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Abstract. Manufacturing of hollow components with local functional internal surfaces often requires
complex process routes with several individual operations. By using a special hollow cold forging
process with an adjustable deformation zone it is possible to manufacture hollow shafts with varying
wall thickness over its axial length parts just within a single stroke of the press. Combining this prin-
ciple with a splined mandrel allows manufacturing of tailored hollow shafts with local internal
splines. However, the impact of geometry of mandrel and other process parameters on the shape of
the cold forged internal splines have not been investigated yet. Furthermore, an underfilling phenom-
enon can occur on the outer surface of shaft during specific process states. In this contribution, several
mandrel geometries and their impact on the part shape and filling / underfilling phenomenon in the
mentioned process are investigated. To determine those effects, a numerical investigation has been
conducted. Besides the geometry of the splined mandrel, also other parameters such as die geometry
and tool kinematics were considered. The numerically calculated workpiece geometries are compared
to the ideal geometries using a deviation analysis.

Introduction

Until today, lightweight design remains as crucial design factor in many technological and engi-
neering fields. Usage of tailored hollow shafts provides high weight savings without reducing the
section modulus of such hollow components significantly [1]. Furthermore, the increasing variety of
drivetrain designs results in a demand for more flexible and versatile manufacturing processes in cold
forging, so also low batch quantities can be produced more economically. A potential field of appli-
cation of such huge variety of small electric drive systems is found in the sector of Light Electric
Vehicles, including e-bikes, e-scooters and similar vehicles [2].

For highly stressed shafts which are used in such electric drive systems, cold forging processes are
well suited for manufacturing due to the strain hardening of the material and beneficially hardened
workpiece surface c. But in terms of flexibility, non-incremental forming processes, e.g. conventional
cold forging, do not offer any potential for economic manufacturing of low batch quantities. Incre-
mental forming processes, on the other hand, often do have longer process cycle times compared to
non-incremental forming processes. To overcome these shortcomings of non-incremental forming
processes a novel cold forging process has been developed at the Institute for Metal Forming Tech-
nology (IFU) at the University of Stuttgart. The new process provides manufacturing of hollow shafts
with varying cross sections within one single stroke by means of an adjustable deformation zone. The
working principle of this new process is described in [3].

However, manufacturing processes with an adjustable deformation zone are not entirely new. In
the extrusion blow molding process for example, the thickness of the parison can be adjusted by
moving a mandrel with its conical outside shape relatively to a stationary surrounding mold and, thus,
the wall thickness of the part can be altered [4]. Further approaches have been carried out in hot
extrusion of aluminum profiles with variable wall thickness design [5,6]. With regard to the cold
forging process presented in this contribution, previous studies addressed numerical investigations
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for production of hollow shafts with variable wall thickness [3] as well as a tool concept for the
required tool kinematics [7]. Within these studies an underfilling phenomenon occurred on the part
outer side that can be influenced by different process parameters [3]. This effect strongly depends on
the adjustable deformation zone and is also known from hot extrusion of aluminum alloys [5] as well
as cold drawing of tubes [8]. In [3] an approach for reduction of this effect has been presented com-
prising a higher internal back pressure between workpiece and mandrel by using a moveable splined
mandrel. Tooth tips of this splined mandrel provide continuous contact with the workpiece material
during the process and, therefore, in fact prevent severe underfillings. Since the correlation between
the spline geometry and the cavity filling respectively underfilling of local workpiece features is not
known from the state of the art so far, a detailed numerical investigation was carried out within the
scope of this paper.

Material and Methods

The numerical investigations were performed using the FEM-software DEFORM. The flow curves
of the annealed test material AISI 5115 (16MnCrS5) were determined by use of a thermo-mechanical
simulator Gleeble 3800c at three different strain rates (0.1 s, 1 s, 10 s') as well as several different
temperatures ranging from 20°C up to 300°C. Although the process is intended to be performed at
room temperature, also higher temperatures were included in the determination of the required flow
curves to numerically represent softening of the material as a result of a local temperature increase.
The experimental determined flow curves are depicted in Fig. 1.
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Fig. 1 Experimental determined flow curves for the test material AISI 5115 (16MnCrS5)

At first, a 3D model of the cold forging process with adjustable deformation zone has been devel-
oped in DEFORM 3D. Due to the wide variety of parameters and the rather high calculation time of
the 3D simulations, the tools were modelled as rigid objects and the workpiece as an ideal-plastic
object. This procedure allows the determination of fundamental influences of the splined mandrel
geometry on die filling within reasonable calculation time of each individual simulation. The 3D
model was designed as a segmented model, whereas the section angle of the considered segment was
chosen with regard to the number of teeth of the splined surface. Initially, a convergence analysis was
performed concerning the size of the FEM mesh of the workpiece and the considered angle of the
segment (half of a tooth versus full tooth). When choosing a mesh size having 200,000 elements
modelling one half of a tooth no major differences were found compared to the other investigated
variants within the convergence analysis regarding force-stroke-curve and other process state varia-
bles. With this number of elements, the minimum element edge length was 0.09 mm. The number of
elements was adjusted in each simulation to keep the minimum element edge length of 0.09 mm
constant. For the geometric parameter study, shear friction model was used including an initial fric-
tion coefficient of m = 0.1. During the numerical study, the friction coefficient has also been varied
in a range from m = 0.05 to m = 0.15. The semi-finished product was a tube with a constant length of
58 mm, a constant inside diameter ds = 20 mm and a variable outside diameter which was initially set
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to ds = 30 mm. For the numerical investigations no clearance between workpiece and tool was con-
sidered.

Fig. 2a shows the developed 3D model for the numerical investigation of the cold forging process
with adjustable deformation zone. The model consists of a rigid die, a mandrel and a hollow punch
as well as an ideal-plastic workpiece. Due to the developed tool concept in [7], the hollow punch
remains stationary while the die moves downwards steadily during the process at a speed of 10 mm/s.
The movement of the mandrel, on the other hand, can be controlled upwards or downwards in relation
to the hollow punch (Fig. 2a) and is defined as a function of time with speeds of +/- 10 mm/s. Initially,
the mandrel is located in its upper position and, therefore, the free cross section right at the end of
deformation zone has an annular shape - the desired shape of the workpiece (Fig. 2b). When the
mandrel moves towards its lower position, the free cross section at the end of deformation zone does
not change in terms of its outside shape, but the inside shape changes to a splined shape (Fig. 2c¢). In
this example, the spline comprises n = 10 teeth.
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Fig. 2: a) Model for numerical investigation, overview of investigated parameters and definition of
the logarithmic strain ¢ according to [9], b) cross section (green) of the formed part with mandrel in
its upper position and c) cross section (green) of the formed part with mandrel in its lower position
using a splined mandrel with ten teeth

Furthermore, Fig. 2a contains an overview of the used parameters. In this study, spline dependent
and independent parameters have been investigated. The tooth height /# has been varied between
0.5 mm and 1.5 mm. The number of teeth » has been investigated with 10, 15 and 20 teeth. Also, the
tooth flank angle a, which is also shown in Fig. 2c, has been investigated between 1° and 41°. In
terms of the spline independent parameters, the radius R at the end of the deformation zone of the die
has been varied between 1 mm and 15 mm. Logarithmic strain ¢ is defined with the formula depicted
in Fig. 2a according to [9] and has been investigated by adjusting the diameter ds. In this case, loga-
rithmic strain ¢ refers to the cross section change shown in Fig. 2b with the mandrel in its upper
position. Nevertheless, also the tooth height # impacts the overall logarithmic strain slightly. In an-
gular sections at the tooth tip of the mandrel, the logarithmic strain corresponds to ¢, whereas in
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angular sections between two tooth tips of the mandrel, the logarithmic strain is slightly lower. To
keep the results more comprehensible, the tooth height 4 is listed as a separate value instead of a
second ¢.

For evaluation of the die filling on the outer side of the workpiece, a consistent evaluation meth-
odology has been elaborated, based on a volume comparison. After the forming process of each var-
iant, a characteristic axial section of the pressed part geometry with a length of 30 mm was examined
(Fig. 3a). Since the internal splines are not identical for the investigated variants, an angle section
comprising half of a tooth was used and the internal splines were cut off in a boolean operation to get
the same section in terms of overall length and internal dimension and only the outside shape is spe-
cific for each variant (Fig. 3b). Thus, the volume of the sections can be compared to each other,
respective to an ideal volume with full die filling and, as a result, the underfilled volume can be
determined explicitly. In order to characterize the shape of the internal splines, the spline proportions
(run-in length, effective usable length and run-out length) were also determined. In Fig. 3c an exem-
plary internal spline shape with the characteristic proportions is shown as well as the process states
in which these proportions are generated.
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Fig. 3: a) Axial section of the pressed part geometry, b) examined angle section for volume compar-
ison and c) spline proportions (run-in length, effective usable length and run-out length) and process
states in which these proportions are generated

At the beginning of the investigations it was determined that the underfilling mainly affects the
axial sections of the spline run-in and run-out length. In the remaining sections of the workpiece no
underfilling occurs, due to the sufficient back pressure on the mandrel side during these steady pro-
cess states. The underfilling occurs during the axial movement of the mandrel which leads to a chang-
ing deformation zone regarding the free cross section and, thus, to an unsteady process state. By
comparing the two possible unsteady process states (change from circular to splined shape and vice
versa), it was found that the underfilling emerges significantly higher in the run-in area compared to
the run-out area. Therefore, the run-in area was identified as the worst case (largest underfilling vol-
ume to be expected) and used for the underfilling analysis.

Results and Discussion

Spline dependent parameters. At first, the spline dependent parameters number of teeth n, tooth
height /4 and tooth flank angle o are evaluated. Fig. 4 depicts the influence of these parameters on
volume deviation compared to the ideal volume with no underfilling. The volume deviation decreases
with increasing number of teeth from n = 10 to n = 15, but there is no major change regarding a further
increase to n = 20 (Fig. 4a). Each tooth tip of the spline of the mandrel represents a radially supporting
surface for the plastically deformed workpiece. The more teeth are provided, the closer such radially
supporting surfaces are located to each other. With rising tooth height 4, the volume deviation at the
outside of the workpiece also increases (Fig. 4b). This can be explained by the fraction of volume of
the teeth which has to be filled during the cold forging process. Higher teeth in fact do result in a
higher volume fraction. This leads to a delayed build-up of back pressure on the mandrel side and,
thus, the volume deviation increases. An increasing tooth flank angle from a = 11° to a = 41° tends
to lead to an increased volume deviation (Fig. 4c). But there is no clear tendency compared to e.g.
number of teeth n or tooth height / since a tooth flank angle o = 1° leads to a similar high volume
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deviation as a =21 (Fig. 4c). Thus, there is some kind of a minimum within the investigated values
ata=11°.
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Fig. 4: Influence of spline dependent parameters on volume deviation: a) number of teeth n (o. = 31°,
h=1mm,R=25mm, ¢ =0.59), b) tooth height h (o. = 31°, n = 15, R = 5 mm, ¢ = 0.59) and c) tooth
flank angle a (n = 15, h = 1 mm, R =5 mm, ¢ = 0.59)

Fig. 5 shows the influence of the mentioned spline dependent parameters on spline proportions.
The already mentioned increased proximity of the radial supporting surfaces of the tooth tips comes
with smaller cavities which have to be filled. Despite this improves the volume deviation at the out-
side of the part, it also leads to an increased run-in length of the spline at the inside of the part. This
effect is shown in Fig. 5a. With increasing number of teeth #, run-in length gets larger and, therefore,
the effective usable length of the spline gets smaller. The tooth height 4 has the biggest impact on the
spline proportions which can by explained by the increased volume fraction with increasing tooth
height and, thus, delayed complete fill of the spline cavities on the mandrel side. Raising the tooth
height from # = 0.5 mm to # = 1.5 mm leads to a significant reduction of the effective usable spline
length from 62 % to 12 % (Fig. 5b). The tooth flank angle a shows a similar impact on the spline
proportions as the number of teeth (Fig. 5¢). With increasing tooth flank angle also the effective
usable spline length is reduced.
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Fig. 5: Influence of spline dependent parameters on spline proportions: a) number of teeth (o. = 31°,
h=1mm, R=35mm, p =0.59), b) tooth height (0. = 31°, n =15, R =5 mm, ¢ = 0.59) and c) tooth
flank angle (n = 15, h =1 mm, R =5 mm, ¢ = 0.59)

A detailed look at these results showed that the investigated parameters a, n, R and 4 all have an
impact on the tooth space width (the tangential space between two tooth tips at the constant tooth tip
diameter). The tooth space width is measured between the beginning of the radius at the transition
from tooth tip to tooth flank at the mandrel (Fig. 6a). In Fig. 6b, the correlation between the tooth
space width and the volume deviation is presented. With increasing tooth space width, also the vol-
ume deviation increases. This correlation is also shown with the trend line in Fig. 6b. Therefore, the
tooth space width is a dominant factor in the formation of underfillings at the outside of the work-
piece, whereby an increase in tooth space width in particular has a detrimental effect. For example,
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large tooth space widths require an increased specific volume, which leads to a delayed mandrel-side
back pressure and favors the formation of underfillings.
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Fig. 6: a) Tooth space width at mandrel side and b) influence of tooth space width at mandrel side
on volume deviation

Spline independent parameters. The investigated spline independent parameters radius R and log-
arithmic strain ¢ also affect the underfilling at the outside of the workpiece. Among these two param-
eters, the radius R at the end of the deformation zone of the die has in fact the highest impact on the
underfilling phenomenon. In Fig. 7, the radial deviation of the pressed part geometry compared to the
ideal outside shape of the workpiece for different radii is presented. Comparatively large radii lead to
a significant reduction in underfilling. In contrast, small radii cause a separation of the workpiece
material from the inner die surface, resulting in a significantly higher underfill formation. The result-
ing influence of the radius R on the volume deviation is depicted in Fig. 8a.
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In Fig. 8b, the influence of three different logarithmic strain values (p = 0.33, ¢ = 0.59, ¢ = 1.01)
for three different tooth heights (A =0.5 mm, 2= 1.0 mm, ~# = 1.5 mm) on the volume deviation is
shown. The logarithmic strain refers to the non-splined cold forged section of the workpiece. As
already shown in Fig. 4b, an increased tooth height / leads to higher volume deviation at the part
outside. By considering different amounts of logarithmic strain values (Fig. 8b), it can be concluded
that higher logarithmic strain values also lead to higher volume deviation. This can be explained by
the higher axial velocity of the material flow due to the larger logarithmic strain. Since the axial
velocity rises while the radial velocity near the surface of the mandrel does not change significantly,
the full filling of the cavity is delayed and, therefore, the underfilling is larger. Regarding the inves-
tigated friction values, no major influence of friction values on the underfilling behavior could be
determined in general.
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Fig. 8: Influence of spline independent parameters on volume deviation: a) radius on the die side
(o =21°n=15 h=1mm, o =0.59) and b) logarithmic strain ¢ of non-splined section in depend-
ence of varying tooth height h (oo = 31°, n =15, R =5 mm)

During the numerical investigation, also the mandrel kinematic has been adjusted. In Fig. 9a, two
different mandrel kinematics are shown in a velocity-time-graph. For this specific investigation, the
parameters have been modified slightly to match a real part geometry of a drive shaft (d1 = 25.00 mm,
d3 =33.00 mm, ds =20.50 mm, £ = 0.60 mm, R = 10 mm, n = 24, o = 23.25°). The movement of the
die was kept constant with a velocity of 10 mm/s. Kinematic 1 starts with a constant velocity of
10 mm/s and, therefore, at first moves synchronously with the die. Since in this particular investiga-
tion the initial position of the mandrel corresponds to Fig. 2c, the internal spline is formed right at the
beginning of the process. Afterwards, the velocity is reduced down to 0 mm/s and the deformation
zone changes from the splined cross section to the annular one and, thus, the run-out of the spline is
formed (Fig. 9b). After this, the mandrel accelerates to 10 mm/s again and moves along the die until
the end of the process. In contrast to this simple kinematic, also more complex kinematics have been
investigated — for example kinematic 2, which is also depicted in Fig. 9a. With this particular kine-
matic profile, the mandrel temporarily moves in the opposite direction compared to the die when the
deformation zone is changed, which significantly reduces the run-out length (Fig. 9c).
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Fig. 9: a) Comparison of two different mandrel kinematics, b) resulting shape of the workpiece using
kinematic 1 and c) resulting shape of the workpiece using kinematic 2 (d; = 25.00 mm,
ds = 33.00 mm, ds = 20.50 mm, h = 0.60 mm, R = 10 mm, n = 24, o. = 23.25°)

Conclusion and Outlook

In this contribution, a numerical study on impact of a splined mandrel geometry on die filling in a
cold forging process with adjustable deformation zone has been conducted. In particular, spline de-
pendent and independent parameters have been investigated. Regarding spline dependent parameters
(number of teeth n, tooth height /# and tooth flank angle a), it was found that parameter values that
lead to an increasing tooth space width or tooth volume show a negative effect on the filling behavior.
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In contrast, such parameter values lead to an increased effective usable spline length at the inside of
the workpiece. In terms of spline independent parameters, the radius at the end of the deformation
zone of the die has the biggest impact on the underfilling behavior among the investigated parameters.
Here, small radii should be avoided for this kind of process. In addition, it was found that larger
logarithmic strain values also lead to an increased volume deviation. By adjusting the mandrel kine-
matic regarding its relative position to the die, it is possible to reduce the run-out length of the internal
spline significantly. For the investigated geometry and a desired tooth height of 7 = 1 mm the follow-
ing parameters should be used as a compromise to keep the outside volume deviation small and sim-
ultaneously provide a high effective usable spline proportion at the inside: « = 11°, n = 15 or higher,
R=15mm and ¢ = 0.33. Overall, only very small volume deviations were found in all numerical
investigations, indicating the suitability of the process for the production of precise tailored shafts
with internal splines.

However, the numerical results must be validated in a next step by means of an experimental in-
vestigation. For this purpose, a tool is being manufactured that fulfills the special requirements re-
garding the investigated tool kinematics. Afterwards, the tool will be installed in a hydraulic press at
the Institute for Metal Forming Technology at the University of Stuttgart and experimental investi-
gations will be conducted next. Subsequently, the geometric dimensions of the pressed components
will be measured and compared to the numerical results.
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