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Abstract: The service life of rolling contacts is dependent on many factors. The choice of materials in
particular has a major influence on when, for example, a ball bearing may fail. Within an exemplary
process chain for the production of hybrid high-performance components through tailored forming,
hybrid solid components made of at least two different steel alloys are investigated. The aim is
to create parts that have improved properties compared to monolithic parts of the same geometry.
In order to achieve this, several materials are joined prior to a forming operation. In this work, hybrid
shafts created by either plasma (PTA) or laser metal deposition (LMD-W) welding are formed via
cross-wedge rolling (CWR) to investigate the resulting thickness of the material deposited in the
area of the bearing seat. Additionally, finite element analysis (FEA) simulations of the CWR process
are compared with experimental CWR results to validate the coating thickness estimation done via
simulation. This allows for more accurate predictions of the cladding material geometry after CWR,
and the desired welding seam geometry can be selected by calculating the cladding thickness via
CWR simulation.

Keywords: tailored forming; cross-wedge rolling; welding; PTA; LMD-W; forming; rolling; coating

1. Introduction

Many technical applications place partly contradictory demands on the construction material
used. For example, the parts may need to be lightweight, low-cost, and at the same time, increase
performance. Material selection then becomes a multi-criteria decision problem in which factors such
as production, costs, or environmental effects are considered [1–3]. The goals of the engineer may be
conflicting [4]. The combination of multiple material types in a single component has the potential to
achieve several goals at once, for example load bearing capacity can be varied through local adaptation
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of material properties to reduce the overall amount of material required. Additive manufacturing,
casting, and welding are currently used for this purpose [5–7].

In sheet metal forming, the use of welded sheet blanks, also known as tailored welded blanks,
has been industrially established for over 20 years [8,9]. They are used in large quantities in the
automotive industry for the production of body parts such as doors and side members [7]. However, the
technology for this type of processing cannot directly be applied to a multi-material component with a
three-dimensional geometry.

1.1. Tailored Forming Approach

Tailored forming involves deposition welding (see Section 2.1 and Section 2.2) and subsequent
forming (see Section 2.3) to produce multi-material solid components [10]. An exemplary component
of this process chain is shown in Figure 1 (left). Here, a multi-material shaft consisting of a cladding
material (red) and a base material (blue) is shown. The deposition-welded part of the shaft (red)
serves as a bearing race for a cylindrical roller bearing (CRB, yellow). Due to an external radial load
on the CRB, high-contact normal stress exceeding 2 GPa [11,12] occurs in the contact between the
rolling element and the shaft. According to the Hertz–Belyaev theory [13,14], the maximum equivalent
stress occurs in a material volume below the stressed surface. When a loaded rolling element rolls
over a point on the raceway surface, the maximum shear stress in the subsurface varies between 0
and τmax, see Figure 1, right. This cyclic loading of the material volume initiates and propagates
fatigue cracks in the high-cycle regime (>>106 cycles), which is referred to as rolling contact fatigue
(RCF) [15]. RCF eventually leads to material removal and, if a crack propagates to the surface and
forms a chip/pitting, failure of the component. Lundberg and Palmgren [16] assumed the maximum
orthogonal shear stress τO to be significant in causing fatigue failure. Other authors consider the von
Mises–Hencky distortion energy theory [17] and the scalar von Mises stress to be better for predicting
RCF failure, with the latter being directly proportional to the octahedral shear stress τoct. Figure 1,
right, shows that the maximum shear stress occurs at depth z of approximately 0.5b to 0.8b. Here, RCF
occurs in a highly localized volume of stressed material, so a high-strength material is required there.
The remaining part of the component can be made of a less solid material with higher ductility and
lower price.
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1.2. Welding and Forming

Deposition welding is particularly suitable as a joining step, as it creates a substance-to-substance
bond between the cladding material and base material. As already mentioned, the maximum stress
zone of a roller bearing is under the contact surface. Surface hardening processes such as nitriding [18]
do not reach the necessary layer thicknesses to withstand the expected loads. Through deposition
welding, it is possible to produce a cladding layer, which can be adjusted to the applied forces
and stresses by alloy design and thickness selection. It is also possible to deposit many kinds of
metallic alloys, sometimes even those considered non-weldable because of their high carbon equivalent
values (CEV). Further advantages of deposition welding are a low dilution rate and a high degree of
automation [19].

The chosen deposition welding procedures are laser metal deposition welding with wire (laser
metal deposition welding (LMD-W)) and plasma powder transferred arc welding (PTA). The welding
processes were chosen for their different advantages. Laser metal deposition welding allows precise
control of the seam geometry and produces low material dilution. PTA welding, on the other hand,
allows significantly higher deposition rates but also introduces more heat into the components.

In laser metal-wire deposition welding, a wire is preheated using conductive heating and the laser
radiation provides the energy necessary for melting the wire and the substrate material. The preheating
of the wire reduces the required laser power, which leads to less heating of the substrate and thus to
lower degrees of dilution between base material and applied material. Additional advantages of laser
hot-wire processes are a better process stability and less sensitivity to tolerances in wire alignment.
The low degrees of dilution ensure high quality of layers, so in most cases, the desired chemical or
physical properties, such as corrosion resistance, wear resistance, and hardness, are achieved from the
very first layer [20–22].

Plasma powder transferred arc welding is a thermal process for applying wear- and corrosion-
resistant layers on surfaces of metallic materials. During the PTA welding process, a tungsten electrode
creates a plasma arc with high energy density, which melts the surface of the base material. At the same
time, the cladding material in powder form is streamed into the arc and molten. During solidification, a
substance-to-substance bond between the cladding material and the base material is created. The whole
welding process is performed with argon as the shielding gas.

In order to further enhance material- and process-related advantages, a subsequent forming of the
joined semi-finished product is necessary.

It is possible to simulate forming processes in addition to welding processes with FEM.
The prediction of the resulting heat flows is of particular importance. The mapping of heat flows allows
an estimation of the heat-affected zones and the resulting residual stresses in the material. This is
important, because it allows for prediction of component distortion. An example of how this can
be achieved is given by Lostado Lorza et al. [23]. Due to the production process of the components
used in this work, a simulation of the welding influence is not necessary. As Blohm et al. [24] showed,
a hot forming process after a welding process could completely eliminate the heat effects of welding
on the steel structure. The reason for this is the complete re-austenitization of the microstructure
with subsequent microstructure formation, which neutralizes previous residual stresses. As shown
in Figure 2, this microstructure transformation can also be observed in the samples of this work.
Figure 2a shows the microstructure of the base material C22.8 after welding. A classical Widmanstätten
microstructure of long ferrite needles can be seen, and the impact of the heat from welding is obvious.
The 100Cr6 is solidified in a pearlitic structure and is located in the darker region in the upper part of
the picture. After cross-wedge rolling (CWR), the microstructure in the base material and in the coating
material is much finer-grained than after welding and corresponds to a typical microstructure from
forming (Figure 2b). In both microstructure states, a defined orientation of the grains or inhomogeneity
cannot be identified, so for the simulation of the forming process, isotropic forming properties
are assumed.
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1.3. Bearing Fatigue Life of Tailored Forming Machine Elements

Previous investigations [25,26] have shown that the performance of tailored forming machine
elements, in particular their fatigue life, is dependent on the layer height of the cladding material.
The cladding height h is defined as the radial distance between the rolling element/shaft contact point
at one end, and the cladding layer/base material interface at the other, see Figure 1 (right).

Figure 3 shows the calculated bearing fatigue life for different radial loadings and cladding heights
with test data for a monolithic specimen as reference [26]. Here, fatigue-life simulations were carried
out for a radial loading on the tested CRB of Frad = 2 kN with a resulting Hertzian contact pressure of
pmax = 1.8 GPa. The calculated bearing life L50, where 50% of the specimens are expected to have failed,
is L50 = 23.5 × 106 revolutions. This is within an error margin of 16% of the bearing fatigue life from
the experimental studies. The basic trends of the calculated probability of survival are represented by
the experimental values L10 and L63. A too-thin cladding layer reduces fatigue life of multi-material
machine elements by a factor of 3. With a cladding height of h > 0.5 mm the difference in fatigue
life compared to monolithic parts is within a 15% margin. These preliminary results show that a
minimum cladding height in dependence of the load is necessary to achieve the same fatigue life as a
monolithic component.

The approach for hybrid roller bearings is particularly interesting for large scales. Large-diameter
bearings are currently manufactured from classic forging materials such as 42CrMo4, which are not
specifically designed for roller bearing applications. By coating the running surfaces with a small
amount of a high-performance material, it would be possible to increase the service life enormously or
to use the bearings in much more corrosive environments.
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2. Materials and Methods

For the reasons given in the previous chapter, the production process for manufacturing
tailored forming machine elements must meet the following conditions to be implementable in
industrial applications:

• Depending on the application, even a small amount of high-performance material may be sufficient
to produce a multi-material component with a performance comparable to that of conventional
manufacturing processes. However, the cladding layer in the region subject to rolling contact
loading must not be too thin.

• The process must have an economically viable application rate and quality. This requires precise
knowledge of the application and its loads.

• It must be possible to set the layer height as the decisive target value for production within
narrow limits.

The aim of this paper therefore is to achieve a precise adjustment of the cladding thickness h
by controlling the production process, see Figure 4. For this purpose, first, two different joining
processes—laser metal deposition welding and plasma-transferred arc welding—are presented in
Sections 2.1 and 2.2, and the characteristics that particularly influence cladding thickness are empirically
examined using welding test rigs. Subsequently, cross-wedge rolling as a forming process is described
in Section 2.3, and the decisive variables that influence layer height are worked out. Extensive numerical
analyses are performed, which are validated by experimental investigations on a test rig. The purpose
of these cross-wedge rolling experiments is to determine the input geometry with regard to width and
height of the cladding layer in advance. In this way, the fatigue-life requirements for the application
can be reconciled with the target parameters for deposition welding.
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Figure 4. Methods for defining cladding material distribution.

Two different cladding materials are used for the investigation. The martensitic chrome silica steel
X45CrSi9-3 is used as cladding material for the laser metal deposition by wire process. The cladding
material for the PTA process consists of the roller bearing steel 100Cr6, which has a CEV > 1 and is
therefore difficult to weld [27]. The material has a high resistance against cyclic loading. The 100Cr6
powder is filtered with a sieving unit. Only powder consisting of metal grains with a diameter between
63 µm and 200 µm is used for the welding [28]. This corresponds to the current industrial standard
for additional materials in powder form that are used for welding. The basic material of the shafts
consists of the unalloyed and heat-resistant steel C22.8, which is mainly used in valve construction and
is considered to be easily to weld. The chemical composition of base material and cladding material
are shown in Table 1.

Table 1. Chemical composition in wt.% of C22.8, X45CrSi9-3, and 100Cr6.

Material
Element

C Si Mn P S Cr Ni

C22.8 0.17–0.24 <0.40 0.40–0.70 <0.045 <0.045 <0.40 -
X45CrSi9-3 0.4–0.5 2.7–3.3 ≤0.6 ≤0.004 ≤0.03 8.0–10.0 ≤0.5

100Cr6 0.93–1.05 0.15–0.35 0.25–0.45 ≤0.025 ≤0.015 1.35–1.60 -

2.1. Laser Metal Deposition Welding with Wire

Hybrid semi-finished products are manufactured by deposition welding of the martensitic chrome
silica steel X45CrSi9-3 onto a base cylinder made of the unalloyed steel C22.8. A coaxial laser hot-wire
welding head is used to produce the hybrid components. Compared to lateral wire feeding, coaxial
wire feeding has the advantage that the process is independent of the welding direction and is therefore
suitable for the manufacturing of complex components [29,30].

Base cylinders with a diameter of 27 mm and 29 mm are used as substrate. The substrate is
sandblasted and then cleaned with ethanol and kept at room temperature without any preheating.

For manufacturing of the hybrid semi-finished products, the base cylinder is placed in a rotary
axis, which can be moved in the X–Y plane. By superimposing the rotational movement of the base
cylinder and the movement of the rotational axis in the x-direction, spiral seams are applied to the base
cylinder. The processing head does not move during welding. The welded layer is positioned in the
middle of the base cylinder (see Figure 5).
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Hybrid semi-finished products with various geometries are produced to validate the simulation of
the layer distribution during CWR. Cladding layers consisting of 6 or 11 adjacent seams with a width
of 8 or 15 mm, respectively, are applied to these using the before-mentioned setup. The claddings are
applied in one or two layers, whereby the two layers where welded unidirectionally, with a short break
of 90–120 s between layers.

An overview of the welding parameters is shown in Table 2.

Table 2. Welding parameters for laser metal deposition with wire.

Parameter LMD-W 1

Welding speed 1200 mm/min
Current 110 A

Wire feed rate 2.8 m/min
Laser power 2.3 kW

Shielding gas flow 8 L/min
Wire diameter 1.0 mm

1 Laser Metal Deposition Welding with Wire.

Examples of the seam geometry after deposition welding are shown in Figure 6. The seam height
is approx. 1.2 mm for single-layer deposition and approx. 2.4 mm for double-layer deposition.
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For each set of parameters, one shaft after welding and one shaft after CWR is cut, and the layer
distributions are evaluated. The values for characteristics of the welded layer are used as input variable
data for the simulation.

2.2. Plasma Powder Transferred Arc Welding

The PTA welding process is carried out by a six-axis REIS RV industrial robot (KUKA AG,
Augsburg, Germany), where two additional axes are realized by a turn and tilt table. The welding torch
is the Kennametal Stellite HPM 302 (Kennametal GmbH, Rosbach, Germany), which is water-cooled.
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First, the bar blanks are turned and cut to size. The finished components have a length of 150 mm
and a diameter of 27 mm. Prior to the welding process, the components are cleaned with acetone to get
clean surfaces. The components are welded at room temperature. For the welding process, the shaft is
fixed in the additional axis and aligned parallel to the ground. The welding head is in a horizontal
welding position aligned with the shaft. During the welding process, the welding head only moves
with a defined pendulum movement in the y-direction, while the shaft rotates 6 times around its own
axis. The result is a spiral weld seam, which is 30 mm long in total (see Figure 7). The weld seam is
welded a little longer than required, because the beginning and the end of the seam cannot be welded
in an optimum way for technical reasons.
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To achieve an even application layer, it is important that the weld pool has enough time to solidify.
Because of the small diameter and the rotation of the shaft, there is a risk that the weld pool does not
cool down in time and drops to the ground due to gravity. Therefore, the torch is moved slightly off the
center-point, which increases the arc length and gives the weld pool more time to cool down. In order
to apply the weld seam as homogeneously as possible and to avoid pores, the welding torch oscillates
over a short distance of 4.5 mm in the welding direction with a frequency of 1 Hz. This slightly
increases the dynamics of the weld pool and allows degassing of the melt, which reduces the chance of
pore formation. The whole welding process takes about 5 min, and the shaft reaches 700 ◦C. In order
to counteract a strong heating of the cladding and base material, the temperatures are dynamically
adjusted during the welding process. At the beginning, a current of 120 A is selected to generate a
fast heating of the shaft. Further in the process, the current is gradually reduced in order to keep the
dilution low and as constant as possible (see Figure 8). An overview of the general welding parameters
is shown in Table 3.
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Table 3. Welding parameters for plasma powder transferred arc welding.

Parameter Value

Shielding gas flow 10 L/min
Plasma gas flow 1.5 L/min

Transport gas flow 6 L/min
Welding speed 0.06 m /min

Length of the welding seam 30 mm
Current 120–100 A
Voltage 27–25 V (depends on current)

Powder material 100Cr6
Grid size of powder particles 0.06–0.2 mm

Deposition rate 0.9 kg/h
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2.3. Cross-Wedge Rolling

Cross-wedge rolling is an efficient way to distribute masses on work pieces as a preform operation
prior to forging or milling [31]. During the CWR process, material is axially shifted by wedge geometries
on the tool surface (see Figure 9). Depending on the wedge geometry, reductions in diameters up to
90% can be achieved with high reproducibility [31]. CWR is one of the forming processes investigated
within the tailored forming process chain, next to die forging and impact extrusion. The forming
parameters of the CWR process have impact on the quality of the hybrid parts produced within the
process chain, especially with regard to machining. Depending on the forming temperature and heating
strategy, the forming velocities and tool spacing can have an influence on the quality of the rolled
part [32,33]. Figure 9 shows the typical process of cross-wedge rolling, which is being investigated
experimentally and via simulation.
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In this paper, the influence of the CWR process on the forming behavior of differently welded
semi-finished workpieces is investigated with regard to its predictability via simulations and its
potential influence on the service lifetime of hybrid parts. For this, differently shaped work pieces
were welded, as shown in Section 2.1 and Figure 6. Out of the various types of workpieces, several
were formed by CWR. At least three of the work pieces were cut in half after CWR, so that the material
distribution of the cladding material could be examined. The CWR process was the same as that shown
in Figure 9. The other halves of the formed work pieces then continued along the process chain until
the final step of the research was reached: service life investigations.

2.3.1. Cross-Wedge Rolling Simulation

Before any experimental investigations of cross-wedge rolling were conducted, the process was
first simulated, to save resources and time. As mentioned before, finite element analysis (FEA) can
accurately depict the CWR process [33,34]. The simulations were calculated within the commercial
FEA software Forge NxT 3.0, developed by TRANSVALOR S.A. (CS 40237 Biot, 06904 Sophia Antipolis
cedex, France). No custom subroutines were used. The simulations were set up within the graphical
user interface of the software. No modifications to the software were made.

The tool geometries within the simulation are based on the Computer Aided Design (CAD) files
of the tools that are used for the experimental trials. The advantage of the symmetry of parts in the
area of the bearing seat was used to reduce calculation time (Figure 10).
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Figure 10. CAD model of hybrid work piece and lower cross-wedge rolling tool as FEA input.

Only the first 1.5 s of the 11-s forming process were investigated, because that is when the bearing
seat geometry is formed. After that, the rest of the part is formed. Figure 11 shows the final simulation
step used to investigate the cladding distribution after forming the bearing seat region. Figure 12
shows the process at different stages during simulation. The kinematics are analogous to the forming
of the area in the experimental trials.

Metals 2020, 10, x FOR PEER REVIEW 10 of 24 

 

 

Figure 10. CAD model of hybrid work piece and lower cross-wedge rolling tool as FEA input. 

Only the first 1.5 s of the 11-s forming process were investigated, because that is when the 
bearing seat geometry is formed. After that, the rest of the part is formed. Figure 11 shows the final 
simulation step used to investigate the cladding distribution after forming the bearing seat region. 
Figure 12 shows the process at different stages during simulation. The kinematics are analogous to 
the forming of the area in the experimental trials.  

. 

Figure 11. Simulation result of hybrid work piece cross-wedge rolling tool after 1.5 s process time. 

 
Figure 12. Cross-wedge rolling process at different time steps, where the base cylinder is in blue and 
the cladding in red. 

To further improve calculation duration, different mesh sizes of tetrahedral elements were used 
within each billet. The mesh sizes were analytically investigated within a mesh sensitivity analysis in 
previous work. Nonlinear shape with coupled thermal-mechanical functions were used. Especially 
for hybrid parts, choosing the optimal mesh sizes improves calculation times drastically while still 
giving significant results. In Forge NxT, contact is considered using a velocity field penalization 
method, which allows for a slight penetration of the part into the die. This is the only 
method/algorithm available by default [35]. 

Figure 11. Simulation result of hybrid work piece cross-wedge rolling tool after 1.5 s process time.

Metals 2020, 10, x FOR PEER REVIEW 10 of 24 

 

 

Figure 10. CAD model of hybrid work piece and lower cross-wedge rolling tool as FEA input. 

Only the first 1.5 s of the 11-s forming process were investigated, because that is when the 
bearing seat geometry is formed. After that, the rest of the part is formed. Figure 11 shows the final 
simulation step used to investigate the cladding distribution after forming the bearing seat region. 
Figure 12 shows the process at different stages during simulation. The kinematics are analogous to 
the forming of the area in the experimental trials.  

. 

Figure 11. Simulation result of hybrid work piece cross-wedge rolling tool after 1.5 s process time. 

 
Figure 12. Cross-wedge rolling process at different time steps, where the base cylinder is in blue and 
the cladding in red. 

To further improve calculation duration, different mesh sizes of tetrahedral elements were used 
within each billet. The mesh sizes were analytically investigated within a mesh sensitivity analysis in 
previous work. Nonlinear shape with coupled thermal-mechanical functions were used. Especially 
for hybrid parts, choosing the optimal mesh sizes improves calculation times drastically while still 
giving significant results. In Forge NxT, contact is considered using a velocity field penalization 
method, which allows for a slight penetration of the part into the die. This is the only 
method/algorithm available by default [35]. 

Figure 12. Cross-wedge rolling process at different time steps, where the base cylinder is in blue and
the cladding in red.

To further improve calculation duration, different mesh sizes of tetrahedral elements were used
within each billet. The mesh sizes were analytically investigated within a mesh sensitivity analysis in
previous work. Nonlinear shape with coupled thermal-mechanical functions were used. Especially for
hybrid parts, choosing the optimal mesh sizes improves calculation times drastically while still giving
significant results. In Forge NxT, contact is considered using a velocity field penalization method,
which allows for a slight penetration of the part into the die. This is the only method/algorithm
available by default [35].
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The quality of a volume mesh generated in Forge NxT is measured using the surface and the
volume shape factor. “The surface shape factor is the simplest criteria and should be investigated first.
It indicates whether the element is close to (=1) or far away from (<< 1) the ideal equiangular triangle
shape. It can also detect degenerate (<0), flat (=0), or quasi-flat (→0) elements.” [35]

The volume shape factor “determines whether the elements are close to (=1) or far away from
(<< 1) the ideal equiangular tetrahedron shape. It can also detect degenerate (<0), zero volume (=0),
or quasi-flat (→0) elements.” [35]

The remeshing algorithm is triggered if the quality is below 0.4. The quality is computed as a
ratio between the surface and the square perimeter of an element [35]. The volume and surface shape
factor were above 0.75 (0.4 is considered the recommended minimum [35]).

The distortion value was calculated as approximately 0.82. In order to measure element distortion
while eliminating the scale factor between parent and actual element referential, a “normalized” value
of the Jacobian, defined as the product of the original Jacobian and a correction term K, was computed.
This is automatically done by Forge and can be displayed to the user [35].

The bearing seat area was meshed with a mesh size of 1 mm, and the rest of the work piece was
discretized with a mesh size of 3 mm. For the initial material distribution, the multi-material-set feature
of Forge NxT 3.0 was used. Early simulations within subproject B1 (before Forge NxT 3.0 was released)
were realized by modeling the base cylinder and the cladding material as separate objects within the
simulation, which were then linked by bilateral sticking. The heat transfer between cladding and base
cylinder was not satisfactory [32]. As a result of close communication with Transvalor with regard to
the needs of simulation for hybrid work pieces, the multi-material-set feature was improved in Forge
NxT 3.0. Therefore, it is now possible to load one geometry as work piece and define the segments
of the work piece that are supposed to be made of a different material. This results in one mesh in
which certain elements can be of a different material from the others. This approach also improves the
accuracy of remeshing, which is indispensable, due to the high degrees of deformation. The flow curves
for the material C22.8 were created using a Gleeble 3800-GTC (Dynamic Systems Inc., Poestenkill,
New York, USA) and a DIL 805A/D+T dilatometer (TA Instruments, New Castle, USA). The cladding
material was taken from the Forge NxT Database and was fitted for the Hensel and Spittel approach.
This model describes the forming behavior of the material in dependence of the temperature T, the
effective strain, the flow behavior by parameter ε, and the strain rate dε/dt. Within Forge NxT, the
Hensel and Spittel equation is simplified [35,36], resulting in a viscoplastic material model. The flow
curves and parameters of several materials were input in Forge NxT. The initial work piece temperature
was set to 1250 ◦C and the tool surface temperature to 250 ◦C. The tool velocity for rolling was set to
250 mm/s for each tool. The translational movement of the tools was generated by the hydraulic press
preset. Before rolling, the work piece is slightly upset with vertical force. This is realized by the upper
tool moving towards the lower tool for 1 s, reducing the spacing of the tools from 32 to 28 mm. The heat
transfer between tools and work piece was set to the preset “steel hot medium”, resulting in an alpha
value of 104 W/m2K. The thermal effusivity of the tools was set to 11.76 kJ/m2

·K·s0.5. The ambient air
temperature was set to a constant temperature of 50 ◦C. The chosen preset “steel hot medium” and the
heat-exchange algorithm within Forge NxT take conduction, convection and radiation between the
tools, work piece, and ambient air into account. The friction between work piece and tools were set to
the preset “very high Tresca”, resulting in a value m = 0.8, which proved to be a good approximation
of friction for hybrid CWR processes [32]. As default, thermal expansion calculation is not enabled for
material flow simulations in Forge NxT. Additionally, as default, rigid dies are used to simulate a CWR
process. To assure the accuracy of the simulation model used, simulations comparing these influences
were conducted and the cladding thickness for each set of parameters was measured within Forge NxT
(see Figure 13).
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Figure 13. Measurement of the cladding thickness in the center of the bearing seat.

For this purpose, three different simulations setups (Table 4) were calculated up to the point
where the cross-section of the bearing seat is nearly completely shaped. The results were compared.
As Table 5 shows, the deviations between the results of the different FEA setups is small (deviation
of < 2.5 % = 0.058 mm for the avg. cladding thickness), keeping in mind that the average mesh size
in this cross-section area is approximately 1 mm. Therefore, the accuracy with the default settings
is sufficient to predict the material flow behavior under justifiable expenditure of calculation time
(Table 4). For setup #3, the calculation took more than 160 h, which is too long when simulating an
array of variations.

Table 4. Comparison matrix for FEA calculation time of cross-wedge rolling of work piece.

Case ID
Thermal

Expansion
Calculation 1

Tool Behavior
Thermal

Expansion due to
Initial Heating 1

Estimated
Normalized

Calculation Time

#1 No rigid No 100%
#2 Yes rigid Yes 182%
#3 Yes deformable Yes 449%

1 of work piece.

Table 5. Deviation comparison of different FEA setup results of the cross-wedge rolling process.

Simulation
Result

Setup
Cross Section Surface of: Max.

Coating
Thickness

Min.
Coating

Thickness

Avg.
Coating

ThicknessCladding Base
Cylinder
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Due to the little impact of the thermal expansion and tool elasticity, the simulations were set up
with rigid dies and no thermal expansion calculation. The parameters used within the simulation are
shown in Table 6.

Table 6. Simulation parameters used within the model of the hybrid cross-wedge rolling process.

Material Work Piece Geometry Tool Velocity Work Piece Temperature

Base cylinder: C22.8 Ø 27 or 29 mm
240 mm/s 1250 ◦CCladding: X45CrSi9-3 or

100Cr6
8 or 15 mm width;

1.2; 2.4; or 2.5 mm height

Besides the work piece geometry, all simulation parameters remained the same for all investigations.
Four types of cladding geometries were used for the material X45CrSi9-3 and combined with two
different base cylinder diameters (27 and 29 mm), which results in eight work piece variants. For 100Cr6,
three cladding geometries were used and a 27 mm diameter due to limited availability of base cylinders
in the chosen dimensions. After the hybrid semi-finished work pieces were welded, they were cooled
down at ambient air conditions. The cooled-down work pieces were cut in half, and the different
cladding thicknesses were measured (Figure 6). The geometry of all 100Cr6 parts was created by milling
similar welded work pieces (Figures 7 and 14) to three different geometries: 10, 15, and 20 mm seam
width and 2.5 mm seam height (Figure 14). This was done due to the less accurate layer application of
PTA welding compared to the hot-wire deposition welding. This was the most reproducible way to
immediately get similar cladding geometries.
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Figure 14. Work piece 100Cr6/C22.8 milled to 27 mm diameter and 10 mm cladding material seam.

The average thickness of each cladding layer and its width were measured and input for the
simplified geometry of the simulation. The various adapted geometries are shown in Figures 15 and 16.
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After the simulations were calculated, the material distribution was analyzed. The results of the
simulation will be discussed in Section 3.

2.3.2. Cross-Wedge Rolling Experiment

For experimental investigations, the CWR module (a self-built test stand) of the Institut für
Integrierte Produktion Hannover gGmbH (IPH) was used (see Figure 17). The module consists of a
machine frame in which two sleds can glide by translatory motion. The sleds have mounting holes for
the CWR tools. The translational (horizontal) movement of the sleds is created by hydraulic cylinders,
providing each sled with up to 125 kN of force. The vertical force, which is necessary to ensure constant
spacing between the tools, regardless of the forming forces, is generated by the hydraulic press into
which the module is mounted. The 6,300 kN press (manufactured by NEFF) is set to 50 kN of closing
force. The minimum spacing is ensured by spacing discs with standardized heights that function as a
vertical end-stop.Metals 2020, 10, x FOR PEER REVIEW 15 of 24 
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Prior to CWR, the parts need to be heated. This can be done using either the furnace or the
IPH induction heating unit (manufactured by EMA-TEC GmbH). The advantage of the furnace is the
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close to perfectly homogenous heating of the part, whereas induction heating creates slight gradients
of temperature within the work piece. Nevertheless, the short amount of heating time (60 s) used
compared to the furnace (at least 40 min) results in less scale on, and less surface decarburization
in the surface of, the work piece. With extensive heating, too little carbon may remain to harden
the surface of the bearing seat after rolling and milling. Therefore, the work pieces were heated by
induction heating for this research. The work pieces were heated for 60 s, resulting in approx. 0.4 kWh
of energy induction into the work piece, which led to a peak temperature of 1300 ◦C, before the 20 s
for transport into the CWR module. After transport, the work piece retained a temperature around
1250 ◦C. The tools were heated by heating cartridges to a temperature of 200 ◦C. The bottom of each tool
was isolated with a polymer plate made of AS600M to reduce temperature leakage. Figure 18a shows a
variety of hybrid work pieces with different amounts of the cladding material shown in Figure 6.

Metals 2020, 10, x FOR PEER REVIEW 15 of 24 

 

 

Figure 17. Cross-wedge rolling test stand at the Institut für Integrierte Produktion Hannover. 

Prior to CWR, the parts need to be heated. This can be done using either the furnace or the IPH 
induction heating unit (manufactured by EMA-TEC GmbH). The advantage of the furnace is the close 
to perfectly homogenous heating of the part, whereas induction heating creates slight gradients of 
temperature within the work piece. Nevertheless, the short amount of heating time (60 s) used 
compared to the furnace (at least 40 min) results in less scale on, and less surface decarburization in 
the surface of, the work piece. With extensive heating, too little carbon may remain to harden the 
surface of the bearing seat after rolling and milling. Therefore, the work pieces were heated by 
induction heating for this research. The work pieces were heated for 60 s, resulting in approx. 0.4 
kWh of energy induction into the work piece, which led to a peak temperature of 1300 °C, before the 
20 s for transport into the CWR module. After transport, the work piece retained a temperature 
around 1250 °C. The tools were heated by heating cartridges to a temperature of 200 °C. The bottom 
of each tool was isolated with a polymer plate made of AS600M to reduce temperature leakage. 
Figure 18a shows a variety of hybrid work pieces with different amounts of the cladding material 
shown in Figure 6. 

 
(a) 

 
(b) 

Figure 18. (a) Work pieces with different amounts of cladding; (b) (cold) work piece in starting 
position. 

The work pieces were placed with their center aligned to the center of the bearing seat forming 
wedges. A mechanical end-stop ensured correct positioning (Figure 18b). After positioning, the upper 
tool was lowered onto the end-stops with 50 kN of force, resulting in a defined rolling gap of 28 mm. 
As soon as the desired gap width was reached, the hydraulic cylinders of the tool sleds were moved 

Figure 18. (a) Work pieces with different amounts of cladding; (b) (cold) work piece in starting position.

The work pieces were placed with their center aligned to the center of the bearing seat forming
wedges. A mechanical end-stop ensured correct positioning (Figure 18b). After positioning, the upper
tool was lowered onto the end-stops with 50 kN of force, resulting in a defined rolling gap of 28 mm.
As soon as the desired gap width was reached, the hydraulic cylinders of the tool sleds were moved
to start the rolling process, which took about 9 s. After rolling, the work pieces were taken out of
the CWR module and placed onto a steel tray to slowly cool in air with free convection to prevent
hardening and distortion. When cooled down, the work pieces were cut in half to examine the material
distribution and to check for defects, as shown in Figure 9.

3. Results

The cladding distribution and thickness in the simulation can be compared to experimental
results for every parameter combination. From now on, the parameter combinations will be given as
a string based on the diameter of the base cylinder, the cladding width and number of layers (e.g.,
27_15_1). The simulation pictures for X45CrSi9-3 were taken at 1.25 s of process time. The pictures of
the experiment were taken after completion of the CWR process and subsequent splitting in half.

As shown in Figures 19–26, the results of the simulations are similar to the experimental findings.
Especially for the parameter combinations with 27 mm base cylinder diameter and one cladding layer,
the shape and the measurements are very similar (Figures 19–21; Figure 25). The deviations are within
the margin of error. The parameter combination 27_15_1 (Figure 19) shows a deviation of 0.45% in
cladding width and 3.47% in cladding height, resulting in only 0.04 mm difference in cladding height
between simulation and experiment, which is almost indistinguishable.
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Figure 20. Comparison experiment/simulation; 27 mm base cylinder, 8 mm cladding width, 1 layer.
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For the 100Cr6 work pieces (Figures 27–29, simulation picture taken at 2.0 s process time), the
deviations between simulation and experiment decrease with increasing amount of cladding material.
The overall shape of the cladding after rolling is comparable to the results of the simulation and, in the
best case (Figure 29), below 3% deviation. Comparing the 15 and 20 mm cladding widths, it can be
shown that the increase in cladding height is marginal. The additional cladding material just flows
out of the bearing seat area without any use in future application. Which height will be sufficient for
100Cr6 hybrid shafts will be investigated in future research.
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The parameter combinations with 29 mm base cylinder bear more cladding after welding, since
the diameter is increased, while the same initial layer height is kept. Therefore, more cladding material
is spread, resulting in too much cladding material flowing over the edges of the bearing seat, when
two layers of cladding combined with 15 mm cladding width are used (Figure 26). When comparing
simulation and experimental results for this parameter combination, the deviation in geometry is
visually apparent. As for the experimental results, the cladding material gushed over the edge of the
bearing seat, forming a curvilinear tail (Figure 26). In the corresponding simulation, the cladding
material remains completely within the borders of the bearing seat. No significant amount of cladding
material is distributed over to the next shaft segment.

Even though this amount of cladding material would not be considered for future investigations
due to its wastefulness, the accuracy of the simulation models needed to be confirmed. Therefore,
simulations with even more cladding material were calculated to see at which point the simulation
diverges from the experimental findings. For this, additional hybrid work pieces were welded.
This time, the diameter of the base cylinder was set to 29 mm and the cladding width to 20 mm.
The simulation was again analyzed at 1.25 s of process time.

The cladding material distribution is similar between simulation and experiment (Figure 30) for
29_20_3S work pieces at 1.25 s process time. To investigate this, more simulations were calculated,
varying only the cladding material width in 1 mm steps between 15 and 20 mm. The base cylinder
diameter was set to 27 mm (Figure 31).
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Figure 31. Different amount of cladding material resulting in differently shaped bearing seat material
distribution at 1.25 s process time.

To further investigate possible reasons for the simulation model not fitting experimental results
for certain amounts of cladding material, the cladding distribution was analyzed for different time
steps of the simulation to ensure the simulation had been calculated to a sufficient process duration.
Figure 32 shows the cladding material distribution for a 29_15_2S work piece over time as simulation
output. It can be shown that the cladding material changes its shape over time during the CWR
process. Whereas the cladding material of work pieces with small amounts of cladding material,
e.g., 27_8_1S, remains within the bearing seat and is fully formed after 1.25 s of process time, the large
cladding material amounts of the 29_15_2S work piece continue to change shape with further work
piece rotations (Figure 32).
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Figure 32. Analysis of cladding material distribution during cross-wedge rolling over time—cladding
material X45CrSi9-3 (red) on C22.8 (blue).

The reason for this behavior becomes clear when inspecting the cross-section of the bearing seat
segment of the shaft during forming at different process time steps within the simulation (Figure 33).
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piece during cross-wedge rolling—cladding material X45CrSi9-3 (red) on C22.8 (blue).

At the beginning of the forming process, right after the closing of the tools, the work piece is
deformed from a cylindrical shape to an ellipsoid shape (~0.25 s, Figure 33). This is intended to increase
the degree of deformation to improve the material properties of the cladding material after the forming
process. For small amounts of cladding material, mainly the cladding itself is deformed and the base
cylinder remains a cylindrical shape. Due to the large amount (≥15 mm width) of cladding material,
the whole bearing seat segment becomes deformed. For work pieces with 8 mm cladding width, 1.25 s
process time was sufficient to return the work piece to a cylindrical shape in the area of the bearing
seat after the initial upsetting. This results in more work piece rotations necessary to completely shape
the bearing seat cladding. Therefore, when calculated to a further process time, the simulation model
is sufficient again (Figure 32). Additionally, incorrect insertion of work pieces in the CWR module can
result in unsymmetrical cladding distribution. If the influence of the work piece positioning is to be
investigated, a non-symmetric simulation setup will be required. Then, even incorrectly inserted work
pieces could be simulated with high accuracy, as Figure 34 qualitatively shows.
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Figure 34. Unsymmetrical cladding distribution (experiment left, simulation right) due to
positioning error.

When comparing the deviations between the different cladding geometries, especially the height,
several influences can be identified. As shown in Figure 19 to Figure 29, the overall shape of the
cladding material distribution is comparable, although the cladding height deviates more than 30% in
some cases (e.g., 100Cr6). To analyze the effects of the initial work piece geometry on the cladding
height deviation, the standardized and main effects were determined (Figure 35). It can be seen that the
diameter of the work piece’s base cylinder has a significant effect on the deviation between simulation
and experiment with regard to the cladding height (Figure 35a). The combination of seam height
and seam width (total cladding volume) has less but still significant effect. The seam width alone has
barely any effect, and the seam height by itself is not significant at all. Figure 35b shows that with
increasing base cylinder diameter, the deviation also increases. The deviation also increases for the
higher seam widths. This can be explained by more material spreading out from the bearing seat area
of the work piece. The more that material is kneaded and spread out from the center part of the work
piece, the larger the deviation between simulation and experiment becomes. This is analog to the
previous findings, where a larger amount of cladding material resulted in larger geometry deviations
(Figure 32).
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Figure 35. Influence of the cladding material amount on the accuracy of the simulation (X45CrSi9-3);
(a) Pareto chart of standardized effects, (b) Main effect plot for simulation and experiment deviation

Since only the width of the seam was varied for the 100Cr6 work pieces, the approach to deviation
comparison is different. Figure 27 to Figure 29 show that for 10 mm of cladding material width, the
cladding height deviates more between simulation and experiment than it does in the case of larger
cladding widths and therefore cladding volume.

Figure 36 shows the influence of the cladding material volume on the deviation between simulation
and experiment. When the cladding material geometries of the 100Cr6 and the X45CrSi9-three work
pieces are compared, it is obvious that the 100Cr6 has experienced less forming, and the cladding is
not spread as wide as on the X45CrSi9-3. This can be explained by the higher flow curves of the 100Cr6
welding material compared to the database material stored in Forge NxT. Due to this, simulations
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with flow curves of the actual welding material should be considered in the future to improve FEA
prediction accuracy.

1 
 

 Figure 36. Influence of the cladding material amount on the accuracy of the simulation (100Cr6).

4. Discussion and Conclusions

When comparing experiments with simulation results of the cross-wedge rolling process of hybrid
material work pieces, it is not sufficient to analyze only the first seconds of the forming process.
Even though the axial material shifting by the wedges is technically over after the first rotation, there is
still axial material flow due to excess volume remaining within the bearing seat area when using work
pieces with too much cladding material. The takeaway from this would be that the time of the process
simulated should be adapted to the cylindrical shape of the work piece. Only when the bearing seat is
cylindrical within the simulation have the calculations progressed far enough to make a statement
about the cladding distribution. When the whole process was computed, which takes almost 10 times
longer than the first 1.25 s of the process, an accurate prediction of the cladding material distribution
could be made. Since such a large amount cladding material would not be used for this application,
such long calculation times are not something to consider. For smaller amounts of X45CrSi9-3 cladding
material, the simulation model is sufficient and the method of cladding material thickness prediction is
valid. For 100Cr6, more detailed simulations with more variations should be carried out. Considering
that these were the first investigations with this not conventionally weldable material, the results are
reasonably good.

It could be shown that the simulation results of cross-wedge rolling with coaxially arranged
hybrid work pieces are in good agreement with the experimental results. In previous work, the basic
suitability of the simulations for serially arranged work pieces [32] or work pieces with constant
cladding thickness [37] but varied process parameters were investigated. Building on these findings,
the research in this work concludes the investigations with regard to “if” and “how accurately” these
multi-material simulations can predict the material flow during cross-wedge rolling. These numerical
predictions of material flow can be used to weld work pieces with exact amounts of cladding materials
to save material and ensure optimal layer thickness within the functional area of the part.

Too much cladding results in wasted material after machining. The goal would be to use as little
cladding material as possible but enough to ensure optimal service life of the part. Which amount of
cladding material will result in optimal service life of the part will be investigated in further research.

Further simulations will be carried out with flow curves taken from actual welded cladding
material. Currently, specimens are being prepared in order to carry out material characterization for
every material used within the research project. This will help to improve the simulation model’s
accuracy even more.
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