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Abstract

The Collaborative Research Center 1153 is investigating an innovative process chain for the production of hybrid components.
The hybrid workpieces are first joined and then formed by cross-wedge rolling. Pinion shafts were manufactured to investigate
the behavior of the joining zone under increased complexity of the forming process. For this purpose, six types of workpieces
produced by three types of joining processes were formed into pinion shafts. The reference process provides a shaft with a
smooth bearing seat. It was found that the increased complexity did not present any challenges compared to the reference

processes. A near-net shape geometry was achieved for the pinions made of steel.

Keywords Hybrid components -
Laser hot-wire deposition welding
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Introduction

When it comes to meeting the requirements in transmission
construction, monomaterials reach their limits. Increasing
technical requirements as well as rising costs due to material
shortages further aggravate the problem of material selec-
tion [1]. Hybrid components are suitable for extending the
application limits and increasing resource efficiency. The
Collaborative Research Center (CRC) 1153 isresearching the
"Tailored Forming" process chain for manufacturing hybrid
components. The combination of aluminum and steel leads to
areduction in component mass while retaining the properties
of steel in relevant areas of the component. Hybrid compo-
nents made of two or more steel grades enable withstanding
high load capacities by integrating a corresponding mate-
rial in the relevant zone while saving alloying elements in
the rest of the component. Hence, the component is adapted
according to the load profile [2].
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Hot forming -

Laser beam welding -

One forming process used in the CRC 1153 is the cross-
wedge rolling (CWR) process. CWR is a preform operation
used to increase resource efficiency [3]. It is an incremen-
tal forming process that produces rotationally symmetrical
workpieces. Two tools move in opposite directions and
reshape the workpiece located in between [4]. The tools are
equipped with a wedge profile that forms the workpiece. The
wedges are profiled with serrations to ensure sufficient fric-
tion between workpiece and tool. The principle of the tool
construction is shown in Fig. 1. The tool is divided into three
zones: knifing zone, stretching zone and sizing zone [3]. In
the knifing zone, the wedge first sinks into the workpiece
[3]. The workpiece is then further formed in the stretching
zone of the tool [3]. Finally, the workpiece is calibrated in
the sizing zone and the noses caused by the serrations as well
as other shape irregularities are removed [3]. The tools used
for CWR in the CRC 1153 are modular in design. The sizing
zone can be exchanged for an endpiece that forms pinions
in the area of the bearing seat (see Fig. 8). In this way it is
possible to form pinion shafts with the CWR process.

The motivation for examining a geometry with an increased
complexity is to obtain general statements on process win-
dows for the forming of hybrid workpieces. The CWR
process is mainly influenced by the forming angle «, the
wedge angle B and the cross section reduction R, [5].
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Fig. 1 Principle of the CWR tool, according to [3]

Since high cross section reductions (above 70%) are already
challenging for mono-material components, this poses a par-
ticular difficulty with respect to the joining zone stability of
hybrid workpieces [3]. By forming hybrid pinion shafts it is
being investigated what maximum degrees of forming can be
reliably formed in the area of serial joining zones or coaxial
application by means of CWR without damaging the joining
zone.

A pinion shaft is a combination of a gear and a drive shaft.
It is used for a variety of gears in mechanical and plant engi-
neering if the transmission ratio at high torques is critical
due to small sizes of the gear [6]. Pinion shafts are often
manufactured by forging, machining or rolling [7]. The pos-
itive effects of forming processes, such as grain refinement
and adapted fiber courses, are then lost [8]. In addition, the

Fig.2 Workpieces used for
feasibility study

Material area from which the
pinions are formed
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Fig.3 Measurements of workpieces before cross-wedge rolling

resource efficiency is lower if the manufacturing process only
consists of machining.

The aim of this work is to develop a stable forming process
for hybrid pinion shafts and to design tools that form near-
net shape. Six different types of workpieces are investigated.
These workpieces are manufactured using three different
joining processes and subsequently formed using the CWR
process. The pinion shafts are then 3D-measured and com-
pared to the optimal geometry.

Manufacturing of hybrid workpieces

The hybrid workpieces are produced using deposition weld-
ing, laser beam welding and friction welding. The material
combinations used are presented in Fig. 2. The dimensions
of the workpieces are shown in the Fig. 3. For comparabil-
ity, workpieces c)-f) were turned to have the same dimension
as the workpieces a) and b). Workpiece a) is produced with
deposition welding. Workpiece b) is produced by friction
welding of aluminum and steel and the subsequent deposi-
tion welding of the cladding. Workpieces c) to f) are produced
using laser beam welding.

X45CrSi9-3

EN-AW 6082

NiCr22Mo9Nb

Material area from which the
pinions are formed



International Journal of Material Forming (2023) 16:45

Page3of10 45

X45CrSi9-3

20MnCr5

Fig.4 Cross section of workpiece b), manufactured by friction welding
and laser hot-wire deposition welding

Hybrid components have several advantages, which are
reflected in the workpieces used. Workpiece a) allows the use
of a lower cost base material while maintaining the required
properties of the pinions by using a higher alloyed material
in this area. The cladding material takes up roughly 2% of the
total volume of the workpiece. Thereby, the amount of higly
alloyed material can be largely reduced whilst maintaining
the necessary properties in the area of the pinions. Workpiece
b) adds weight reduction to the list of advantages through the
partial use of aluminum as the base material. The weight of
the component can be reduced by 33%.Workpieces c¢) and d)
allow the cost of the workpiece to be reduced while maintain-
ing relevant properties such as durability at high temperatures
and chemical resistance. Workpieces e) and f) are another
example of the reduced use of high-alloy steels. In the case
of workpieces c) and e) the area from which pinions are for-
mend takes up 12% of the total volume. Workpieces d) and
f) divide into 49% of NiCr22Mo9Nb or respectively C22.8
and 51% of X5CrNil8-10 or 41Cr4. This usage of differ-

ent materials can lead to a higher resource efficiency of the
produced components.

Deposition welding

The claddings are applied using a laser hot-wire deposition
welding process. A laser beam source with a wavelength of
1,020 to 1,060 £ 15 nm and the coaxial deposition welding
head MK-II, manufactured by Laser Zentrum Hannover e. V.,
is used for this purpose. Two layers of spiral weld seams
are applied on the 20MnCr5 base material. In the case of
workpiece b) the cladding is positioned close to the joining
zone. The cladding has a height of 1.75 mm (workpiece b)
or 1.92 mm (workpiece a) and a width of 15 mm. A cross
section of a workpiece type b) can be seen in Fig. 4. The
welding parameters used are shown in Table 1. The stickout
is defined as the distance between the welding nozzle and the
workpiece.

Friction welding

Serially arranged workpieces (workpiece b)) made of alu-
minum (EN-AW 6082) and steel (20MnCr5) are produced
using the friction welding process at the Institute of Form-
ing Technology and Machines, Hanover [9]. In this process,
the workpieces are pressed together and rotated against each
other. The friction between the two parts generates heat [10].
In conjunction with the pressure, the material is melted and
a material bond is created between the joining partners [10].

Laser beam welding

Serially arranged workpieces made from NiCr22Mo9Nb and
X5CrNil8-10 as well as the steel combination of C22.8 and

Table 1 Welding parameters for

laser hot-wire deposition Parameter Unit \\’/\;(;Illzpiece b \V]Vacl)ill;piece a

welding of X45CrSi9-3 on

20MnCr5 Welding speed mm/min 1,200 1,000
Electric current
- first layer A 120 90
- following layers A 120 80
Laser beam power kW 1.5 2.1
Wire feed rate m/min 24 2.0
Shielding gas flow rate (Argon) I/min 8 6
Stickout mm 5.7 6.9
Seam-to-seam offset mm 1.6 1.6
Collimation length mm 63 100
Optical fiber diameter wm 400 400
Focal length mm 300 300
Spot diameter mm 3.1 3.0
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Table 2 Specifications of laser beam welding setup

Parameter Unit Value
Wavelength nm 1,030
Optical fiber diameter wm 200
Collimation length mm 150
Focal length mm 300
Focal spot diameter wm 400

41Cr4 are produced using the laser beam welding process
at the Laser Zentrum Hannover e.V. During circumferential
laser beam welding the specimen is rotated and the process-
ing head is stationary. To prevent melt drop formation, the
processing head is angled by 20°. Argon shielding and pro-
cess gas is provided by two flat nozzles below and above the
specimen for cooling, melt drop prevention and gas plume
reduction. For clamping, a setup for ultrasonic assisted laser
beam welding with a clamping pressure of 200 bar is used.
More parameters are shown in Tables 2 and 3. A cross sec-
tion of a laser beam welded specimen is shown in Fig. 5. It
shows two seams with pores in the center, which were cre-
ated by the welding process. The cause of these pores is that
the welding depth was exaggerated. The specimen shown is
a reject specimen.

Forming of hybrid workpieces

The CWR experiments were conducted using the CWR mod-
ule at the IPH - Institut fiir Integrierte Produktion Hannover
¢GmbH. The tool speed was set to 150 mm/s. The tools
were preheated to 150 °C to reduce temperature loss from
the workpiece during forming. The workpieces were heated
using an induction heating unit by EMA-TEC GmbH.
Forming depends largely on tool parameters (Fig. 1), but
also on material and temperature properties [3] [11]. For
hybrid material forming processes the forming parameters of
different materials have to be matched to each other. There-
fore, the yield stresses of materials are compared. The yield
stresses of aluminum and steel at a homogeneous forming
temperature vary strongly [11]. Accordingly, hybrid work-
pieces made from steel and aluminum (workpiece b)) are

Table 3 Parameters of laser beam welding

Parameter Unit Value
Gas flow rate [/min 60
Defocusing mm -4
Laser beam power kW 8
Welding speed m/min 0.95

@ Springer
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Fig.5 Cross section of a laser beam welded workpiece e) made from
41Cr4 and C22.8

partially heated to create an inhomogeneous temperature dis-
tribution [11]. The steel side is heated using the induction
heating unit. The aluminum is heated by the conduction of
heat from the steel side. This results in a temperature dis-
tribution as seen in Fig. 6. The temperature distribution was
measured using a thermal imaging camera. The temperature
on the steel side is a maximum of 1,100 °C and the aluminum
side is an average temperature of 380 °C. The temperature
distribution causes yield stresses of the two materials that are
adapted to each other.

Workpieces a), e) and f) were heated to 1,250 °C homoge-
neously. Workpieces c¢) and d) were heated to 1,080 °C. The
temperature distribution of workpiece d) was measured using
athermal imaging camera (Fig. 7). The results show a mostly
homogeneous temperature distribution with end pieces that
are cooled down more than the rest of the workpiece. The
deviations of the graph (especially in the area of the join-
ing zone) can be explained by deviating emissivities in the
respective areas.

Production of pinion shafts

Pinion shafts are produced by forging, machining or rolling
[7]. In this paper, the possibility of using CWR is investigated.
The tools are designed according to the Roto-Flo-Process
[4]. The tool is divided into three zones: knifing, stretching
and sizing zone (see Fig. 1). In the case of the reference
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Fig.6 Temperature distribution
in serially arranged
aluminum-steel workpieces
measured with a thermal
imaging camera
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process, the sizing zone forms a smooth bearing seat. For the
production of pinion shafts the end piece of the CWR tool
(the sizing zone) is exchanged for an end piece which forms
pinions in the area of the bearing seat. The molds for forming
the pinions are developed in accordance with literature [12].
The geometry of the pinion mold can be seen in Fig. 8. This
tool creates a straight-toothed gear as seen in Fig. 9.

Results

Different workpieces were manufactured and cross-wedge
rolled to determine the feasibilty of producing hybrid pinion
shafts with the CWR process. For reference, each material
combination was also examined without the formation of
pinions, i.e. with a smooth bearing seat. The hybrid pinion
shafts were then measured using an optical 3D-measurement
system (GOM ATOS Core 80). The measured surfaces were
compared to the target geometry in Fig. 9.

Workpiece a)

Inaprevious study, it was found that the material combination
of 20MnCr5 and X45CrSi9-3 is suitable to produce hybrid

Aluminum

Joining
zone

20 30 40 50 60 70 80 90
position in mm

100 110 120 130

workpieces with a smooth bearing seat [13]. In this study
two workpieces made from this material combination were
formed into pinions. The cladding was successfully formed
into pinions without layer separation. The distribution of the
cladding after forming can be seen in Fig. 10. The pinions
are fully coated with cladding. It was also found that the
gaps between the pinions have sufficient coverage with the
protective layer of cladding.

The material exhibits core loosening, also known as the
Mannesmann effect. This involves the formation of cavities
in the center of a shaft due to stresses in the CWR process
[14]. Former studies show that this is most likely caused
by the high sulfur content in 20MnCr5 [15]. Cavities also
occurred in the reference process. The cavities increase the
volume of the shaft in that area and cause ovalization on the
right hand side of the pinion shaft.

In Fig. 11 the 3D-measurement of the formed pinion shaft
is visible. The colors indicate how much the shaft devi-
ates from the target geometry. The target geometry show the
pinion shaft after machining. It is therefore crucial that the
deviation is on the positive side to ensure that there is suf-
ficient material for machining. 68.3% of the measurement
points that fit the target geometry best were considered. This

@ Springer
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Fig.7 Thermal imaging camera
measurements of a serially
arranged
NiCr22Mo9Nb-X5CrNil8-10
workpiece after induction
heating
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corresponds to a sigma of all points. Considering a higher
number of points is not suitable due to the resolution of the
3D measurements. On the right side the formed shaft devi-
ates a lot from the target geometry due to the ovalization.
The deviations in the area of the pinions averages 1.03 mm.
Smaller areas with a high deviation of -4.00 mm are visible.
These are most likely caused by gaps in the 3D-profile of the
formed pinion shaft.

Workpiece b)

Workpiece b) could not be formed into a pinion shaft. The
workpieces broke during CWR right before the sizing zone.
This could be due to the fact that the cladding layer was
welded too close to the weld seam between aluminum and

NiCr22Mo9Nb

XS5CrNil8-10

10 20 30 40 50 60 70 80 90 100 110 120 130

position in mm

steel. This means that the thermal influence on the joining
zone during the welding process was too high. In a refer-
ence process, a shaft made of the same three materials had
already been successfully cross-wedge rolled. For this work-
piece, there was a space of about 3 mm between the aluminum
and steel joining zone and the start of the cladding. The other
possible cause is that the temperatures during cross-wedge
rolling were too high. In order torule out this possibility, several
experiments were carried out at lower temperatures. Even at
lower average temperatures the joining zone came loose.

In order to characterise the subsurface, X-ray residual
stress measurements were carried out using the sin’y-
method with Cr K radiation with a fixed wavelength of
2.2897 A. The measurements were conducted on a Seifert

Fig.8 Cross-section of the tool

geometry

@ Springer
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Fig.9 Target geometry of the
hybrid pinion shaft after

1.44 —«

machining | ;
18 222
i '

XRD 3003TT two circle X-ray diffractometer. The mea-
suring beam was limited by a 1 mm point collimator. The
measurements identified compressive residual stresses of -
410 MPa in the axial direction at the tip of the teeth. In
literature, tensile residual stresses were measured at the tip
of the teeth and large compressive residual stresses at the
root of the teeth, which lead to an early failure [16]. Here,
the tensile residual stresses at the tooth tip were listed as
the cause for the premature failure of the pinion shaft. This
means that in the produced hybrid shaft, the weak point with
regard to the subsurface could be eliminated. In future work,
a special focus will be placed on the detailed characterisation
(residual stress depth profiles and locally resolved residual
stress determination) of the subsurface and lifetime of these
components.

Workpiece )

Workpiece c) could not be formed into a pinion shaft. On
the side with the higher degree of forming (left sides of
the workpieces in Fig. 2) the X5CrNil8-10 broke. To rule
out errors in temperature control, experiments were carried
out at other temperatures. At a temperature of 1,100 and
1,200 °C the joining zone between the serially arranged mate-
rials broke. To confirm that the degree of forming is limited
for X5CrNi18-10 experiments using monolithic workpieces
were performed. It was not possible to identify process

Cladding
(X45CrSi19-3)

Base material

(20MnCr5) A

Fig. 10 Cross section of a pinion shaft produced from workpiece a)

59 — 2 2] 2] e = 25—

- 2 P ——

parameters (e.g. forming temperature, tool velocity) that
would lead to defect free shafts. It is possible that a different
tool geometry (e.g. different values for « and 8) would lead
to a defect free shaft. The pinions made of NiCr22Mo9Nb
could be formed, but the tool was heavily worn by the though-
ness of the material. The tool is made from 55NiCrMoV7 and
hardened to 52 HRC. The first signs of wear appeared after
only 5 experiments. After 30 experiments with the material
combinations mentioned in this paper, the tool was so heav-
ily worn that no further experiments could take place. It is
possible that forming at a higher temperature and with a fur-
ther hardened tool would give better results with regard to
the near-net shape production.

Workpiece d)

Workpiece d) could be successfully formed into a pinion
shaft. The contour of the pinions made of NiCr22Mo9Nb
could be improved by using a harder tool. The tool wear in
these experiments was extraordinarily high. For workpieces
¢) and d) it was found, that the wedge tip must not cut into
one of the joining zones. If the wedge cut into the joining
zone, the workpiece broke after just a few seconds of CWR.
The 3D-measurement of a workpiece d) is visible in Fig. 12.
As expected the pinions made from NiCr22Mo9Nb are less
pronounced and show an average deviation of 1.13 mm from
the target geometry in the area of the pinions. The average
deviation is probably higher, but the quality of the obtained
3D-profile was low due to the glossiness of the formed pinion
shaft.

Workpieces e) and f)

Workpieces e) and f) were formed into pinion shafts without
any defects. Figure 13 shows the part made from workpiece
e) after turning. The 3D-measurement of workpiece f) can
be seen in Fig. 14. It is visible, that the base material formed
near-net shape. The pinions are formed with deviations of
1.42 mm on average to the target geometry. Although this is
the largest deviation, the workpiece can be machined without
defects as shown in Fig. 13.

Comparing all the 3D-measurements shows, that work-
piece a) has the lowest average deviation from the target
geometry. Small defects are visible in the pointed transition
between the pinion and the rest of the shaft. Workpiece d)

@ Springer
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Fig. 11 Deviation from the
target geometry of workpiece a)

Fig. 12 Deviation from the
target geometry of workpiece d)

Fig. 13 Workpiece e) after
turning

Fig. 14 Deviation from the
target geometry of workpiece f)

Fig. 15 Comparison of
deviations from the target
geometry
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shows a more inhomogeneous surface texture. Although the
average deviation from the target geometry is only 1.13, the
pinions were not fully developed as needed. Larger areas
show deviations into the negative range, which would prevent
successful machining. Workpiece f) shows a large average
deviation of 1.42 mm. Since all deviations are in the positive
range, a pinion shaft could be produced from this preform.

Summary

e Workpieces a), €) and f) could be formed into hybrid pinion
shafts without defects. A near-net shape was achieved.

e Inthe case of workpiece a) the pinions are formed entirely
from cladding material, so that a good distribution of
material can be assumed.

e It is possible to form NiCr22Mo9Nb and X5CrMol8-
10 into pinions. The near-net shape could be improved
by higher forming temperatures or a tool with increased
hardness (e.g. by additional hardening of the tool teeth).

e The possible degree of forming for the material X5CrNil 8-
10 using the CWR process is limited.

e Anincrease in the forming temperature for NiCr22Mo9Nb-
X5CrNil8-10 combinations leads to failure of the joining
zone.

e To avoid material failure in NiCr22Mo9Nb-X5CrNil8-
10 combinations, the wedge of the tool must not cut into
the joining zone.

e The tool wear due to the experimental tests is high. Espe-
cially for serially arranged aluminum-steel workpieces due
to the temperature distribution and for NiCr22Mo9Nb
due to the low formability of the material.

e For workpieces made of three materials (EN-AW 6082,
20MnCr5 and X45CrSi9-3), the distance between the
joining zone of friction welding and the start of cladding
should be increased to reduce the influence of deposition
welding on the intermetallic phase.
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