %—%’(, whirling 0
D4 4, whirl-milling

The engagement angles are obtained as

(% - coS 6)2 +a® - (%’()2

Q= 2
arccos D-coso . a 2)
2, (kY _(D. 2
180 — arccos (‘H(Z)QTZCOS(S)) ,  whirling
£ = 2+((/_K)2_ Q'Coﬁ)z (3)
arccos (#) , whirl-milling

The auxiliary angle ¢ results from the spatial inclination of
the tool axis and is defined as

6 = arcsin (|sin Q| sin X) “4)
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For the sake of simplicity, all processes were considered
with an eccentricity angle of k = 0. Using the formulas pre-
sented above, the corresponding engagement angles for the ref-
erence workpiece were calculated for various tool diameters
and are summarized in Table 2. It can be observed that sub-
stantially different engagement angles, and consequently dis-
tinct tool-workpiece engagements, occur across the different
processes.

Table 2. Engagement angles for high-speed whirling and whirl-milling

D 30 mm 20 mm 15 mm 10 mm
Quhirling 13.3° 21.3° 30.6° 56.5°
Ewhirling 59.1° 64.1° 70.2° 87.9°
Quhid-milling ~ 11.0° 15.9° 20.5° 29.2°
Ewhirl-milling ~ 45.5° 43.0° 40.8° 36.9°

In high-speed whirling and whirl-milling, multiple threads
or flutes are generated by increasing the rotational speed of the
workpiece, so that each cutting edge engages a different thread
or flute. The rotational speeds of the tool and the workpiece are
synchronized according to a whole-numbered ratio, determined
by the number of workpiece flutes or cutting edges z and the
number of cutting tools Zr, to avoid damaging the crest or cut-
ting edge of the end mill.

Zr
Nworkpiece = Mtool * 7 ©)

As discussed in Section 2 the tool profile depends not only
on the chosen workpiece geometry but also on the relative mo-
tion during engagement, i.e. process kinematics, tool diameter
and number of cutting tools. Based on the reference workpiece
geometry from Table 1 and the specifications listed in Table 3,
the cutting-edge geometry of the tool is derived using the dexel-
based geometric penetration calculation for different numbers
of cutting edges. Due to the differing engagement angles, the re-
sulting tool profile for one workpiece geometry varies between
high-speed whirling and high-speed whirl-milling. In Figure 5,
the tool profiles are superimposed to visualize this effect.
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Fig. 5. 2D profile of the cutting edge for different numbers of cutting tools Zr

It can be observed that, despite identical target workpieces
and the same axis-crossing angle, the resulting tool geometries

Table 3. Tool and kinematic specifications
Axis-crossing angle X 20°
Eccentricity angle k 0°
Tool diameter D 20 mm

differ in the head region. This variation arises from the differ-
ing engagement angles in high-speed whirling and high-speed
whirl-milling. Depending on the number of teeth, and conse-
quently the rotation ratio, the upper part of the cutting tool may
intersect with the rake face of the workpiece during the trim-
ming process, resulting in a narrower profile that is not initially
engaged at the start of cutting. For high-speed whirling, this ef-
fect occurs with a reduced number of teeth, whereas for whirl-
milling it occurs with an increased number of teeth.

The different process kinematics are also illustrated in Fig-
ure 6, where the relative position of the cutting edge to the
workpiece gap is shown in 3D (Figure 6a) and b)) and projected
into the cross-sectional plane, also referred to as envelope cuts
(Figure 6¢) and d)). However it can be observed that both pro-
cesses using either internal or external cutting edges accurately
reproduce the workpiece contour.
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Fig. 6. Relative motion of the cutting edge through the workpiece gap in 3D
and projected in the cross-sectional plane for high-speed whirling with Zr = 6
a) and c) and high-speed whirl milling Zr = 5 b) and d)

4. Process simulation and analysis

As is common in other synchronized cyclic processes such
as gear skiving, the process is divided into multiple cuts, illus-
trated in Figure 7, in order to reduce the local uncut chip thick-
ness and improve cutting conditions. For simplicity, a constant
radial infeed per cut was assumed, and the number of cuts was
determined iteratively until the maximum uncut chip thickness
matched the parameter set from Ottersbach described in Sec-
tion 1. In that study, milling experiments were conducted using
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Table 4. Process parameters

Axial feed Sax  0.02 mm/rev
Cutting speed ve 70 m/min
Rotational speed ny 1100 rev/min
Number of cuts c 8

Radial infeed T 0.1875 mm

a cutting speed of v, = 70mmin~' and an uncut chip thickness
of h < 15 um. To obtain comparable process parameters in the
present work, the rotational speed was calculated based on the
cutting diameter of the tool.

1.5

1

0.5

0
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Z-coordinate of the workpiece gap in mm

2 3 4 5
Workpiece radius in mm

Fig. 7. Axial section of the incremental radial infeed

The local cutting conditions are computed for discrete incre-
mental angular steps and subsequently visualized and evaluated
based on characteristic maps. To enable correlation between the
maps and the derived cutting-edge geometry, the tool profile is
shown in Figure 8a). Figure 8b) depicts the variation of the local
uncut chip thickness & over the tool engagement as a function
of the tool rotation angle and the Z-coordinate along the tool
profile. The resulting shape reflects the tool engagement across
the cut and the color gradient represents the variation of the un-
cut chip thickness. As the tool rotates in the negative angular
direction, an increase in uncut chip thickness along the cutting
path can be observed. To facilitate the analysis of multiple cuts,
the data is condensed by extracting the extreme values at each
point along the tool profile. This is illustrated in Figure 8c),
where the maximum uncut chip thickness #,,,, at each profile
point is plotted along the tool profile.
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Fig. 8. Tool profile a) and characteristic map of the maximum uncut chip thick-
ness /4 in the last cut b) and maximum chip thickness c¢) for high-speed whirling
with Zy = 6

The influence of the varying tool profiles, resulting from
changes in the number of cutting tools, can be observed in Fig-
ures 9 and 10. It can be seen that the different tool profiles
lead to distinct characteristic maps. The profiles with reduced
head geometries cause a shift and a local increase in the un-
cut chip thickness at the initial point of engagement. It can also
be noted that the tool engagement differs between the two pro-
cesses, which can be attributed to the distinct process kinemat-
ics illustrated in Figure 6. Overall, however, the distributions
are comparable in magnitude and general trend.
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Figure 11a) and b) show the maximum local uncut chip
thickness /i, over all cuts. In high-speed whirling the max-
imum uncut chip thickness generally decreases with succes-
sive cuts, whereas in high-speed whirl-milling it gradually in-
creases. For both processes, the lower section of the cutting
edge responsible for generating the clearance face only be-
comes active during the final cuts. The maximum nominal un-
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cut chip thickness remains below 15 um for both processes and
therefore within the defined operating window.

An examination of the results in Figure 11¢) and d) reveals
that the evolution of the effective normal cutting speed Ve max
is relatively similar across all cuts within one process. How-
ever, the dispersion of the normal cutting speed is more pro-
nounced in high-speed whirl-milling, which can be attributed
to the orientation of the cutting edges: in high-speed whirling
the lower section of the cutting edge is located at a larger di-
ameter, whereas in high-speed whirl-milling it is situated at a
smaller diameter, leading to lower effective speeds in general.
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Fig. 11. Maximum uncut chip thickness £, over all cuts for high-speed
whirling a) and high-speed whirl milling b) and maximum effective normal
speed Ve max Over all cuts for high-speed whirling ¢) and high-speed whirl-
milling d)

To assess the load acting on the cutting edge, the load equiv-
alent V, as introduced by Hilligardt and Schulze, is employed
in Figure 12. It is defined as the integral of the product of the
effective normal cutting speed v,, and the uncut chip thickness
h over one cut [12]. As discussed above, the lower part of the
cutting edge, which is responsible for generating the clearance
face of the workpiece, is subjected to comparatively low load-
ing. Due to the increased normal speed in high-speed whirl-
milling the sum of the load equivalent V; is higher compared to
high-speed whirling. Based on findings from gear skiving pro-
cesses, elevated tool wear is to be expected in this area of the
cutting edge.
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Fig. 12. Load equivalent V’e for each cut and the sum for high-speed whirling
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5. Conclusion

This work demonstrated that synchronized high-speed
whirling and high-speed whirl-milling are fundamentally suit-
able for the manufacturing of end mill geometries. The tool and
process design were carried out for an exemplary end mill con-
figuration, highlighting the influence of rotation ratios on the
resulting tool profiles in both processes. Based on this design,
the local effective cutting conditions were determined for a de-
fined reference process. The results indicate that, by applying
multiple cuts and small axial feed rates, both processes can in
principle be operated within the established process window for
tungsten carbide machining. For the investigated reference case,
high-speed whirling appears slightly more favorable due to a
more uniform distribution of cutting-edge load.

However, as with other synchronized cyclic and kinemati-
cally complex processes, additional degrees of freedom exist
whose potential was not fully exploited in this initial proof-
of-concept study. Future work should therefore focus on sys-
tematic process optimization and experimental validation. Be-
yond validating the geometric feasibility and analyzing poten-
tial deviations, further investigations must address the selection
of suitable cutting tool materials and examine the achievable
surface integrity.
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