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Abstract. New technologies are needed to keep up with the increasing demand for high-
performance components. One approach is to forge hybrid components from prefabricated
multimaterial billets (Tailored Forming). This work focuses on the material distribution after a die
forging process investigating the example of a hybrid spur gear. Different layer thicknesses of the
material X45CrS19-3 were applied to a blank made of C22.8 using a laser hot-wire cladding
process. The semi-finished products were then hot-formed into near-net-shape spur gears. In order
to investigate the influence of different cladding thicknesses on the material distribution across the
tooth geometry after hot forging, metallographic sections were analyzed. The joining zone
microstructure was analyzed for defects and hardness measurements were carried out. In addition,
FEM was used to simulate how different layer thicknesses of a cladded blank affect the material
distribution in forming. The results of the numerical and experimental analysis showed that the
resulting material distribution can be predicted with high precision using FE process modeling.

Introduction

Mono-materials are generally used to manufacture components such as spur gears using
conventional forging and machining processes. Often, a compromise is made between the
properties of the material and the economic requirements. Increasing requirements regarding
components mechanical properties result from current trends towards resource and energy
efficiency [1]. Mono-materials are however reaching their limits. For that reason, hybrid materials
are becoming increasingly relevant. By combining different materials, local requirements for high-
performance components in relevant sections can be met and the efficiency can be increased [2].
Such concepts are already being implemented in sheet metal production and processing with
tailored blanks [3] or platinized rolling [4]. Comparable processes are not yet established in hot
bulk forming, which is why attempts are being made to close this research gap with innovative,
customized forming process chains. This is being done in the Collaborative Research Center 1153.
Process chains for the production of hybrid metallic high-performance components through hot or
warm forming of previously joined preforms by Tailored Forming are being investigated.
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State of the art

During use different load conditions prevail locally in different areas of a gearwheel. Those
conditions are bending in the tooth root and a rolling load under high local pressure on the tooth
flank. Such loading conditions results in two significant damage mechanisms. Crack nucleation at
the tooth root and wear at the tooth flank. High hardness is advantageous against wear and high
ductility against cracking. These approaches are however counteracting. In order to maintain
ductility in the tooth root, only the tooth flanks are induction hardened locally. The achievable
hardness is limited by the material. Finally, the gears are hard-machined to their final dimensions
[5]. Another method of local adaptation of properties is through multi-material design. Results by
Wang et al. towards forge bonding show that the material interface is critical. The approach chosen
in this paper addresses that issue by cladding a billet through deposition welding to generate a
sufficient material bond prior to forming [6].

A series of studies were carried out on the production of hybrid bevel gears using the Tailored
Forming process chain. The combination of materials allows an increase of hardness in the tooth
flank without compromising the ductility and crack resistance in the root. These consist of a
substrate made of C22.8 with claddings of 41Cr4 [7, 8] or X45CrSi9-3 [8, 9, 10], which were
applied using plasma transferred arc welding or laser hot-wire cladding. For the laser hot-wire
cladding process, the additional material is fed in form of a wire and melted by the laser beam. An
electric current through the wire between welding nozzle and substrate leads to conductive heating
of the wire and thus to a reduction in the laser power required to melt and bond the wire. The wire
preheating also allows an increase of the deposition rate [11, 12]. The hybrid semi-finished parts
were successfully formed into bevel gears without layer separation. The hardness of the 41Cr4
cladding was in the range of 275 HV 0.1 after deposition welding and decreased to 200 HVO0.1 to
250 HV 0.1 after hot forming [7]. The lower cooling rates after hot forming were assumed to be
the cause. To achieve the desired hardening mechanical properties and microstructure with high
wear resistance in the cladding layer, a process-integrated heat treatment by quenching and
subsequent self-tempering in an air-water spray field was developed [8, 9]. The heat treatment
improved the tensile strength of the hybrid bevel gears and caused a significant increase in
hardness of the cladding material. Hardness values of up to 513 HV 0.5 were achieved after heat
treatment in the 41Cr4 cladding while the X45CrSi9-3 cladding reached 732 HV 0.5. A direct
comparison of the hardness values is not possible due to the different test loads and the associated
penetration depth and test area. Nevertheless, qualitative tendencies can be shown.

Aim of the investigations

For an efficient application of Tailored Forming for gear components, a load adapted material
distribution is necessary. In order to optimize this distribution, the influence of initial billet
cladding thickness on the material flow must be characterized and modelled. This work aims to
provide a baseline for this through an experimental investigation of material flow for different
layer thickness and a validation of a multi-material FE process model.

Materials and methods
In the following sections, the materials and processes used for laser hot-wire cladding and die
forging are described. Furthermore, the analytical methods and the simulation tools are presented.
A cylindrical blank is used as the substrate. Four different cladding thicknesses between 1.5 mm
and 7.5 mm are considered in this investigation. The outer diameter of the hybrid semi-finished
product after cladding must be 65 mm, to be able to compare the effects of the different layer
thicknesses on the material flow and distribution. The substrate diameter is therefore adapted to
the cladding thickness. An overview of the substrate diameters used and the corresponding
cladding thicknesses is shown in Table 1. The target geometry of the finished component
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corresponds to an FZG test gear of form A with 16 teeth, a pressure angle of 20 ° and a module of
4.5 mm.

Materials
Unalloyed structural steel C22.8 with an initial hardness of 165 £ 12 HV is used as the substrate
material. The cladding consists of the martensitic steel X45CrSi9-3, which is characterized by its
high hardness and good weldability [14] and an initial hardness of 718 + 18 HV. The chemical
composition of substrate and cladding material is shown in Table 2.

Table 1 — Overview of substrate diameters and cladding thickness

Substrate diameter in mm Cladding thickness in mm
50 7.5
55 5.0
60 2.5
62 1.5
Table 2 — Chemical composition in wt. % of X45CrSi9-3 [14] and C22.8 [13]
Fe C Si Mn P S Cr Ni Mo
C22.8 Bal. 0.18- [ <0.40 | 0.30- |<0.025|<0.015|<0.30|<0.3|<0.08
(1.0460) 0.23 0.90
X45CrSi9-3 | Bal. 04- |2.7- <0.6 |<0.04 (<003 [80- |<05
(1.4718) 0.5 33 10.0

Die forging and Analyses

The cladded samples were machined to a diameter of 64 mm and a height of 56 mm before
forming. By machining, surface waviness originating of the cladding process is reduced and an
even diameter ensured that enables a homogenous initial state for the material flow.For the
following forming operation, the samples were heated at 1200 °C for 30 minutes. The samples
were then automatically transferred into the die using an industrial robot. The tool system
schematic, which is shown in Fig. 1, consists of a lower part, which contains the die for the target
outer gear geometry, an ejector system, and an upper part, which consists of the punch and a
closing ring, for flashless forming. The tools were not preheated.

Sample Closing Ring

with spring pack
Die with target prnep

geometry

Ejector Stamp

Figure 1 — Tool for manufacturing of spur gears

The nominal geometry of the toothing in the die is designed to allow machining to final
dimensions after the forming process and is 91.5 mm in outer diameter. After forming, the
component is lifted out of the die by the ejector and removed manually. The tool system was
applied in a SPR500 screw press by LASCO Umformtechnik GmbH. A forming energy of 20 kJ
was set. The forming stroke is limited by mechanical stops which absorb the excess energy. This
ensures identical forming stroke for each test. Before forming, the lubricant CON TRAER G 300

938



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 936-945 https://doi.org/10.21741/9781644903599-100

from Fuchs Lubricants Germany GmbH is applied manually to all active die components. The
gears are quenched directly after forming

Metallographic analyses and hardness measurements are carried out to characterize and
compare the martial distribution and microstructure. For the investigations, samples were cut out
of the formed semifinished spur gears using wet cut-off grinding (Fig. 2 a, b).

For the metallographic examination, the samples were treated with a nitric acid solution and
then photographed using reflected light microscopy. The Vickers hardness measurement (HV 1)
shown in Fig. 2 c, is carried out in the tooth tip (line length: 12 mm) and tooth root areas (line
length: 4 mm) in a radial direction from the edge to the center of the sample. A further series of
measurements is carried out in the center of the tooth flank orthogonally to the tooth surface (line
length: 3.5 mm). The point spacing is 0.5 mm for all measurements.

0 Head

Cutting Plane

b ||||ﬂ|m

Figure 2 — Cutting plane (a, b), Course of hardness measurement (c)

—_—

Material modelling and forming simulation

The material model for X45CrSi9-3 was taken from a previous study [15], where uniaxial
compression tests were carried out with the mono-material. For the C22.8 material model uniaxial
compression tests were carried out on a Gleeble 3800-GTC forming. The tests were carried out at
900 °C, 1050 °C and 1200 °C using cylindrical specimens with a diameter of 10 mm and a height
of 15 mm. Strain rates of 0.1 s, 1 s and 10 s™! were investigated. Flow curves were extracted
from the experimental data and a Hensel-Spittel-10 flow curve approach was fitted by a least-
squares optimization algorithm. In Eq. 1, the Hensel-Spittel-10 approach is shown.

O'f = A % eml*T % TmB k (me k 6(74 +m6*(p) k (1 + (p)(mS*T) % (p(m3+m7*T)’ (1)

Here, the flow stress o depends on the temperature T, the plastic strain ¢, the strain rate ¢ as
well as the materialspecific constants A and m1 to m8. Using the fitted Hensel-Spittel-10 material
model, the flow behaviour can be described consistently in dependence of the strain, strain rate
and temperature within numerical simulations. The determined parameters are presented in Table
3.

Table 3 shows the measured flow curves and the corresponding fitted model for different
temperatures and strain rates. The fit has an r>-Value of 0.96 and is in good agreement with the
measurement data.
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Figure 3 — Experimental and fitted flow curves for C22.8
Table 3 — Hensel-Spittel-10 parameter for C22.8

Parameter Value

A 2443.17

ml -0.0028402
m2 0.0477092
m3 -0.0531006
m4 -0.0022666
m5 -0.0009753
mo6 0.462005
m7 0.000166
m8 -0.0005199

Finite element software simufact forming v16 was used to implement the Hensel-Spittel-10
model. To verify the material model, additional uniaxial compression tests were carried out at
1100 °C with a strain rate of 1 s! whilst keeping the same boundary conditions as for the initial
experiments. The experimental setup was recreated through a numerical simulation of the
compression test with the implemented model. The punch force in relation to the displacement was
determined through the simulation and compared to the measured results. As shown in Fig. 4, the
results of the simulation and the experiment are in good agreement with an root mean square error
of 0.6396kN, therefore the resulting material model was used in the following parameter study.

—  Experiment
=== Simulation

-

Force in kN

-
_———

2
-
-=Z
-

3 4 5
Stroke in mm

6 7

Figure 4 — The force-displacement curve determined through the simulation in comparison to the
experiment

The simulation model for the parameter study of the layer thickness, as shown in Fig. 5, consists
of an upper tool, a lower tool, a punch and the hybrid semi-finished product. Symmetry axes were
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used within a 3D-model, so only a 45° section of the setup was computed to save computing time
whilst still including a complete gear tooth as well as two half teeth. The tools were modelled as
rigid bodies with a temperature of 20 °C to analyze the feasibility of the process in the first step.
In order to model the effect of the deposition welding the substrate and cladding were modeled as
distinct deformable bodies with an adhesive contact condition, ensuring that the contact nodes
between the two materials adhere to each other. To investigate varying cladding thickness,
geometries with the corresponding dimensions were used. The bodies were initially meshed with
tetrahedral elements, which had a size of 2.5 mm. As the process shows significant plastic strain,
a strain dependent remesh criteria at 0.4 was defined. To ensure precise numerical predictions, an
additional refinement box was added in the area of the gear tooth, in which the element size was
1.25 mm. The initial temperature is set to be homogeneous at 1100 °C for both the C22.8 and the
X45CrSi9-3. A friction model incorporating both Coulomb and viscous friction was employed,
with a friction coefficient (1) of 0.08 and a friction factor (m) of 0.3, as described in [15].

Symmetry planes ——>

Upper tool——>

ﬁCZZ.S

<€—————X45CrSi9-
Lower tool ——> SCrsio-3

i
z —_
Punch : BoXEs
! z
y X of X
Y.

Figure 5 — a) Cross section of the simulation model b) Symmetry planes of the reduced model

X45CrSi9-3

Laser hot-wire cladding

For the laser hot-wire cladding process, a coaxial laser deposition welding head developed by
Laser Zentrum Hannover e. V. and a LDM3000-40 diode laser beam source by Laserline GmbH
is used. The substrates are sandblasted and cleaned with ethanol before being mounted on a
rotational axis. Spiral weld seams are applied to the substrate. In order to achieve different cladding
thicknesses, multiple layers are deposited. An overview of the parameters for the different cladding
layers is given in Table 4. The parameter used for the first cladding layer for all substrate types
and subsequent layers of substrates with 62 mm and 60 mm diameter are derived from previous
investigations [16, 17]. Slight adjustments of the process parameters were necessary due to the
change in substrate geometry. The two additional process parameter sets were determined through
a small parameter study. No cracks or bonding defects were observed in cross-sections of the
cladded samples examined after laser hot-wire cladding. The cladding of the substrates with a
diameter of 60 mm consists of three layers, while two layers were necessary for the 62 mm
substrates. For the substrates with the smaller diameter of 50 mm and 55 mm eight and five
cladding layers were used to achieve sufficient cladding thickness (see Table 1).
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Table 4 — Welding parameter for laser hot-wire cladding X45CrSi9-3 on C22.8

Parameter Unit First layer Next layers | Next layers | Final layer | All layers
D50/D55/D60 | D50/D55 D60 D60/D55 D62

Welding 1 imin | 1200 1800 1200 1200 1200

speed

Current A 100 140 100 60 100

Laser power | kW 1.65 1.50 1.65 1.50 1.65

Wire feed | min 2.0 3.0 2.0 1.0 2.0

rate

Shielding

gas  flow | I/min 8.0 8.0 8.0 8.0 8.0

rate (argon)

Stickout mm 7.7 7.7 7.7 7.7 7.7

Seam-to- mm 1.2 1.2 1.2 1.2 1.6

seam offset

Laser spot mm 2.8 2.8 2.8 2.8 2.8

Results and discussion
Following, the results of the material flow for different cladding thicknesses are presented and
discussed. Afterwards, these results are compared with the FE simulation.

As shown in Fig. 6, the material distributions show clear differences with different cladding
thicknesses. A significant thinning can be seen on the tooth flank in Fig. a. As the material flows
into the tooth, it increases in surface area, which leads to a thinning of the surface layer. In Fig. 6
b (5§ mm) and ¢ (7.5 mm), this effect is less pronounced or not observed at all. The material of the
cladding layers fills the tooth before base material can flow into the tooth and thinning occurs. Fig.
6 c shows cracks in the cladding that run along to the base material and also through the joining
zone (red marking (3)). With a layer thickness of 7.5 mm, the interlocking of the base material
with the cladding material is significantly less pronounced, which is possibly due to the lower
degree of deformation in the area of the edge surface with greater weld-on thicknesses. The
interface between the thicker material and the softer core is therefore more susceptible to shearing
forces.

In Fig. 6 a (red circle (1)) and Fig. 6 b (red circle (2)), a dark area can be seen below the cladding
layer. This area cannot be recognized in Fig. 6 c. When analyzing the hardness curves, it can be
determined that in Fig. c is a pronounced decrease in hardness from approx. 700 HV in the coating
material to approx. 200 HV in the base material. For the samples with 2.5 mm and 5 mm coating
material, the hardness initially drops sharply from approx. 700 HV to approx. 350 HV. It then
decreases more slowly to approx. 220 HV. This slower drop in hardness and the dark area are
probably due to diffused carbon. The gradient in carbon concentration between the two alloys
(Table 2) leads to the diffusion into C22.8. The presumably carburized zone is uneven in its
thickness, being less pronounced in areas of thicker cladding. As diffusion is a primarily heat and
time driven mechanism and the form of the layer appears to follow material flow, the carburized
zone is most likely generated in the heating process prior to forming. During the forming process,
the diffusion layer is concentrated in the teeth by the flowing material and displaced at the tooth
roots. Higher cladding thicknesses result in less material flow into the tooth, which is why this
effect is more recognizable with lower cladding thicknesses. Indirect heating in chamber furnaces
is based on heat transfer from the furnace atmosphere into the outer billet surface before it is
transported further into the core. The diffusion process is enhanced for thin cladding closer to the
outer surface as higher temperatures are reached earlier and therefore held over a longer fraction
of the 30 min heating time.

942



Material Forming - ESAFORM 2025

Materials Research Forum LLC
Materials Research Proceedings 54 (2025) 936-945

https://doi.org/10.21741/9781644903599-100

Light-colored areas can be seen in the surface layer at the tooth tip of all three samples, which
extend into the tooth flanks. In b) and c¢), the tooth tip exhibits reduced hardness close to the
surface, before reaching a plateau level. The absence of this hardness drop for 2.5 mm cladding in
a) can be lead back to the limited thickness of the decarburized layer that is stretched and thinned
out through the forming process and cannot be resolved with the applied HV1 hardness test load.

e Head Flank Root e Head Flank Root

e Head Flank Root
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Figure 6 — Formed spur gears with cladding thicknesses of a) 2.5 mm (1: dark area), b) 5 mm
(2: dark area), c) 7.5 mm (3: cracks) and the corresponding hardness curves

When comparing the contours of the forged components with the FE simulation results, it is
detected that the results differ for thin claddings. The material flow of the base material into the
tooth showed deviations for a thickness of 2.5 mm (Fig. 7 a). On the other hand, a high degree of
agreement was achieved with increasing cladding thickness, as can be seen in Fig. 7 b. The
cladding layer and the cladding interface to the base material is subjected to more extreme
deformation and thinning for thinner layers. A strong thinning occurs between the tooth flank and
the tooth root. This strong thinning is difficult to model numerically. In addition, numerical
simulation of the damage behavior represents a separate area of research and the parametrization
of a damage model would require additional investigations [18], damage effects were not
considered for this study. The effects are especially enhanced by additional sources of uncertainty
with limited modelling accuracy such as friction which is of major importance in forging.

The model applied here should therefore be limited to applications with higher cladding layer
thickness as it shows good accordance to experimental results in this parameter space.
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Figure 7 — Contour comparison of forging and simulation results for a) 2.5 mm and b) 7.5 mm
weld thickness

Summary and outlook

In summary, the results show that the material flow in the teeth of a spur gear can be adjusted by
varying the cladding thickness. Thin cladding layers have a significant influence on the material
distribution in the component.

The supposed impact of carbon transfer on mechanical and performance properties is to be
analyzed in further work. It can also be investigated whether this effect can be prevented by a
faster inductive heating strategy.

Material flow predictions with the multi-material FE process model used here are possible from
a certain layer thickness. A high degree of agreement between FE simulation and experimental
results was detected with thick layers and minor deviations with thin layers. To investigate these
deviations, a mesh study can be carried out to determine the properties of the elements and damage
models can be implemented.

EDX analyses and nanoindenter measurements at the interface can be contribute to better
understanding of the involved mechanisms. Based on these results, a virtual optimization of the
material distribution in gear components through FE modelling is possible. Ideal results are
expected by combining the developed model for gear production with simulation methods used to
model load and damage distribution in gear applications.
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