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Faqiri, Christoph Kahra, Vannila Prasanthan, Anna Chugreeva, Tim Matthias, Laura Budde,

Florian Pape, Florian Nürnberger, Thomas Hassel, Jörg Hermsdorf, Ludger Overmeyer,

Bernd Breidenstein, Berend Denkena, Bernd-Arno Behrens, Hans Jürgen Maier and Gerhard

Poll

Investigations on Tailored forming of AISI 52100 as Rolling Bearing Raceway
Reprinted from: Metals 2020, 10, 1363, doi:10.3390/met10101363 . . . . . . . . . . . . . . . . . . . 183

Gheorghe Gurau, Carmela Gurau, Francisco Manuel Braz Fernandes, Petrica Alexandru,

Vedamanickam Sampath, Mihaela Marin and Bogdan Mihai Galbinasu

Structural Characteristics of Multilayered Ni-Ti Nanocomposite Fabricated by High Speed High
Pressure Torsion (HSHPT)
Reprinted from: Metals 2020, 10, 1629, doi:10.3390/met10121629 . . . . . . . . . . . . . . . . . . . 203

vi



About the Editor

Bernd-Arno Behrens studied mechanical engineering at the University of Hannover and

received his doctorate in 1997 in the field of bulk metal forming. Subsequently, he took over

a leading position in the industry. Since October 2003, he has been director of the Institute of

Forming Technology and Machines (IFUM). In addition, in 2004 he was appointed spokesman

of the board of the Material Testing Institute for Materials and Production Technology (MPA) in

Hannover. In 2005 he also assumed the function of managing partner of IPH—Institut für Integrierte
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Preface to ”Hybrid Bulk Metal Components”

In recent years, the requirements for technical components have steadily been increasing.

This development is intensified by the desire for products with a lower weight, smaller size, and

extended functionality, but also with a higher resistance against specific stresses. Mono-material

components, which are produced by established processes, feature limited properties according

to their respective material characteristics. Thus, a significant increase in production quality and

efficiency can only be reached by combining different materials in a hybrid metal component.

In this way, components with tailored properties can be manufactured that meet the locally varying

requirements. Through the local use of different materials within a component, for example,

the weight or the use of expensive alloying elements can be reduced.

This Special Issue includes research articles on investigations considering the production of

hybrid components, most of which were prepared within the framework of Collaborative Research

Center 1153 (“Process Chain for Manufacturing of Hybrid High Performance Components by

Tailored Forming”, www.sfb1153.de) or by international scientists.

The aim of this Special Issue is to cover the recent progress and new developments regarding all

aspects of hybrid bulk metal components. This includes fundamental questions regarding the joining,

forming, finishing, simulation, and testing of hybrid metal parts.

Bernd-Arno Behrens

Editor
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Abstract: To improve the bond strength of hybrid components when joined by friction welding,
specimens with various front end surface geometries were evaluated. Rods made of aluminum
AA6082 (AlSi1MgMn/EN AW-6082) and the case-hardening steel 20MnCr5 (AISI 5120) with adapted
joining surface geometries were investigated to create both a form-locked and material-bonded
joint. Eight different geometries were selected and tested. Subsequently, the joined components
were metallographically examined to analyze the bonding and the resulting microstructures. The
mechanical properties were tested by means of tensile tests and hardness measurements. Three
geometrical variants with different locking types were identified as the most promising for further
processing in a forming process chain due to the observed material bond and tensile strengths above
220 MPa. The hardness tests revealed an increase in the steel’s hardness and a softening of the
aluminum near the transition area. Apparent intermetallic phases in the joining zone were analyzed
by scanning electron microscopy (SEM) and an accumulation of silicon in the joining zone was
detected by energy-dispersive X-ray spectroscopy (EDS).

Keywords: friction welding; hybrid components; tailored forming; surface geometry modification

1. Introduction

If a component has to withstand diverse local loads or a lightweight design is de-
manded [1], the combination of different materials offers the use of a load-adapted compo-
nent. Components consisting of at least two materials are called hybrid components. Due
to different material-specific properties such as melting points or flow stresses, these com-
ponents require adapted joining methods. Depending on the specific material combination,
this can be, for example, a fusion welding process or a friction welding process.

The most important technical advantages of friction welding compared to fusion
welding are the high reproducibility and the wide variety of possible material combinations,
such as aluminum and steel, since the joining process is based on plastic deformation
instead of melting. Compared to friction welding, fusion-welded products have much
larger heat-affected zones which can result in undesired microstructures and reduces the
resilience of parts [2]. The molten phase may cause defects such as gas porosity, which
leads to brittle fracture.

Common multimaterial components are produced by joining several individual parts
that are already in a near-net shape. Therefore, the joining process takes place at the end
of the process chain—for example, splicing or riveting of sheet metal components in the
production of automobile chassis [3]. Another approach is joining by forming, such as the

Metals 2021, 11, 115. https://doi.org/10.3390/met11010115 https://www.mdpi.com/journal/metals
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consolidation of powder with simultaneous bonding with steel during forming to produce
hybrid gears [4] or the application of ultrasound enhanced friction stir welding to join
different materials [5].

As part of the collaborative research center 1153 (CRC 1153) “Tailored Forming”, a
novel process chain was developed, in which various materials are joined at an initial
stage before being subjected to further processing [6]. The aim of this concept is to further
improve the joining zone by the subsequent processing steps resulting in a load-adapted
component. The CRC 1153 maps several process chains in their entirety, to improve compo-
nents such as shafts, bevel gears or bearing disks [6]. The process chain for manufacturing
hybrid shafts by applying friction welding is depicted in Figure 1. Within this process chain,
joining is followed by impact extrusion, which requires a homogenous formability in both
material sections. Hence, an inhomogeneous temperature distribution in the joined parts
prior to the forming has to be ensured to align the flow curves of the investigated 20MnCr5
steel and of the AA6082 aluminum alloy (EN AW-6082). Therefore, a customized inductive
heating strategy was developed to achieve the material-specific forming temperatures of
900 ◦C in steel and 20 ◦C in aluminum simultaneously [7].

Figure 1. Schematic tailored forming-process chain of the collaborative research center 1153 (CRC 1153) [8], material
combination EN AW-6082 (AA6082) and 20MnCr5.

Friction welding was selected based on various reports which concluded that the
successful joining of aluminum alloys and steels and the free designability of joining zone
geometry—e.g., Ashfaq et al. detected an increased bond strength when using a conical
geometry instead of flat surface. They found that this modification benefits material flow
and results in an improved bond quality [9]. Fukumoto et al. investigated the influence
of different parameters on the completeness of the bond. The most significant result was
that the highest bond strength is achieved by certain friction times of 1 s with a pressure
of 50 MPa and 6 s with a pressure of 150 MPa. Higher or lower friction times resulted in
lower bond strength [10]. Lee et al. focused on the resulting microstructures and their
correlations with the friction parameters. Besides the base metals, they identified different
regions—that is, a region of dynamic recrystallization—a heat-affected zone (HAZ) and
a deformation zone, and how these are formed due to different forming pressures (70
to 150 MPa) and friction times (0.1 to 3.0 s) [11]. Fukumoto et al. studied the properties
of the bonds created by a friction welding process of the aluminum alloy EN AW 1050
and the stainless steel 1.4301 (AISI 304). They were able to show that the extension of
the frictional time from 0.1 to 0.2 s increased the bond strength from 85 to 96 MPa [12].
Sahin characterized the bond by different test methods such as tensile tests and hardness
measurements and found a significant influence of contaminants at the interface on the
joint quality. He recommended a statistical analysis as an economical and reliable method
for selecting optimized welding parameters [13]. Behrens et al. investigated the influence
of surface geometry by using a conical shape. They found out that at room temperature a
sharper shape with an increased friction path results in a higher bond strength. Compared
to specimens with flat surfaces, bond strength could be improved from 252 to 294 MPa
using a conical surface of 30◦ [14]. So far, only a few studies such as [9], [14] or [15] took
an adaption of the surface geometry into account. In [15], the effects of frictional contact
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surfaces on the formation of an intermetallic phase were studied. Since most investigations
are focused on flat surfaces, which often show compound defects in the zone around
the central axis after joining [10], on other material combinations or without focusing
the bonding strength [15], further research is required regarding alternatives such as a
combination of material bond and form locking by varying the friction contact geometries.
Comparison these results with additional references is only possible to a limited extent,
since parameters of the friction welding process differ as well as the material combinations.

Friction welding processes are divided into three sequences: contact phase, friction
phase and deformation phase [16]. In the contact phase, the geometries are aligned and
brought into contact with a specific pressure. The heat is generated in the friction phase,
in which one component begins to rotate—in this case, the steel side. This phase can
be adjusted by controlling the friction time or the relative friction path of the welding
components covering in the axial direction. In the deformation phase, the rotation stops
and the welding components are joined by generating high axial pressure.

To improve the bonding strength of the steel–aluminum specimen and thus manufac-
ture semifinished parts suited to subsequent impact forging, this work is mainly concerned
with varying the contact geometries. In addition to increasing the contact areas between
both materials or increasing the contact times and contact pressures in the sample center,
possibilities for generating a form closure are also investigated in addition to the pure ma-
terial bond. Different combinations of friction surface geometries are tested experimentally
in the following and their impact on the bond strength is determined. For example, the
applicability of undercuts is examined to implement the additional bonding mechanisms
such as form locking.

2. Materials and Methods

The following subsections describe the applied materials and the performed methods
of the investigation. For this purpose, the basic conditions are explained and clarified with
the help of illustrations.

2.1. Materials

For the friction welding, the aluminum alloy AA6082 (EN AW-6082) and the case
hardening steel 20MnCr5 were chosen. 20MnCr5 is a chromium–manganese alloyed steel.
During friction welding, the steel was employed in its delivery condition (soft annealed)
with a tensile strength of 554 MPa. The aluminum alloy used featured the T6 condition with
a tensile strength above 360 MPa. The mechanical properties, tested in prior investigations,
are listed in Table 1 and the chemical compositions are given in the content lists in Table 2,
measured by optical emission spectrometry.

Table 1. Mechanical properties of the 20MnCr5 steel and AA6082 aluminum alloy.

Material
Tensile Strength

Rm in MPa
Uniform

Elongation Ag in %
Elongation at

Fracture A in %
Hardness in

HV0.1

20MnCr5 554 ± 5 111 ± 1 276 ± 6 170 ± 13
AA6082 364 ± 0 45 ± 1 104 ± 6 113 ± 1

Table 2. Chemical composition of the 20MnCr5 steel and AA6082 aluminum alloy in wt.%., measured by optical emission
spectrometry.

Element C Si Mn P Cr S Al Fe Cu Mg Zn Ti

20MnCr5 0.195 0.275 1.190 0.013 1.050 0.010 0.030 96.85 0.164 - 0.023 -
AA6082 - 1.040 0.451 0.001 0.035 - 97.60 0.152 0.031 0.620 0.011 0.018

The microstructures of both base materials prior to friction welding are shown in
Figure 2. On the left side (a) the ferritic–pearlitic microstructure of the steel 20MnCr5 is
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depicted. To visualize the grain boundaries and the different microstructures, the sample
was etched with Nital, a solution of nitric acid (3%) and alcohol. A micrograph of the
aluminum alloy in its T6 condition is shown on the right side (b).

 

Figure 2. (a) Ferritic–pearlitic microstructure of the 20MnCr5 steel in the soft annealed condition, etched with Nital (3%),
and (b) unetched micrograph of the AA6082 aluminum alloy (T6 condition).

2.2. Friction Surface Geometries

The different surface geometries of the semifinished products investigated were chosen
to improve the joining zone properties by surface enlargements, undercuts and shrinkage.
An increase in the friction surface leads to a higher temperature generation, from which a
lower demand for the yield forces results. As described in the literature [10], air pockets can
occur in the center of the specimen for flat surfaces. With higher temperatures, these can be
avoided. An undercut results in a form fit or force fit, depending on whether the aluminum
fills a hole by flowing or encloses a shape by shrinking. The geometries, manufactured by
machining, are depicted in Figure 3.

Geometry A (Figure 3) was selected for a form-locking connection to enhance the
bonding strength. During friction welding, the undercut of the cavity located in the steel
part with an angle of 75◦ was filled with aluminum. On the basis of preliminary tests, an
angle of 75◦ was determined to be optimum, since at this angle complete mold-filling can
be ensured, despite a relatively concise form fitting. Geometry B offers an enlarged friction
surface due to the hemispherical geometry, which results in a higher heat generation due to
friction. The shoulder at the transition from the hemisphere was designed with a beveled
edge to improve material flow. Geometry C features four drilled holes intended to increase
the torsional stiffness by means of flowing aluminum entering the holes, thus achieving
a form lock. Geometry D forms a hemispherical surface, resulting in an enlarged friction
surface analogous to Geometry B. The difference to Geometry B is the absence of a shoulder
to examine its necessity for the material flow.

Conical geometries were welded with varying angles of 30◦ (Geometry E) and 45◦
(Geometry G) using an increased friction contact surface and reduced manufacturing
effort compared to the hemispherical Geometry B. The conical Geometry G is additionally
truncated to simplify production and to combine an axial force with directed material
flow during the forming process. Compared to Geometry A, Geometry F has no cavity in
the steel component. The undercut was formed by a protruding elevation with an angle
of 80◦, while the aluminum is of a flat geometry. The aluminum was intended to flow
around the shoulder and shrink to the steel due to the greater thermal expansion coefficient.
In addition to the form lock and material bond, this geometry provides a force-locked
connection to enhance the bonding strength. Preliminary tests have shown that too large a
pin or an angle smaller than 80◦ will result in air pockets. Geometry H has a pin on the
aluminum side to investigate the influence of the expected deformation ratio and the high
friction path on the bonding strength (Table 3).

4



Metals 2021, 11, 115

 

Figure 3. Geometries of friction surfaces (A–H), outer diameters of 40 mm.

Table 3. Main parameters of the friction welding process.

Geometry A B C D E F G H

Friction speed in 1/min 1500 1500 1500 1500 2000 2000 2000 2000
Frictional force in kN 150 100 80 80 70 75 70 75

Friction time in s - 2 2 0.05 0.1 - 0.1 -
Relative friction path in mm 4 - - - - 4 - 10

Press force in kN 240 120 150 120 120 150 120 120
Press time in s 2 1 2 1 2 2 2 2

2.3. Friction Welding

At first, the geometries presented above were cleaned in an ultrasonic bath filled with
ethanol. After drying, these were friction-welded on a KUKA Genius Plus (Kuka AG,
Augsburg, Germany). The most important process parameters are listed in Table 3. The
parameters were selected according to prior investigations. For comparability, most pa-
rameters were chosen to be identical or limited to a few varying values according to the
different geometries. Parameters with varying values were selected since these resulted in
similar shapes and qualities of the bonding, according to first visual examinations.

The major differences between the performed welding processes of the first four
geometries and the second four are the following: The friction speed was increased from

5



Metals 2021, 11, 115

1500 to 2000 rpm for Geometries E, F, G and H to ensure a convenient heat generation at
lower friction forces. Lower frictional forces were chosen for the second four geometries
to prevent undesired deformations during the friction phase. In order to investigate the
influence of high true strain, the friction path of Geometry H was increased in comparison
to the path-controlled processes of Geometries A and F.

2.4. Metallographic Analysis

Following the friction welding process, the samples were cut along the axis of rotation
and the cross section of the joining zones were prepared for metallographic examinations
by grinding, polishing and etching. The quality of the joining zone was analyzed on micro-
graphs by detecting phases and inclusions. In addition, the Vickers hardness was measured
according to DIN EN ISO 6507-1 [17] (HV0.1) to compare the mechanical properties of the
joining zone and of the heat-affected zones with those of the base materials. Furthermore,
the joining zone was analyzed by scanning electron microscopy (SEM) (AURIGA from
Zeiss, Oberkochen, Germany) and energy dispersive X-ray spectroscopy (EDS) (Oxford In-
struments, Abingdon, UK). A slope cut was prepared by applying a focused ion beam (FIB)
to excavate a cross section not influenced by prior conventional steps of metallographic
preparations.

2.5. Mechanical Testing

Tensile tests were carried out for all geometries to determine the tensile strength and
to evaluate the bonding strength. For each geometry two samples were tested on a Zwick
Z250 kN (ZwickRoell GmbH & Co. KG, Ulm, Germany) with the preload force of 300 N,
the clamping pressure of 30 MPa and the strain rate of 0.002 s−1. The geometry of the
tested tensile specimen is depicted in Figure 4, which was manufactured out of the friction
welding products with a reduced diameter for the gauge length. The joining zone is not
located at the center of the tensile specimens due to the geometry of the welding products.
Besides the decentralized joining zone, the results of the tensile tests reveal no irregularities,
since necking did not occur or was located within the gauge length.

 

Figure 4. Geometry of tensile samples with highlighted position of the joining zone, according to DIN EN ISO 6892-1 [18],
in millimeters.

3. Results

The following sections present the results of the different testing methods. These in-
clude the determination of mechanical parameters as well as metallographic investigations.

3.1. Tensile Test

In Figure 5 the stress–strain curve of a sample of Geometry A is exemplarily depicted
on the left side and a comparison of the samples with the highest tensile strengths Rm is
presented on the right side.
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Figure 5. (a) stress–strain curve of Geometry A; (b) schematic drafts of the specimen geometries featuring the highest tensile
strengths values with the standard deviation.

The tensile tests show that though the tensile strength Rm achievable with the various
geometries differs, the qualitative shapes of the curves are almost identical. Fracture in
the joining zone occurs due to brittleness of all geometries except Geometry A (confer
Figure 6). An increased elongation at fracture is only visible in the stress–strain curve of
Geometry A; here, reaching the stress maximum (Figure 5, at a strain of 0.022) a lateral
contraction of the aluminum alloy can be observed.

 
Figure 6. Specimen of Geometry A after tensile testing: (a) cross section; (b) aluminum side; (c) steel side.

All specimens have brittle fractures. Just specimens of Geometry A have a necking
(Figure 5) and more remains of the aluminum (Figure 6) than other specimens. Figure 6
shows one specimen of Geometry A after tensile testing.

3.2. Metallography

In the following, cross sections of the specimens of Geometries B, C, D, E and F are
depicted to show exemplary bonding defects. The Geometries A, G and H feature the
desired bonding quality and visible defects such as gas pores, inclusions or cracks are not
present in the joining zone.

Figure 7 gives an overview of the Geometries B (a) and D (b). The plotted angles mark
the direction of the material flow when the aluminum alloy is detached from the steel. The
bond of sample Geometry B is almost complete. At an angle of approximately 15◦, the
bond starts detaching and closes again in the shoulder area. This results in air inclusions
and is a weak point over the complete circumference of the joint. The reason for this is the
material flow which is indicated schematically by the violet arrows in Figure 7a.
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Figure 7. (a) Cross section of Geometry B and (b) cross section of Geometry D; the angles mark the detachment of the
aluminum.

At Geometry D (Figure 7b), the aluminum alloy peels off at an angle of 35◦ and does
not get into further contact. The material flow and the applied forces possibly cause the
detachment in both geometries.

Geometry C is depicted in Figure 8. A complete filling of the holes was not achieved
and gaps on the circumference occur with increasing depth; additionally, fragments of the
aluminum alloy are visible.

 

Figure 8. Geometry C, (left) schematic draft, (middle) overview of a filled borehole, and (right) exemplary gap at the
borehole flank.

A section of Geometry E is depicted in Figure 9. The bond is complete except for
higher radii, where air inclusions at diameters of 37 to 40 mm can be seen. For Geometry F,
a small air inclusion appears near the undercut. This area is displayed in Figure 10.

The hardness of the samples was measured at different distances across the joining
zone to characterize the influence of the generated heat and the forming during the friction
welding process. It can be assumed that the size of the grains and the concentration of
elements are influenced by the heat resulting in varying hardnesses compared to the basic
materials. The space between two recording points in the aluminum alloy was chosen
according to DIN EN ISO 6507-1 [17]. For simplification, the same distance of 0.5 mm was
used in the steel. Figure 11 gives an example (Geometry F) of the measurements. The
transition area could not be narrowed down due to the limiting conditions.
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Figure 9. Geometry E, (left) schematic draft, (middle) overview of a half-cut sample, and (right) example of air inclusions
in regions of the increased diameter.

 

Figure 10. Geometry F, (left) schematic draft, (middle) overview of a nearly half-cut sample, and (right) exemplary air
inclusion at the undercut.

Figure 11. Diagram of the hardness of a sample with Geometry F including the variance, range between recording points is
approximately 0.5 mm.

On the steel side, almost all samples show a small increase in hardness for the measur-
ing point closest to the transition area—for example, recording point 4 in Figure 11. The soft
annealed base material has an average hardness of 170 HV0.1 and is marked in Figure 11
as a horizontal dotted line. It can be concluded that some samples have experienced a
slight softening and others an increase in steel hardness further from the interface in the
axial direction.

9
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The aluminum alloy has an average hardness of 113 HV0.1 in the T6 condition. Close
to the joining zone the aluminum becomes softened and has an average hardness below
75 HV0.1, as can be seen for Geometry F in Figure 11. Geometry E is the only exception
where a hardness of 103 HV0.1 was determined, possibly caused by a lower heat generation.

To investigate the joining zone, micrographs were examined. Two different types of
interlayers between steel and aluminum alloys were found in the metallographic analyses.
The first layer is located on the aluminum side near the friction welding surface and has a
darker color. Figure 12 depicts an analyzed example of such a layer. Its thickness varies
up to 1.5 μm. It is mainly found on flat areas of the friction surfaces—for example, in the
undercut in Geometry A around the central axis. Since it was not possible to characterize
the layer in detail by light microscopy, scanning electron microscopy was applied (confer
Section 3.3).

 

Figure 12. (Left) overview of Geometry C, and (right) dark layer on the aluminum side close to the joining zone.

The second layer found close to the joining zone, is a layer of fine-grained steel
microstructures with increasing degree of fineness from the basic steel to the interface. Its
thickness increases with the diameter from about 0.5 up to 3 μm (Figure 13).

 

Figure 13. (Left) fine-grained layer on the steel side close to the joining zone and (right) overview of
Geometry A.

3.3. Scanning Electron Microscopy

To identify the darkened layers described in Section 3.2, EDS analyses were carried out
via a scanning electron microscope using a sample of Geometry C. This sample was chosen
due to the clear formation of the darkened layer (Figure 12). Figure 14 depicts the cross
section prepared by a FIB with the highlighted recording line of the EDS measurement. The
results of the EDS analysis are given in Figure 15 and illustrate the chemical composition
of the elements along the marked line.
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Figure 14. Scanning electron microscopy (SEM) image of a cross section prepared by a focused ion
beam (FIB) in-lens detector (sample of Geometry C).

 
Figure 15. Energy-dispersive X-ray spectroscopy (EDS) analysis of the transition area in a specimen
of Geometry C, SEM image of the recording line (yellow), Electron High Tension (EHT) = 12 kV,
probe current = 1.7 nA, and working distance = 4.9 mm.

The left side of the graph in Figure 15 depicts the base material composition of the
aluminum alloy. A content of almost 5 at.% of diffused iron is noticeable. On the right side
of the graph, the composition of the steel base material is displayed, which contains a certain
amount of alloying elements. Akin to the diffused iron on the aluminum side, aluminum
diffused into the steel side with a content of about 5 at.%. Furthermore, an increased
occurrence of manganese, magnesium and silicon can be observed in the transition zone. A
mapping of the silicon content reveals its enrichment within a zone of about 0.5 μm as can
be seen in Figure 16.
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Figure 16. EDS analysis of a sample with Geometry C, (a) distribution of silicon, and (b) silicon content in wt.% near the
joining zone.

High silicon contents on sample surfaces can result from conventional sample prepa-
ration with silicon carbide grinding discs when a slope is formed in the joining zone during
preparation due to the large differences in strength between aluminum and steel [19].
Silicon carbide particles can thus accumulate at the slope. Since in this case the EDS mea-
surement was carried out on a cross section prepared using a FIB, such an influence of the
preparation can be excluded.

Here, the increased silicon content measured in the joining zone by an EDS analysis is
in accordance with observations of Liu et al. and Wang et al., who also reported increased
silicon concentrations in the intermetallic compound (IMC) layer in the joining zone in
investigations on friction welding of aluminum and steel [20,21]. The silicon is incorporated
into the IMC layer and slows down the growth of the IMC layer [22]. With increasing
silicon content in the aluminum alloy, the thickness of the IMC layer is reduced, and the
phase constitution of the aluminide layers is altered [23].

4. Discussion

The presented results reveal that the surface geometry of friction-welded semifinished
products and the parameters of the friction welding process have a decisive impact on the
resulting bond and its strength. For example, Figure 14 shows microinterlocking, which
may result from the different contact areas of the various geometries generating different
temperatures during the friction process. This interlocking can result in an improvement
of the bonding strength. Additionally, the different generated temperatures can lead to
different microstructures, such as the grain size or the thickness of a possible intermetallic
phase, and further in different bonding strengths.

Micrographs of the cross sections reveal that the material flow has an impact on the
completeness of the bond. For example, for Geometry B (Figure 7a), air inclusions occur
due to the resulting material flow. The aluminum alloy flowed outwards over the dome
and detached from the 20MnCr5 steel. In addition, it can be assumed that some of the
aluminum alloy was pushed back inwards onto the shoulder due to the colder outer zone,
which has a higher deformation resistance. Another example of the importance of the
material flow are the boreholes of Geometry C (Figure 8), which were not fully filled
by flowing aluminum. The pressure of the enclosed air inside the boreholes inhibited a
complete filling. Higher temperatures generated by rotational speed or pressure would
increase the degree of deformation. This could lead to a better material flow.

The hardness tests show a decisive influence of the processing as a small increase in
the hardness on the steel side near transition area (confer Figure 11). This hardness increase
is probably caused by a combination of strain hardening due to the deformation process
and grain refinement in the joining zone or by the occurrence of harder phases such as
an intermetallic phases. An indication for the latter might be the multiple changes of the
slope visible in the EDS line scan at the aluminum side in Figure 15 and the similarity of
the darker layer in Figure 12 compared to the literature, such as [15].
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Contrary to the hardness increase in the steel, the aluminum became softened close to
the transition area which can probably be attributed to recrystallization or overageing of the
T6 state due to heat generation during the friction welding process. In the transition area,
the hardness decreased gradually between steel and aluminum, caused by mutual diffusion
of aluminum and iron. An example of the concentration profile across the transition area is
depicted in Section 3.3, Figure 15.

Hardness itself does not account for the quality of a bond, but it correlates with the
tensile strength. Summarized, the hardness measurements reveal a heat-affected zone in
both materials and in between them but could not be narrowed down due to the limiting
conditions.

For the intended following impact extrusion process, Geometries A, F and H show
the most promising results in mechanical tests and metallographic analyses. They feature
a nearly complete bonding and high tensile strengths above 220 MPa. Only Geometry F
contains a small volume of air inclusions at the undercut, which can possibly be avoided
using modified parameters of the friction welding process. All specimens exhibited brittle
fractures except for Geometry A. Brittle fractures underline the possible presence of (brittle)
intermetallic phases [15]. Geometry H has the highest tensile strength of almost 280 MPa
which is 100 MPa lower than the tensile strength of the base material (over 360 MPa), thus
reaching about 77% of the base strength. Regarding the future processing by subsequent
heating and impact extrusion, a recrystallization of the microstructure in the transition
area can be expected and might further increase the bonding strength. With the evaluated
bonding strength, Geometries A, F and H are hence suited for the subsequent inductive
heating and forming process.

5. Summary and Conclusions

Based on the presented results, the following conclusions can be drawn:

• The highest tensile strengths values have been achieved using Geometries A (257 MPa),
F (222 MPa) and H (280 MPa) (flat surface: 252 MPa in [14]);

• The completeness of the joint differs depending on the geometry and the correlation
to the parameters of the friction welding process;

• The hardness close to the transition area was influenced by thermal effects of the
friction welding process, resulting in a softening of the aluminum and an increased
hardness in the steel;

• The EDS analysis showed what is most likely an intermetallic phase at the joining
zone with a high content of silicon.

Table 4 presents the geometries investigated, their bond strengths and the main
comments with regard to the further process chain of the CRC 1153.

Table 4. Results of the different geometries with regard to the further process.

Geometry Bond Strength (Average) Comments

A

 

257 ± 5
• Complete form-filling and bonding resulted in form locking
• Necking in aluminum at tensile tests

B

 
180 ± 14

• Air inclusions at radius to shoulder
• No further investigations recommended

C

 

120 ± 8
• Boreholes were not filled
• No further investigations recommended
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Table 4. Cont.

Geometry Bond Strength (Average) Comments

D

 

190 ± 15
• Incomplete bonding
• No further investigations recommended

E

 

180 ± 21
• Air inclusions at outer diameter could be eliminated by using

different friction parameters

F

 

222 ± 5

• Small air inclusion at the undercut
• Suitable for inductive heating
• Shrinkage resulted in force- and form-locking

G 215 ± 4

• Complete bonding
• Bond strength could be enhanced by using different friction

parameters

H

 
280 ± 17 • Complete bonding

The influence of various factors, such as friction welding parameters and material
choice, leads to a large spectrum of possible improvements for enhancing the bonding
strength. For example, the integrity of the joining zone might be improved by increasing
heat generation during processing and thus diffusion of the alloying elements, though
grain growth is to be expected. Hence, further investigations will focus on specimens with
fixed surface geometries but varied friction welding parameters—e.g., a modification of
Geometry F with an undercut angle of 80◦ on the steel side is to be expected promising
regarding a further increase in the bonding strength. With this geometry, not only material
bonds but force and form locks as well can be accomplished without a significant penetra-
tion of the aluminum alloy on the steel side, which otherwise could lead to a premature
melting of the aluminum during induction heating in the further processes within the
process chain of the CRC 1153 [8].
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Abstract: A novel co-extrusion process for the production of coaxially reinforced hollow profiles has
been developed. Using this process, hybrid hollow profiles made of the aluminum alloy EN AW-6082
and the case-hardening steel 20MnCr5 (AISI 5120) were produced, which can be forged into hybrid
bearing bushings by subsequent die forging. For the purpose of co-extrusion, a modular tooling
concept was developed where steel tubes made of 20MnCr5 are fed laterally into the tool. This LACE
(lateral angular co-extrusion) process allows for a variation of the volume fraction of the reinforcement
by using steel tubes with different wall thicknesses, which enabled the production of compound
profiles having reinforcement contents of either 14 vol.% or 34 vol.%. The shear strength of the
bonding area of these samples was determined in push-out tests. Additionally, mechanical testing of
segments of the hybrid profiles using shear compression tests was employed to provide information
about the influence of different bonding mechanisms on the strength of the composite zone.

Keywords: tailored forming; lateral angular co-extrusion; mechanical behavior; hybrid
metal components

1. Introduction

The realization of lightweight constructions to increase resource efficiency and reduce CO2

emissions is of paramount interest to the automotive and aviation industries [1]. In particular, the use
of light metals such as aluminum is attractive due to the high specific strength of the respective alloys.
Merklein et al. reported that one promising approach to integrate aluminum in automotive designs is
the use of hybrid components [2]. In this context, the integration of Tailored Blanks in sheet metal
forming has become state of the art in the automotive industry. These allow meeting conflicting design
challenges by providing sheet metal components with locally adapted properties. As well as reducing
weight by combining sheets of different material grades, thicknesses, etc., Tailored Blanks can also
offer improved crash performance [2].

However, the concept of hybrid semi-finished products is not yet widely used in bulk forming
of metals. Innovative processing technologies are required for the production of hybrid bulk metal
components made of different metals such as aluminum alloys and steel. As part of the novel concept
of Tailored Forming, process chains are being developed in which the various bulk materials are
first joined before a subsequent forming process such as die forging or impact extrusion is applied.
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As discussed by Herbst et al., this differs significantly from conventional process chains in which the
individual parts of the components are joined together after the forming step or at the end of the
process chain [3].

In contrast to sheet metal forming processes used for the production of components made of
Tailored Blanks, the Collaborative Research Center 1153 (CRC 1153) “Tailored Forming” aims at
developing suitable processes for the production of three-dimensional solid components with locally
adapted properties. The use of aluminum instead of steel in the bulk metal component can result
in a reduction of mass of the component. Specifically, only the functional surface, which must be
wear-resistant in the solid component, consists of material like hardened steel. A key feature in the
present approach is the subsequent joint forming step. The advantage of this process combination lies
in the positive influence of the subsequent forming on the local microstructure in the joining zone,
and thus further the mechanical properties. This is a key aspect for materials that are difficult to form
such as aluminum and steel. An exemplary process chain is shown in Figure 1 for the manufacture of a
hybrid bearing bushing made of aluminum and steel that is investigated as a demonstrator part.

Figure 1. Tailored forming process chain for the production of hybrid bearing bushings.

Similar to Tailored Blanks, the production of hybrid solid semi-finished products can be realized
by welding. Pressure welding is one of the processes that enables the formation of bonds in which
the intermetallic phase seam is sufficiently small enough to have no negative impact on properties
such as tensile strength [4]. In the context of continuous hybrid profiles, a promising approach for
joining different materials is co-extrusion, which was used in the present study to manufacture the
semi-finished products for the bearing bushing. Co-extrusion enables the production of composite
profiles consisting of at least two materials [5]. Co-extrusion can be assigned to joining by forming
according to DIN (Deutsches Institut für Normung e. V.—German Institute for Standardization) 8593-5,
in which the parts to be joined are formed locally or completely. In principle, co-extrusion can be
divided into two different process variants:

• Co-extrusion of modified billets: The reinforcing element is contained in the billet and passes through
the entire extrusion process. This variant includes the co-extrusion of metal matrix composites
in which reinforcing particles such as Al2O3 were introduced in an aluminum billet by powder
metallurgy [6] with the intention to achieve an even distribution of the reinforcing elements in the
composite profile. A further variant is the local reinforcement of a billet, e.g., by inserting a round
rod of a material of higher strength like titanium grade 2 into an aluminum billet and then extruding
the materials simultaneously [7].

• Co-extrusion of conventional billets: In this case, the reinforcing element is introduced into the
forming zone from outside the tool but is not plastically formed itself [8]. This process variant
was investigated especially for the reinforcement of extruded profiles with steel or copper wires.
By employing modified chamber tools [9], the wires were introduced into the forming zone via
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the support arms of the mandrel. Hence, the wire reinforcement was present in the longitudinal
weld seams of the profiles only [10].

With the LACE process (Lateral Angular Co-Extrusion) developed by Grittner et al., reinforcing
elements such as titanium sheets and flat profiles that are already relatively rigid can be fed laterally,
and thus continuously into the extrusion process [11]. A laboratory-scale LACE process has already been
developed within the CRC 1153, which provided a round rod made of 20MnCr5 steel with an aluminum
cladding made of EN AW-6082. However, due to the design of the tool the resulting geometry of the
compound profile showed significant deviations from the desired coaxial arrangement [12]. For subsequent
die forging, the steel reinforcement must be embedded coaxially within the aluminum matrix. In the
present study, this issue was addressed by a novel extrusion tool design, which also featured an industry
relevant scale. The mechanical properties of the bonding zones of the compound profiles produced with
the new tool were characterized in push-out tests. In addition, the influence of the bonding mechanisms,
e.g., material closure or form-closure, on the composite strength were determined by shear compression
tests on sample segments.

2. Materials and Methods

2.1. LACE Process

A schematic section through the developed modular tool is shown in Figure 2a. Since the LACE
process involves the feeding of a rigid reinforcing element instead of a wire, a mandrel part was
designed, which is supported by three support arms in the tool housing. In this concept, the aluminum
alloy is divided into two metal streams by the portholes in the middle of the symmetrically designed
entry. Both metal strands are then directed into pockets milled into each half of the tool cavity.
This is intended to change the material flow in such a way that the aluminum alloy evenly envelops
the reinforcing element and displacement and/or distortion of the compound profile is avoided.
The aluminum alloy then flows around the mandrel part inside the tool. The reinforcing element, in
this case a steel tube, is inserted into the tool orthogonally to the movement direction of the extrusion
punch and guided through the clamping cover and the mandrel part. This also ensures a coaxial
position of the tube in the compound profile.

 

(a) 

 

(b) 

Figure 2. (a) Schematic illustration with sectional plane lengthwise through the tool with c: clamping
cover, d: pocket, e: deflection, f: die, g: mandrel part with three support arms, h: inlet (the geometry
of the inlet and deflection are highlighted); (b) schematic illustration of the concept for the 10 MN
extrusion press in longitudinal section with i: reinforcing element, j: die housing, k: thermocouple
bore, l: container, m: aluminum billet.
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The process is shown in Figure 2b as a schematic sectional view including the reinforcing element
in the tool and the billet inside the container. The LACE direction is orthogonal to the direction of the
movement of the ram.

The LACE experiments were performed on a 10 MN extrusion press (SMS Meer GmbH, Düsseldorf,
Germany). A non-heated tool holder specially modified for this project was used, which allowed the
reinforcing element to be fed laterally. Aluminum EN AW-6082 billets as well as tubes consisting of the
case-hardening steel 20MnCr5 were used as joining partners. To keep the process chain as short as
possible and to avoid additional drilling of the hybrid semi-finished products, reinforcing elements
with the desired inner diameter were used. Furthermore, the reinforcement content was varied by
using steel tubes with different wall thickness. With an inner diameter of the container of 146 mm,
an opening diameter of 62.7 mm for the die and 38 mm or 44.5 mm for the outer diameter of the
steel tubes, the extrusion ratio equaled 9:1 and 11:1, respectively. This corresponds to a reinforcement
content of 14 vol.% for the extrusion ratio of 9:1 and 34 vol.% for the extrusion ratio of 11:1. Since the
objective was to achieve a metallurgical bond between the joining partners, the reinforcing element
was ground with 40 grit paper and cleaned with ethanol prior to the extrusion process. Previous
numerical studies have shown that a bond by material closure can be achieved by employing relatively
high temperatures together with long contact times of the joining partners [13]. This translates to
high process temperatures and low extrusion speed. Thus, the billets were preheated to 530 ◦C for
4.5 h, whereas the steel tube had room temperature at the beginning of each experiment. The die was
preheated to 490 ◦C and the container had a temperature of 440 ◦C. A ram speed of 1.5 mm/s was used
at the beginning of the experiment during the upsetting of the billet in the container and the filling of
the tool, and it was reduced stepwise until the ram speed reached 0.3 mm/s. In this way, the cooling of
the aluminum billet during filling of the tool was kept to a minimum.

2.2. Metallographic Characterization

Cross-sections were extracted from the front and the back ends of the compound profiles to
determine deviations of the positions of the reinforcing elements relative to their ideal center positions,
as well as to characterize the microstructures of the extruded matrix material. The front end of the
actual compound profile was defined as the location where all longitudinal weld seams appeared
to be macroscopically closed. The position of the back end was dependent on the particular LACE
experiment. If the extrusion was stopped before the entire reinforcing element was jacketed with
aluminum, the area closest to the tool was examined in cross-section. For the macro- and microstructural
examination of the compound profiles, the samples were prepared metallographically and treated
with an etching solution consisting of HF and H2SO4 to contrast the secondary precipitates of the
aluminum alloy.

2.3. Push-Out Test and Shear Compression Test

The mechanical properties of the bonding area of the compound profiles were measured with
push-out tests and shear compression tests. For this purpose, samples were taken over the entire
length of the composite profile. Due to the different coefficients of thermal expansion of aluminum and
steel, the coaxially reinforced semi-finished products are assumed to have a force closure connection
resulting from shrinking of the matrix material onto the reinforcing element [14]. Shear compression
tests of sample segments served to determine whether the effective bond mechanism is mainly material
closure or force and/or form closure. For the tests, samples were taken in an alternating order from
one compound profile per extrusion ratio (Figure 3). The compound profile was divided into slices,
each of which had a plane-parallel height of 10 mm after machining on both sides. The first sample
was taken 25 mm behind the position, where all four longitudinal weld seams were macroscopically
closed. The longitudinal weld seam that was used as the starting point of the sampling was the one
closed last during extrusion and is referred to in the schematic illustration in Figure 3 as the relevant
longitudinal weld seam.
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Figure 3. Schematic illustration of a compound profile with alternating sampling for push-out tests
and shear compression tests with planned geometry of the compound profile.

Starting at this location, samples were taken from the profile with a thickness of 15 mm each,
taking into account the saw cut and the allowance for facing. These samples were used as full samples
for the push-out tests or divided into several segments and then used for the shear compression
tests. The measured shear strength of the sample segments was then compared with the de-bonding
shear strengths from the push-out tests of the adjacent samples in order to be able to determine the
contribution of the material bond over the compound profile length.

The push-out tests were carried out using a universal testing machine with a maximum force
of 250 kN (type Z250, Zwick, Ulm, Germany) and the test setup is shown schematically in Figure 4.
Centering of the sample was realized by a step in the punch. The compound specimens were
positioned on a steel ring so that the contact surface with the aluminum alloy was as large as possible.
By lowering the punch of the testing machine vertically, the reinforcing element was pressed out and
the force-displacement curve was recorded.

Figure 4. Schematic illustration of the experimental setup of the push-out tests using a sample taken
from a hollow compound profile.

The specimen discs for the shear compression test, which had a plane-parallel height of 10 mm,
were separated by wire cutting into the segments with an angle of about 65◦ as shown in Figure 5a.
This procedure resulted in two sample segments that did not contain a longitudinal weld seam and
a sample that contained two longitudinal weld seams. The latter was taken so that the longitudinal
weld seams no. 1 and no. 2 (cf. Figure 5a) were at the edges of the sample segment, and thus did not
affect the test results significantly. In order to determine the actual test area, the bonding lengths of all
sample segments were measured by using a laser microscope (type VK 9700, Keyence, Neu-Isenburg,
Germany). From these data, the actual bonding areas were calculated.
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(a) (b) 

Figure 5. Schematic illustration of (a) sample segment extraction from the cross-section of a compound
profile with one segment having two longitudinal weld seams (LWS, highlighted by dotted lines) at the
edges and two segments each without weld seams, (b) test setup used for the shear compression test.

For the characterization of the mechanical properties, the specimens were clamped in the test setup
shown in Figure 5b and the steel portion of the specimens was pressed out with a universal testing
machine (type Z250, Zwick, Ulm). As with the push-out tests on the entire specimen cross-sections,
a test speed of 2 mm min−1 was used. A drop in force of 80% was used as the break-off criterion for the
push-out tests of the sample segments.

3. Results

3.1. LACE Process

During the LACE experiments, the relevant process parameters such as ram force and ram speed
were recorded. Figure 6 shows an exemplary diagram of the ram force and the ram speed vs. process
time for a typical LACE experiment with an extrusion ratio of 11:1. At the onset of the test, a ram
speed of 1.5 mm s−1 was used. This fast ram speed was selected for initial filling of the tool in order
to counteract cooling of the tool, whereas the actual extrusion process was performed at lower ram
speed. In Figure 6, a rapid increase in ram force to a force plateau of 2.6 MN is seen. The speed of the
ram was reduced to a value of 0.5 mm s−1 after this plateau. The ram force increased further as the
filling process progressed. After reaching 5 MN, the ram speed was reduced to the desired value of
0.3 mm s−1 for the LACE extrusion test, which resulted in a slight drop in force. The ram force then
increased continuously up to the maximum value of ≈8 MN before termination of the LACE process.

Figure 6. Evolution of ram force during the course of a LACE process with an extrusion ratio of 11:1
and adjustments of ram speed.
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3.2. Metallographic Characterization

In Figure 7, representative cross-sections extracted from the front and the back ends of a compound
profile are shown. Here, a steel tube with an outer diameter of Øa = 38 mm was used, which resulted
in an extrusion ratio of 9:1, and thus a volume fraction of the reinforcement of 14 vol.%. The outer
aluminum matrix of the compound profile had a slightly elliptical cross-section at the start of the
compound profile. There was a slight material overlap on the side facing the recipient (recipient
side), which is interspersed with oxide lines (Figure 7a, left-hand area). The overlap on aluminum
extended over a circumference of 55 mm for a total circumference of the cross-section of 202 mm.
This overlap resulted from incidental clamping of the steel tube, which in turn resulted in temporarily
faulty material flow. This illustrates that is of paramount importance to accurately control the local
material flow in the die. For the determination of the lengths of the main and secondary axes of the
aluminum jacket, this section was not taken into account. Thus, the main axis had a length ly of
63.3 mm at the start of the profile and the secondary axis a length lz of 63.6 mm. The outer contour was
thus 1.5% larger in the y-direction and 2.0% larger in the z-direction than the theoretical diameter of the
aluminum jacket. No bond was formed between the matrix material and the reinforcing element on the
recipient side; instead, there was a 0.5 mm wide gap. The longitudinal weld seam on the side facing
away from the recipient (rear side) also showed a gap in the bonding area between the aluminum alloy
and the steel tube. By contrast, the cross-section taken from the end of the compound profile showed
an almost ideal circular contour without any material overlap. The main axis had a length of 63.2 mm
(deviation +1.4%) and the length of the secondary axis was 61.9 mm (deviation 0.7%).

 
(a) 

 
(b) 

Figure 7. Cross-section of a sample taken from (a) the start of the compound profile, i.e., after a
macroscopically closed longitudinal weld seam had formed and (b) the end of the compound profile,
which was produced with an extrusion ratio of 9:1; etching: HF/H2SO4 mixture; the position of the
longitudinal weld seams is highlighted by dotted lines; the interpolated outer contour of the steel tube
is highlighted with black dashed lines; the (in case of (a) interpolated) outer contour of the aluminum is
highlighted with white dashed lines.

In the compound profile shown here, the reinforcing element was not truly embedded coaxially in
the matrix. The aluminum metal stream inside the die flowed to the side facing away from the recipient
preferentially. This is evident in the greater wall thickness of the matrix material on the right-hand
side of the cross-sections shown in Figure 7. In the initial area of the compound profile, this led to a
slight deformation of the reinforcing element, which can also be observed in Figure 7a. The reinforcing
elements used in these LACE experiments were deep-hole drilled tubes with an uneven wall thickness
over the tube circumference. In the compound profile shown here, the wall thickness deviated from
the intended 3 mm by up to 0.5 mm, i.e., the wall thickness was between 2.7 mm and 3.5 mm. For the
shown cross-section from the start of the compound profile with elliptical reinforcing element, the outer
contour of the steel tube was interpolated using the theoretical outer diameter Øa of 38 mm. The offset

23



Metals 2020, 10, 1162

of the steel tube at the start of the profile was thus 0.4 mm or 0.6% in the y-direction and 0.8 mm or
1.2% in the negative z-direction. The cross-section from the end piece of the compound profile showed
no geometrical deviation of the reinforcing element caused by the LACE process, despite variations in
the wall thickness. The offset in the y-direction was 0.4 mm or 0.6% at the start of the profile. In the
negative z-direction, the steel tube was shifted by 1.7 mm or 2.7%.

Metallographic etching was used to contrast the secondary precipitates and make the longitudinal
weld seams visible. The two longitudinal weld seams that are running horizontally in the metallographic
image were caused by the material flowing into the portholes of the tool entry and subsequent welding
after flowing around the mandrel part or reinforcing element. Two additional longitudinal weld seams
are expected on the side facing the recipient, each of which should be located at an angle of 120◦ to
each other and to the longitudinal weld seam on the rear side. As seen in Figure 7, the weld seams
appear close to the expected positions.

The material combination EN AW-6082 and 20MnCr5 was also extruded to a compound profile with
an outer diameter of 44.5 mm for the steel tube, and thus an extrusion ratio of 11:1. The cross-sections
taken from the start and end of the compound profile are shown in Figure 8a,b. Both cross-sections
had almost the desired circular cross-section and did not show any deviations in the wall thickness of
the steel tube, which could be attributed to deep hole drilling. The outer contour of the aluminum
jacket had a length of 63.4 mm of the main axis at both the start and end of the profile (which had a
length of 215 mm), which is 1.6% greater than the expected outer diameter. For the secondary axis,
a length of 62.1 mm (−0.4%) could be determined at the start and 62.0 mm (0.5%) at the end of the
compound profile. Residual oxides could still be detected inside the matrix material at the front end,
but no longer at the back end of the compound profile. In addition, there was no complete bond
between the aluminum alloy and the steel tube in the initial area, which became apparent in form of a
gap with a width of 15 μm (detail in Figure 8c). At the end of the compound profile, this gap was no
longer so pronounced (detail in Figure 8d).

 

(a) (b) 

Figure 8. Cont.
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(c) 

 

(d) 

Figure 8. Cross-sections of (a) start and (b) end of a compound profile made of EN AW 6082 and
20MnCr5 with an extrusion ratio of 11:1; the position of the longitudinal weld seams is highlighted by
dotted lines; the outer contour of the steel is highlighted with black dashed lines; the outer contour of
the aluminum is highlighted with white dashed lines; with (c) detailed image of the bonding area with
a gap between the joining partners from the front end of the compound profile; with (d) detailed image
of the bonding area from the back end of the compound profile; etching: (a–c) HF/H2SO4 mixture,
(d) HNO3/Ethanol mixture.

The position of the reinforcing element remained unchanged over the entire profile length and
showed an offset of 0.4 mm or 0.6% in the negative y-direction and an offset of 0.6 mm or 0.9% in the
negative z-direction. The position of the longitudinal weld seams did not yet correspond perfectly to
the expected position at the start of the compound profile. On the one hand, the longitudinal weld seam
on the recipient side was not in a perfectly horizontal position but offset in the negative y-direction.
On the other hand, the two longitudinal weld seams, which were formed by the support arms of
the mandrel part on the side facing the recipient, had a smaller angle to each other than expected.
At the end of the compound profile, the longitudinal weld seams, which are formed horizontally due
to the splitting of the matrix material at the portholes and subsequently by passing by one of the
support arms of the mandrel part, were on the expected horizontal plane. The angle between the two
longitudinal weld seams no. 2 and 4 remained unchanged.

3.3. Mechanical Properties

The strength of the bonding area was determined for the compound profiles with different
reinforcement content using push-out tests. Figure 9 shows an exemplary force-path graph from a
push-out test on a representative sample that was produced with an extrusion ratio of 11:1. At the
beginning the measured force F increases almost linearly until the curve flattens out slightly towards
the end and finally reaches its maximum Fmax. After the maximum, the force decreases rapidly and
runs out in a plateau. Based on these data, the shear strength was calculated as [15]

τmax =
Fmax

π d h
(1)

where d is the diameter of the reinforcement and h the height of the sample.
Figure 10 shows the de-bonding shear strength calculated by using measured data from all the

push-out tests executed over the profile length of both compound profiles. The de-bonding shear
strength of the profile with the lower reinforcement content of 14 vol.% was determined over a profile
length of 250 mm and varied between 29 MPa and 55 MPa with an average shear strength of 42 MPa
± 7 MPa. In the case of the profile having a reinforcement content of 34 vol.%, the shear strength
determined in the push-out test varied between 45 MPa and 63 MPa over the entire profile length of
445 mm with an average shear strength of 54 MPa ± 5 MPa.
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Figure 9. Force-displacement diagram of a push-out tests on a sample sectioned from the front end of a
compound profile produced with an extrusion ratio of 11:1.

 
Figure 10. De-bonding shear strength for compound profiles produced via LACE with an extrusion
ratio of 9:1 or 11:1, respectively. The respective mean values are indicated by dashed lines, which were
determined over the entire length of the profile with macroscopically intact longitudinal weld seams.

For the shear compression test, two segments without longitudinal weld seams and one segment
containing two longitudinal weld seams were available for each specimen cross-section. The segments
without longitudinal weld seams showed a similar shear strength curve progression as the de-bonding
shear strength curves determined by the push-out tests, as it can be seen in Figure 11. The values
determined in the shear compression test fluctuated between 47 MPa and 69 MPa. The tested segments,
which had two longitudinal weld seams, showed similar behavior over the profile length. However,
there were two outliers at 100 mm and 220 mm, which, at 92 MPa and 83 MPa, respectively, had the
highest strength values for the compound profiles made of the material combination EN AW-6082 and
20MnCr5. In general, the shear strength of the segment with longitudinal weld seams was below that
of the segments without longitudinal weld seams from 250 mm onwards. However, the average shear
strength determined in the shear compression test was 56 MPa ± 6 MPa for the segments without
longitudinal weld seams and 58 MPa ± 15 MPa for the segments with longitudinal weld seams.
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Figure 11. Determined shear strength of the compound profile with a reinforcement content of 34 vol.%
starting 25 mm after macroscopically closed longitudinal weld seam with de-bonding shear strength
averaged over the entire compound profile length (dashed line); dotted lines represent one standard
deviation both for sample segments with and without longitudinal weld seams.

Figure 12 shows one of the two outliers in the shear compression test with longitudinal weld
seams, extracted 100 mm behind the location where the longitudinal weld seam was considered to be
macroscopically intact. The arrows and dotted lines mark the position of the longitudinal weld seams
no. 1 and 2. At the position of the longitudinal weld seam no. 1, which is on the left-hand side in
Figure 12, however, a gap between the joining partners can be seen. At the location of the longitudinal
weld seam no. 2, which is on the right-hand side in Figure 12, it can be seen that the aluminum still
adheres to the reinforcing element after the test. This demonstrates that the separation of the materials
did not take place in the bonding zone.

Figure 12. Sample after the shear compression test with adhering aluminum at the level of a longitudinal
weld seam (LWS; position marked with arrows and highlighted with dotted lines).

4. Discussion

In order to comply with the requirements of the intended subsequent die forging process,
specifications for the compound profiles with regard to the internal geometry of the reinforcing element
as well as the position of the joining partners in relation to each other were defined prior to toolset and
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process development. Thus, the co-extruded semi-finished products were required to have an internal
diameter Øi of 32 mm as well as an aluminum cladding with a uniform wall thickness so that the
hybrid semi-finished products can be heated by means of an internal inductor prior to die-forging [16].
Furthermore, a maximum deviation in the coaxial arrangement of the joining partners of 0.2 mm (0.3%)
was aimed for with a height of the semi-finished product of 85 mm. This was not fully achieved, as in
some cases there was an offset of up to 0.6 mm (0.9%). By turning the semi-finished product and
correspondingly increasing the length, the mold filling could still be realized in the subsequent die
forging process.

In the present study, coaxially reinforced hollow profiles were produced, with a reinforcement
content of 14 vol.% and 34 vol.%. With the extrusion ratio of 9:1, it was possible to envelope a steel
tube having a wall thickness of 3 mm in an outer aluminum cladding without the reinforcing element
collapsing due to the pressure acting on the tube during the LACE process. At the front end of
the compound profile, a slight deviation of the steel tube from the desired circular geometry was
detected. This deformation was no longer present at the end of the profile. A similar problem did
not occur with the higher reinforcement content due to the higher wall thickness of the steel tube.
Compared with previous works [12], in which a steel rod was fed into the process, a significantly
improved coaxial positioning of the reinforcing element was achieved using the new guiding mandrel
part and the resulting, more uniform material flow inside the novel tool. It should be noted that in the
original LACE process with a titanium sheet used as external reinforcement there is no offset, since the
compound profile was manufactured asymmetrically for process-related reasons [11]. However, in the
case of co-extrusion processes that use wire reinforcements, deviations from the expected position of
the reinforcing elements could also be detected [17]. The slight deviations observed in the present
study can be explained in terms of the position on the feeding of the reinforcement via a mandrel part.
For the application in the process chain of the CRC 1153, the offset could be compensated by further
adjustment of the tool or using turned semi-finished products.

The metallographic characterization has revealed that the gaps between the matrix material and
the reinforcing element were present on the recipient side in the initial parts of the compound profile.
However, these gaps between aluminum and steel were no longer detected in any tests at the end of
the compound profile. Thus, these gaps will not be relevant in a Tailored Forming process chain for
the production of hybrid bearing bushings once steady-state conditions are attained.

At 42 MPa ± 7 MPa, the average shear strength of the profile produced with the lower extrusion
ratio was slightly lower than that of the profile with the higher extrusion ratio, i.e., the one with the
higher volume fraction of reinforcement. For the latter, an average shear strength of 48 MPa ± 9 MPa
was measured. These values are below the composite strengths that were determined for a LACE
process conducted on a laboratory scale [18]. However, since the compound profiles manufactured in
these earlier experiments showed a clear warping, their higher bond strengths are attributed to the
more pronounced force and form closure.

Compared with the shear strengths achieved in push-out tests on compound forged bearing
bushings investigated by Behrens et al. [16], the shear strength achieved with semi-finished products
manufactured by LACE was about 20 MPa lower. The bond formation in the compound forging
was thus somewhat better, which can be substantiated by the joint forming, and thus by the more
extensive formation of new surfaces in the process [14]. In the LACE process, on the other hand,
only the aluminum is formed and the relative movement of the materials to each other [11] forms the
joint between the partners. The strength of the joining zones is nevertheless promising to withstand
the subsequent die forging process.

Due to the coaxial arrangement of the joining partners inside the LACE tool, it can be assumed
that the higher thermal expansion coefficient of aluminum causes shrinking of the outer EN
AW-6082 cladding onto the steel tube, which results in a form closure as well as a force closure [14].
However, a firm connection that will withstand subsequent bulk forming processes such as forging,
requires material closure, as this connects the joining partners by means of physical or chemical bonds,
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so that they function as one body [19]. Whether the desired material closure is present in the LACE
samples, was therefore tested using shear compression tests on segments taken from the sample
cross-sections. The existing form and force closures were released by cutting out 65◦ segments from
the sample cross-section.

With respect to the subsequent forging operation, the interface properties are of paramount
importance. Ideally, a firm metallurgical bond should be formed. Depending on the process conditions,
brittle intermetallic phase can growth at the interface between the joining partners. Herbst et al.
reported that intermetallic phase seams narrower than 1 μm have no negative effect on the strength of
the composite [3]. In the present study, no intermetallic phase seams were detected metallographically.
In addition, due to the coaxial arrangement of the joining partners inside the LACE tool, it can be
assumed that the higher thermal expansion coefficient of aluminum causes shrinking of the outer
EN AW-6082 cladding onto the steel tube. This will result in a form closure as well as a force
closure [14]. However, subsequent bulk-forming processes, such as forging, require material closure,
i.e., a firm connection by means of physical or chemical bonds, so that they function as one body [19].
Whether the desired material closure was realized in the LACE samples, was therefore tested using
shear compression tests on segments taken from the sample cross-sections. The existing form and force
closures were released by cutting out 65◦ segments from the sample cross-section.

The LACE profile with a steel tube made of 20MnCr5 had a shear strength of 54 MPa ± 5 MPa
over the entire profile length, which was determined in the push-out test. The segments without
longitudinal weld seams showed almost identical shear strengths with values of 56 MPa ± 6 MPa
and the samples with two longitudinal weld seams showed no change over the averaged total profile
length, resulting in a value of 58 MPa ± 15 MPa. The strength of the specimen with longitudinal
weld seams was both above and below the strength of the segments without longitudinal weld seams.
Only the increased deviation in the values shows a slight influence of the longitudinal weld seams on
the shear strength. It can therefore be assumed that the proportion of form-fit or frictional connection
in the samples manufactured using LACE is low. The shear compression test of the specimens with
longitudinal weld seams has shown that the longitudinal weld seams can have a positive influence
on the shear strength. The aluminum adhered clearly to the steel near a longitudinal weld seam,
which was formed by splitting by a support arm of the mandrel part. The splitting of the aluminum
flow and re-welding in the welding chamber thus produced juvenile metal surfaces, which had a
positive influence on the formation of the bonding area. According to Weidenmann et al., material
closure is also assumed if the reinforcing element is covered by residues of the matrix material after a
shear compression test [20], which was the case here for most of the tested samples.

5. Conclusions and Outlook

It could be shown that quasi-continuous hybrid hollow profiles made of EN AW-6082 and 20MnCr5
can be produced on an industrial-relevant scale by employing a lateral angular co-extrusion process
together with a new tool concept. The modular design allows the extrusion ratio to be increased,
e.g., from 9:1 to 11:1, and thus the reinforcement content could be varied between 14 vol.% and 34 vol.%.
The placement of the steel tube inside the aluminum cladding deviated slightly from the desired ideal
coaxial position. The de-bonding shear strengths determined by push-out tests were between 42 MPa
and 47 MPa. The shear compression tests on sample segments showed that not only form-fit and
force-fit is present between the aluminum alloy and the steel tube. The aluminum residues adhering
to the steel after the shear compression tests also indicate a material-locking connection, which was
observed especially in the areas next to the longitudinal weld seams. The bonding area of these
samples needs be investigated more closely in the future to be able to fully exploit the potential of the
LACE process.
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Abstract: The reinforcement of light metal components with steel allows to increase the strength of
the part while keeping the weight comparatively low. Lateral angular co-extrusion (LACE) offers
the possibility to produce hybrid coaxial profiles consisting of steel and aluminum. In the present
study, the effect of the process parameters temperature, contact pressure and time on the metallurgical
bonding process and the development of intermetallic phases was investigated. Therefore, an analogy
experiment was developed to reproduce the process conditions during co-extrusion using a forming
dilatometer. Based on scanning electron microscopy analysis of the specimens, the intermetallic
phase seam thickness was measured to calculate the resulting diffusion coefficients. Nanoindentation
and energy dispersive X-ray spectroscopy measurements were carried out to determine the element
distribution and estimate properties within the joining zone. The proposed numerical model for the
calculation of the resulting intermetallic phase seam width was implemented into a finite element
(FE) software using a user-subroutine and validated by experimental results. Using the subroutine,
a numerical prediction of the resulting intermetallic phase thicknesses is possible during the tool
design, which can be exploited to avoid the weakening of the component strength due to formation
of wide intermetallic phase seams.

Keywords: aluminum-steel compound; intermetallic phases; co-extrusion; tailored forming;
nanoindentation

1. Introduction

The industrial efforts to reduce the mass of vehicles in order to save fuel and reduce CO2 emissions
result, inter alia, in the use of hybrid components and thus in the demand for new joining techniques of
dissimilar materials. In order to achieve a reduction in mass at low cost, the combination of aluminum
and steel has lately received substantial attention. The joining of 6xxx series aluminum alloys and steel
has extensively been investigated using several joining processes, such as laser welding [1], friction
stir welding [2], friction welding [3], compound forging [4] or co-extrusion [5]. The occurrence of
intermetallic phases presents a challenge for both fusion welding and solid-state joining processes,
as these phases are very hard and brittle and can reduce the strength of the hybrid component. Control
of the resulting phase seam width is therefore essential to achieve reliable compounds [6]. The growth of
intermetallic phases is diffusion controlled, and thus strongly dependent on the prevailing temperature
and time [7].
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Intermetallic phases typically exhibit low crystal symmetry, which curtails dislocation movements.
Due to the low mobility of the dislocations, intermetallic phases are generally characterized by high
hardness values and a particularly brittle material behavior [8]. For this reason, the thickness of the
intermetallic phase seam is an indispensable aspect in assessing the strength of hybrid components.
Intermetallic phase seams with a given width often consist of different intermetallic phases, which in
the case of the Fe-Al system, are Fe3Al, FeAl, FeAl2, Fe2Al5 and FeAl3. When joining aluminum and
steel in the solid state, the phase Fe2Al5 is mainly formed [9].

The effect of intermetallic phases on the mechanical properties of a joint has been evaluated by
several authors. Yamamoto et al. report a linear decrease in the joint strength with an increase in the
thickness of the intermetallic layer [10]. Kimapong and Watanabe state that the joint strength increases
exponentially with a decrease in the intermetallic seam thickness [11]. Yilmaz et al. determined
that the highest strength can be achieved by the thinnest possible intermetallic phase in friction
welding [12]. According to Fukuora, even with a thickness of the intermetallic layer less than 1 μm,
the joint demonstrated premature fracture at the interface in friction bonding of high-strength Al alloys
to steels [13].

Clearly, it is crucial for these hybrid materials to control the thickness of the intermetallic phase
seam that forms at the interface during bonding and to characterize its properties, especially the
mechanical ones. Nanoindentation enables to probe the local hardness at the nanometer scale,
and was used by several authors to investigate the mechanical properties of intermetallic phases.
Ogura et al. determined the nano hardness of different Fe-Al intermetallic phases. They stated that the
nano hardness of intermetallic phases of type FexAly increases with increasing proportion of aluminum,
with the exception of the FeAl3 phase, which is less hard than FeAl2 and Fe2Al5. The increase in
hardness can be explained by the increasing complexity of the lattice structures [6].

Within the framework of the Collaborative Research Centre 1153, co-extrusion is used to produce
coaxial hybrid profiles of aluminum and steel. In the further course of the process chain, these profiles
are used as joined hybrid semi-finished workpieces for the die forging of bearing bushings. The use
of already joined semi-finished workpieces allows a geometrical and thermomechanical tailoring of
the joining zone, resulting in improved mechanical properties. For a sufficient formability of these
hybrid semi-finished products, the intermetallic phase seam must not exceed a certain size after
co-extrusion. In order to consider the resulting phase seam thickness already in the numerical process
design, a phenomenological model was developed that can predict the phase seam width during the
post-processing of a commercial finite element (FE) system. In the present study, the influence of the
process parameters temperature, time and force on the resulting intermetallic phase seam thickness
were investigated using analogy experiments and subsequent scanning electron microscopy (SEM)
analysis. In the following, the numerical model being developed and its implementation into the FE
software are presented. The parameters required to describe the development of the intermetallic
phase seam thickness were determined from the analogy experiment. To correlate the properties of the
joining zone with the formed intermetallic phases, additional nanoindentation and energy dispersive
X-ray measurements (EDS) were carried out.

2. Materials and Methods

2.1. Experimental Procedure

An experimental setup for analogy experiments was developed in order to simulate the boundary
conditions physically during co-extrusion on a laboratory scale and to be able to set them independently,
see Figure 1a. The specimens, consisting of two steel cylinders (20MnCr5, AISI 5120), an aluminum
cylinder (AlMgSi1, EN AW-6082) and a steel sleeve, were placed on a forming dilatometer DIL 805
A/D + T (BÄHR Thermoanalyse GmbH, Hüllhorst, Germany) between two deformation punches to
which the forming force was applied. The steel cylinders and the aluminum cylinder had a diameter of
5 mm and 3 mm, respectively. The diameter of the aluminum specimen was chosen to be smaller in
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order to break up the surface layers during forming, analogous to the co-extrusion process. A steel
sleeve was used to prevent the aluminum specimen from being displaced between the steel specimens
and to obtain higher stresses than the yield stress of aluminum. An external induction coil realized the
heating of the specimen. The temperature was controlled by a thermocouple (TC, type K) welded to the
outside of the sleeve. To minimize temperature gradients and avoid oxidation effects, the experiments
were carried out in a vacuum of 3.5 × 10−3 Pa. The vacuum was generated by means of a vacuum
pump integrated in the dilatometer.

Figure 1. (a) Schematic test setup of the analogy experiments on a forming dilatometer,
(b) temperature–time curve used in the experiments.

The temperature–time course employed during the experiments is shown schematically in
Figure 1b. The jagged line indicates the actual forming. In the first step, the specimens were heated to
the respective forming temperature TF with a heating rate of 8 K/s and kept at TF for 240 s to ensure
a near homogeneous temperature distribution. The subsequent forming was force-controlled by a
pre-defined forming force F. The force was applied and maintained over the given time period tF. After
forming, the specimens were cooled to room temperature by nitrogen with a rate of 30 K/s.

For the reference specimen, a temperature TF of 560 ◦C, a forming force F of 5890 N, and a
forming time tF of 120 s were used. Based on this parameter configuration, time, force and temperature
were varied to determine their influence on the resulting thickness of the intermetallic phase seam.
The parameter matrix employed is shown in Table 1. The temperature, time and force values were
chosen based on the numerical investigation of the co-extrusion process described in [5]. For each
parameter combination, three repetitions were carried out to estimate variability in the data.

Table 1. Test matrix used for the dilatometer experiments; the values deviating from the reference
configuration are highlighted in italics.

Test Series Temperature TF in ◦C Forming Time tF in s Force F in N

Reference variant 560 120 5890
Temperature variation 450, 505, 560, 590 120 5890

Time variation 1 560 30, 60, 120, 240, 480 5890
Time variation 2 590 60, 120, 240, 480 5890
Force variation 560 120 1500, 2797, 5890

Validation 575 120 5890

The chemical compositions of the aluminum alloy EN AW-6082 and the steel 20MnCr5 used
in the present study are listed in Tables 2 and 3. The aluminum and steel specimens—produced by
wire cutting—were ground and polished shortly before the tests to remove excess oxide layers from
the surfaces.
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Table 2. Chemical composition of the aluminum alloy EN AW-6082 in wt.%, the balance is Al.

Material Si Fe Cu Mn Mg Cr Zn Ti

EN
AW-6082

1.11
± 0.0295

0.19
± 0.0349

0.0349
± 0.001

0.438
± 0.006

0.656
± 0.027

0.0352
± 0.001

0.0169
± 0.002

0.0186
± 0.002

Table 3. Chemical composition of the steel alloy 20MnCr5 in wt.%, the balance is Fe.

Material C Si Mn Cr S

20MnCr5 0.22 ± 0.02 0.21 ± 0.01 1.10 ± 0.02 1.01 ± 0.0109 0.0131 ± 0.0007

After the analogy experiments, the hybrid specimens were embedded and then cut perpendicular
to the bonded surfaces. The specimens were ground and polished down to 1 μm. The interface was
analyzed by SEM with EDS using a Supra 40VP (Zeiss, Oberkochen, Germany). Images were recorded
using secondary (SE) and backscattered electrons (BSE). SEM analysis was performed at both joining
zones at several locations. Figure 2 schematically shows a formed specimen where the areas probed in
the SEM and nanoindentation analysis are highlighted. The width of the intermetallic phase seam was
measured by evaluating the recorded BSE images using a MATLAB (R2020a, The MathWorks, Natick,
MA, USA) script descripted in detail in by Herbst et al. [14]. In each specimen, at least two images
were taken of each side of the joining zone.

Figure 2. Schematic representation of a formed specimen with highlighted positions of the scanning
electron microscopy (SEM) and nanoindentation measurements.

Nanoindentation measurements were carried out on a Hysitron TI 980 Nanoindenter (Bruker,
Billerica, MA, USA) to characterize the mechanical properties of the individual detected phases in the
intermetallic phase seam. Due to their small size, the visual localization of the intermetallic phases
was challenging and scanning probe microscopy (SPM) integrated in the nanoindenter was used
for this purpose. The joining zone was scanned tactilely with a scanning force of 2 μN. Due to the
different material hardness, the specimen preparation by grinding and polishing results in different
surface roughness of the different materials. The nano hardness measurements were carried out with a
Berkovich diamond tip. The tip geometry was calibrated for a minimum penetration depth of 25 nm
on a fused quartz probe. The hardness was evaluated based on the method proposed by Oliver and
Pharr [15]. A trapezium function with a duration of 12 s was used as the load function to eliminate
dynamic effects [16]. For the nanoindentation measurements, a test force of 3000 μN was used. Thus,
the minimum penetration depth of 25 nm in the intermetallic phase could be achieved and at the same
time, the remaining indentation was small enough to position several indents across the phase width.
In the longitudinal direction, a distance of about 2 μm was maintained. In both steel and aluminum,
three indentations each were created with a distance of 7.5 μm from the intermetallic phase and in
longitudinal direction with a distance of 7.5 μm using a programmed grid.
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In addition, the joining zone was characterized using accelerated mechanical property mapping
(XPM). A 10 × 10 indentation grid was stretched out applying a test force of 1000 μN. The distance
between the indents was set to 0.7 μm to obtain a high lateral resolution of the hardness in the joining
zone. The quantitative measurement of steel and aluminum was carried out separately near the
joining zone.

2.2. Setup of Numerical Model and Subroutine

To validate the subroutine, a numerical model of the analogy experiments was built up in the
first step. For the FE analysis of the analogy experiments, the commercial software FORGE NxT 3.0
(Transvalor S. A., Mugins, France) was used. The 3D FE model of the analogy experiments is shown in
Figure 3a. The temperatures from the experimental measurements were assigned to the components
as homogeneous temperature. A hydraulic press with a constant speed of 0.19 mm/s was assigned
to steel cylinder 1, which was determined from the experimental data. In this way, steel cylinder 1
was moved in a positive z-direction until the defined maximum force was reached, after which the
force was kept for a given period of time. The contact between the steel cylinders and the aluminum
work piece was modeled as bilateral sticking, following the contact modeling from the lateral angular
co-extrusion (LACE) process. Between the steel sleeve and aluminum specimen a friction factor m
of 0.95 was chosen in accordance to the co-extrusion process, as determined numerically in previous
studies [5]. Flow curves of aluminum were recorded by cylindrical upsetting tests and implemented in
the FE software. Details about the material data used are given in [5].

Figure 3. (a) 3D finite element (FE) model of the analogy experiment, (b) influence of the minimal
element length on the calculated force and the computation time.

The model comprised approximately 44,408 volume elements (tetrahedral) of linear interpolation
type typically used for metal forming simulations. The steel specimens and the sleeve were modeled
as rigid bodies to limit the computation time. In addition, the effect of the element size was analyzed,
since both the accuracy of the calculated results and the computation time strongly depend on the
selected minimal element size. In Figure 3b, the results of the mesh study are shown. For a minimum
element size of 0.2 mm a sufficient accuracy, as well as an adequate computation time were achieved
and therefore used for the subsequent analysis. Remeshing was applied, combining two remeshing
criteria, a periodic initiated remeshing criterion and an automatic size criterion. Thus, remeshing
followed a fixed incremental step of 20. In addition, the automatic size criterion was activated to refine
the mesh of the work piece in the contact zone with the steel cylinders. The time step equaled 0.2 s,
which resulted in 681 time steps in total.
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To describe the growth of intermetallic phases numerically, the Einstein–Smoluchowski equation

p =
√

2Dt (1)

was employed, where p is the intermetallic phase seam thickness after time t and D is the diffusion
coefficient [17]. The phase seam thicknesses p determined via SEM images was then used to calculate
the apparent diffusion coefficient D with the Einstein–Smoluchowski equation.

To enable the usage of a temperature-dependent diffusion coefficient in the numerical simulation,
a functional correlation was derived from the measured data, which describes the dependence of the
diffusion coefficient on temperature. Thus, the subroutine can be used to describe the growth of the
intermetallic phase seam as a function of contact time and contact temperature. The intermetallic
phase seam was calculated only where the element nodes of the aluminum and the element nodes
of the steel cylinders came into contact. To check if the requirements were fulfilled, the contact
modeling was queried in each increment for each node of the aluminum. If the conditions were
fulfilled, the subroutine was continued. Within the subroutine the temperature was requested from
the solver for the considered node. If the nodal temperature was equal to or between 450 ◦C and
590 ◦C, the routine was continued. Otherwise, the temperature is too low for development of an
intermetallic phase and the subroutine is terminated. The temperatures were chosen according to the
upper and lower limits of the test matrix and the developed subroutine is only valid in this range.
The diffusion coefficients, which are calculated with temperatures outside the temperature range are
extrapolated and not interpolated values and therefore, are not permitted. If the node temperature is
in the permitted range, the diffusion coefficient is calculated for the considered node, depending on
the node temperature. The phase growth in the current increment is calculated, taking into account the
phase width of the previous increment. Finally, the calculated phase thickness is stored and is available
in the next increment as an already existing phase thickness and is included again in the calculation
of the next increment. The sequence of the subroutine is shown in Figure 4 in a flow chart. In each
increment the result variable IMP_Layer is updated. The subroutine was programmed in Fortran 90
and implemented by compiling the dynamically linked library in FORGE NxT 3.0.

Figure 4. Flow chart for the developed subroutine that is executed for each node of the aluminum in
each increment.

3. Results and Discussion

3.1. Evolution of the Intermetallic Phase Seam Thickness

The growth of intermetallic phases can be divided in different steps as described by Ryabov et al. [7].
At first, small areas of an intermetallic phase are created by diffusion processes at the joining zone and
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continue to grow along the joining zone with advancing time. The different phases subsequently grow
together and start to grow transversely to the joining zone. In Figure 5, SEM images of the resulting
joining zone from analogy experiments at a forming temperature of 560 ◦C, a force of 5890 N and
different forming times are shown. After 30 s intermetallic phases are present, which exist as isolated
islands along the joining zone, cf. Figure 5a. After 60 s, the individual phases have already partially
grown together and have begun to grow across the joint zone, as shown in Figure 5b. A larger band of
intermetallic phases is shown in Figure 5c which was detected for experiments with a forming time of
120 s. The intermetallic phase fringe continues to grow into the aluminum with a further increase in
time to 240 s. As seen in Figure 5d, the different grey tones indicate the presence of different types of
intermetallic phases within the joining zone.

Figure 5. SEM images of the resulting joining zones formed in the analogy experiments at a forming
temperature of 560 ◦C, a force of 5890 N and a forming time of (a) 30 s, (b) 60 s, (c) 120 s and (d) 240 s.

Based on the SEM images, the average thickness of the intermetallic phases was determined
depending on the parameters forming time, forming force and forming temperature, using the
described MATLAB script. The graphic representation of the dependence of the intermetallic phase
seam thickness on time is shown in Figure 6a. An increase in the intermetallic phase seam width
with time can be seen for both forming temperatures. As expected, the comparison of the results for
different forming temperatures demonstrates an increasing growth rate with increasing temperature.
The variation of force shows no significant influence on the resulting phase seam thickness, as shown
in Figure 6b. Theoretically, the phase growth should decrease with increasing force, as diffusion is
hindered. Rummel et al. [18] were able to show this effect in investigations on a single crystal, but this
effect only occurred at contact pressures being significantly higher than those employed in the analogy
experiments conducted in the present study.
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Figure 6. Development of the intermetallic phase seam thickness with indication of the standard
deviation as a function of (a) forming time and forming temperature for a force of 5890 N, (b) force for
a temperature of 560 ◦C and a forming time of 120 s.

Depending on the temperature, a parabolic increase in the intermetallic phase seam width can be
observed, as shown in Figure 7a, according to literature [9]. The standard deviation of the measured
values increases with increasing temperature, which can be explained by the locally irregular and
stem-like growth of the layers, especially on the aluminum side.

Figure 7. (a) Development of intermetallic phase seam thickness as a function of forming temperature
with indication of the standard deviation for a forming time of 120 s and force of 5890 N,
(b) apparent diffusion coefficient as a function of forming temperature with representation of the
approximation function.

As no significant influence of the applied force on the resulting phase thickness was detected,
a force-dependent calculation of the intermetallic phase seam width was not carried out in
further investigations. Since a decisive influence on the formation of time and temperature on
the intermetallic phases was observed, time- and temperature-dependent modeling was chosen.
For temperature-dependent modeling, the corresponding diffusion coefficients were first calculated
from the measured intermetallic phase seam widths using the Einstein–Smoluchowski equation.
Then, an approximation function was determined to describe the diffusion coefficient as a function of
temperature, which is represented in Figure 7b. An exponential function with the two constants α and β
was used. The constants were determined by fitting the measured data and are valid in the temperature
range from 450 ◦C to 590 ◦C. The value determined at 575 ◦C was not used for the approximation but
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later for the validation of the subroutine. The exponential increase in the intermetallic phase seam
thickness and diffusion coefficient with increasing temperature is as expected for a thermally-activated
process [19].

EDS investigations of the joining zones were carried out to determine the chemical composition of
the phases formed in the joining zones. Of particular interest were the joining zones, in which up to
three different phases could be identified based on line scans carried out perpendicular to the joining
zone. In Figure 8, the distribution of the elements over the measured distance for a specimen formed
at 575 ◦C compared to a specimen formed at 590 ◦C is presented, whereby the first shows two and
the second shows three intermetallic phases with different thicknesses. A rapid transition of iron and
aluminum content can be recognized in both line scans. However, the specimens formed at the lower
temperature of 575 ◦C (Figure 8a) show an aluminum content of approximately 60 to 75 at.% at the
interface. In contrast, for the specimen formed at the higher temperature of 590 ◦C (Figure 8b) the
line scan shows individual plateaus, which indicate individual phases. The aluminum content in the
joining zone increases from approximately 60 at.% in the first plateau to up to 70 at.% in the second
plateau. A final plateau with an aluminum content of approximately 80 at.% is present in the area of
the third phase at a distance of 6 to 8.5 μm to the interface. The iron content behaves reciprocally to the
development of the aluminum content. In the steel, a weak signal of chromium and manganese was
also detected, which is caused by the alloying elements of the mono material. Based on the determined
ratios of aluminum to iron, the presence of the Al-rich phases FeAl2, Fe2Al5 and FeAl3 would be
possible. The aluminum contents of the phases FeAl2, Fe2Al5 and FeAl3 are approximately 66–67 at.%,
70–73 at.% and 74–76 at.% according to the Fe-Al phase diagram [20]. A statement regarding the
stoichiometry solely based on the EDS measurements is, however, not possible due to the interaction
volume. For this reason, nanoindentation measurements were carried out to obtain further information
on the composition and properties of the different intermetallic phases.

Figure 8. EDS and SEM analysis of the joining zone of a specimen for (a) 575 ◦C, 120 s, 5890 N and
(b) 590 ◦C, 480 s, 5890 N.

3.2. Nanoindentation Measurement of the Intermetallic Phase Seam

A scanning probe microscopy (SPM) image of the nanoindentation measurement of a specimen,
which was formed at a temperature of 575 ◦C, a forming time of 120 s and a force of 5890 N is shown in
Figure 9a, illustrating the different topographies of aluminum, the joining zone and steel caused by
the specimen preparation. In Figure 9b, the corresponding BSE image is shown. The contour of the
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intermetallic phase is very well represented in the SPM image, as seen, for example, in the V-shaped
notch between the two right-hand indents in the intermetallic phase. The different shades of grey
within the intermetallic phase seam that can be seen in the BSE image are not reproduced in the SPM
image. To clearly assign the measured hardness to a specific phase, it was therefore necessary to
examine the measuring points by SEM after indentation.

Figure 9. Examination of a joining zone formed at 575 ◦C, 120 s and 5890 N with nanoindentation
measurements with a test force of 3000 μN: (a) scanning probe microscopy (SPM) image, (b) SEM image,
(c) force-penetration curves, (d) nano hardness of aluminum, steel and the intermetallic phase seam.

The indents shown in the BSE image in Figure 9b were all indented with a test force of 3000 μN.
It can be recognized that the indents of the intermetallic phase are significantly smaller than the
indents in both base materials. In Figure 9c, the force-penetration curves of the indents are shown.
The penetration depth of the indent correlates with the amount of plastic deformation. The average
penetration depth of the indent of the intermetallic phase is 75 nm, and thus, is well above the
minimum penetration depth of 25 nm. In Figure 9d, the nano hardness of aluminum, steel and
the intermetallic phase is compared. The average hardness of aluminum and steel is 1 GPa and
4.85 GPa, respectively. In comparison, the hardness values of the intermetallic phase are about 20 GPa.
In addition, the measured values for the intermetallic phase show more scatter, which is due to the
different phases present within the intermetallic phase seam.

To correlate the measured nano hardness values to the different phases that are present in the
joining zone, the measuring points were assigned to the different phases based on the BSE images,
as exemplarily shown in Figure 10a. The marked hardness values show that the hardness in intermetallic
phases seam increases towards the steel side. Nevertheless, it is evident that it was not always possible
to place the hardness indentations in the middle of the phases present, making it sometimes difficult
to assign the hardness unambiguously. This was most pronounced for the phase formed next to
aluminum. In particular, this was the case for specimens produced at lower temperatures or times,
some of which featured significantly thinner phases than those shown in Figure 10a. For this reason,
three lines of hardness measurements were made on all specimens, as shown in Figure 10b.
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Figure 10. (a) SEM image and resulting nano hardness of a specimen, which was formed at a temperature
of 590 ◦C, a forming time of 480 s and a force of 5890 N, (b) Schematic representation of the approach
used during the nano hardness measurements, see main text for details.

The evaluation of the three series of measurements in Figure 11 shows that the hardness decreases
continuously from line one to line three for all investigated specimens. As shown in Figure 11a,
the contact time does not seem to have a significant influence on the resulting nano hardness. When
time is varied, the hardness of the investigated specimens is at a similar level for each line, although
the phase seam width increases with time. The larger scatter in line three is caused by the fact that the
transition of the intermetallic phase to the aluminum formed an irregular jagged pattern. Therefore,
the positioning of the indent is more critical. If the indentations are placed too close to the jagged
transition, they will partially slide off into the much softer aluminum, which affects the hardness value
determined. A further explanation for the strong scattering of the nano hardness in line three might
be that if the indent lies optically within the intermetallic phase in the SEM image, no statement can
be made regarding the geometrical shape of the intermetallic phase in the depth direction. Contrary
to the observation of the development of the nano hardness as a function of time, the nano hardness
increases slightly over all phases with increasing temperature, see Figure 11b. The high hardness
values measured in the intermetallic phase seam indicate, in accordance with the results of the EDS
measurements and the hardness data from literature, the presence of the Al-rich intermetallic phases
FeAl2, Fe2Al5 or FeAl3. Ogura et al. stated that the hardness of the Al-rich phases is higher than
the hardness of the Fe-rich phases, which is due to their lattice structure and a smaller number of
slip systems. They also observed a decrease in the hardness of the intermetallic phase from steel to
aluminum [6].

To investigate the properties of the joining zone with a high later resolution, XPM measurements
were performed. In Figure 12a the resulting indentations in the SEM image of a joining zone that was
formed at a temperature of 590 ◦C, a holding time of 120 s and a force of 5890 N are exemplarily shown.
In the intermetallic phase, the indents are significantly smaller than in the base material due to its high
hardness. In the base material, the hardness values can only be assessed qualitatively due to the small
distance between the indents. In the case of steel and aluminum, the distance between the indentations
of 0.7 μm at a test load of 1000 μN is too small to be able to evaluate the hardness values quantitatively.
The indents influence each other so that the hardness values increase, as can be seen in the hardness
map in Figure 12b. Here, the nano hardness for steel is 5.75 GPa is higher compared to 4.85 GPa
in Figure 9d. However, the objective of the XPM measurements was to characterize the hardness
development over the intermetallic phase with high resolution. The indents of the intermetallic phase
are difficult to see in the SEM image because the penetration depth was about 35 nm and therefore,
not clearly visible in the BSE images. The indent was more clearly visible using the in-lens detection,
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where a gap between the intermetallic phase and the aluminum could also be detected, which is shown
in the image here as a black spot in the lower left corner of the measuring field. It is not clear whether
the crack was caused by the preparation of the specimen.

Figure 11. Nano hardness in the joining zone. (a) For a forming temperature of 560 ◦C, a force of
5890 N and different forming times. (b) For a forming time of 120 s, a force of 5890 N and different
forming temperatures.

Figure 12. XPM measurement of a joining zone formed at 590 ◦C, 120 s, 5890 N: (a) SEM image of the
measuring site; (b) mapping of the nano hardness.

Due to the lower penetration depth of the indent within the intermetallic phase, the indents do
not influence each other and the minimum penetration depth of 25 nm was also exceeded, so that
the recorded hardness values could also be evaluated quantitatively. The different phases, which are
visible in the SEM picture, are also displayed in the hardness map. Isolines were included in the
hardness map to represent the transitions of the individual phases. Compared to the hardness values
of line one at 590 ◦C (see Figure 10a), it is shown that the hardness in the hardness map is 3 GPa higher
in the area of line one. With a higher test load of 3000 μN the indent must be moved further away from
the transition, so that no mixed hardness is produced due to the larger indentation. By means of the
XPM measurement, it was possible to make measurements closer to the transition of steel due to the
low-test load. This allows the individual phases to be visualized by ISO lines in the hardness map.
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3.3. Validation of the Subroutine

A first verification of the functionality of the developed subroutine for calculating the intermetallic
phase seam width was presented in [21]. For the final validation of the subroutine within the present
study, further experiments with parameter sets that differ from the sets used for parameterization of the
diffusion coefficient were performed. The following results refer to an experiment with a temperature
of 575 ◦C, a forming time of 120 s and a forming force of 5890 N. In Figure 13a, the comparison
of the resulting numerical and experimental force–time and temperature–time curves is shown.
The temperature was kept constantly at 575 ◦C in the simulation and experiment. In the experiment,
a slight drop in temperature can be seen at the beginning of the forming step, which is due to the
increasing contact of the aluminum with the sleeve and the resulting change in heat flow, which cannot
be compensated instantly by the temperature controller due to the inertia of the heating coil. Shortly
after reaching the maximum force of 5890 N, the temperature became stable again. The force–time
curves of the simulation and the experiment show a very good agreement just like the temperature
progression. Deviations in the force–time curve are most pronounced at the beginning of the forming
process, where the force in the experiment shows a small drop. This drop can be attributed to the
alignment of the faces of the specimens in the experimental setup. In the further course of the test,
the force increases exponentially in both courses due to the upsetting of the aluminum cylinder and
the filling of the sleeve.

Figure 13. Numerical simulation of the analogy experiment at a temperature of 575 ◦C, a forming time
of 120 s, and a force of 5890 N: (a) comparison of force–time and temperature–time curves, (b) simulated
thickness of the intermetallic phase seam.

The calculated intermetallic phase seam width for a test temperature of 575 ◦C is shown in the
corresponding FE model, see Figure 13b. The comparison of the experimentally determined phase
seam widths and the simulated phase seam widths is shown in Figure 14a. The simulated phase
seam widths of the temperatures, which were used to create the function in Figure 7b, show a very
high degree of agreement. At 575 ◦C, the median of the experimental phase width is 1.96 μm, at the
simulated one the phase width is on average 2.05 μm in the contact area. This comparison shows a
very good agreement, even if the difference in values is larger compared to the other temperatures.
Figure 14b shows the corresponding result of the simulations. At 575 ◦C, it is clear to see that the
nodes, which were in contact with the steel cylinders at the beginning of the forming process, have a
larger phase seam width than the nodes which reached the contact area only after the forming process.
The different phase seam widths are due to the different contact times.
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Figure 14. (a) Comparison of the experimentally determined intermetallic phase seam thickness with
the simulated phase seam thickness of the respective forming temperature for a forming time of 120 s
and a force of 5890 N, (b) simulated thickness of the intermetallic phase seam.

4. Conclusions and Outlook

Within the present study a model for the calculation of the intermetallic phase seam thickness was
developed, which is based on the Einstein–Smoluchowski equation and implements a temperature
dependent diffusion coefficient. An experimental setup was designed for analogy experiments on a
forming dilatometer to analyze the influence of process conditions and determine the input parameters.
Specifically, experiments were performed at different temperatures, forces and forming times to
investigate the influence of the boundary conditions on the resulting phase seam width. The thickness
of the resulting intermetallic phases was subsequently measured by SEM examinations and optical
image analysis. Nanoindentation and EDS measurements were carried out to determine the element
distribution and properties of the joining zone. Based on experimental findings, the diffusion coefficient
within the developed model was determined and implemented into the commercial FE software Forge
NxT 3.0 by means of a user-subroutine. The subroutine was successfully validated by comparison with
the experimental results of the analogy experiments, and a high correlation between the experimental
and simulated phase thicknesses was achieved.

Based on the presented results, the following conclusions can be drawn:

• As expected, the growth of intermetallic phases in the joint zone of EN AW-6082 and
20MnCr5 is time-dependent. By calculating the intermetallic phase seam width using the
Einstein–Smoluchowski equation, a good agreement with the experimental data was achieved.

• With rising temperature, the phase seam width and the apparent diffusion coefficient increase.
• The force showed no significant effect on the phase formation in the investigated range.
• The SEM images indicated the presence of up to three different intermetallic phases in the joining

zone. This was confirmed by EDS and nanoindentation measurements. At temperatures above
560 ◦C or times above 120 s, the formation of different intermetallic phases was observed.

• Due to the high aluminum content and the hardness determined in the EDS and nanoindentation
analysis, the presence of the phases FeAl2, Fe2Al5 or FeAl3 would be possible, but could not be
clearly proven. To confirm this assumption, further electron probe micro analysis (EPMA) and X-ray
diffraction (XRD) investigations are to be carried out. In future work, the usability of the subroutine
for the co-extrusion process will be tested and validated based on experimental investigations.
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Abstract: Welding by laser beam is a method for creating deep and narrow welds with low influence
on the surrounding material. Nevertheless, the microstructure and mechanical properties change,
and highly alloyed materials are prone to segregation. A new promising approach for minimizing
segregation and its effects like hot cracks is introducing ultrasonic excitation into the specimen.
The following investigations are about the effects of different ultrasonic amplitudes (2/4/6 μm) and
different positions of the weld pool in the resonant vibration distribution (antinode, centered, and node
position) for bead on plate welds on 2.4856 nickel alloy round bars (30 mm diameter) with a laser
beam power of 6 kW. The weld is evaluated by visual inspection and metallographic cross sections.
The experiments reveal specific mechanisms of interaction between melt and different positions
regarding to the vibration shape, which influence weld shape, microstructure, segregation, cracks and
pores. Welding with ultrasonic excitation in antinode position improves the welding results.

Keywords: ultrasound; laser beam welding; excitation methods; melt pool dynamics; nickel base
alloy 2.4856

1. Introduction

Nickel alloys with an addition of about 20% chromium show high corrosion resistance and high
strength at elevated temperatures, so they are commonly used for high-temperature applications and
in corrosive environments, as example for fan blades in turbines or for parts in chemical plants [1].
There are several trade names for this material group like Inconel, Chronin or Nicrofer.

Welding of highly alloyed nickel leads to similar problems as in welding stainless steel. Segregation
is likely to occur due to a high amount of alloying elements. Those can form lately solidifying phases
between the primary grains, and effect hot cracking [1]. In addition, segregated alloying elements are
missing in the residual material, which changes its properties like corrosion resistance in the case of
chromium [2].

Ultrasonic excitation of solidifying melt leads to mixing of the melt [1]. Hence, it can prevent
segregation including its consequences and foster a finer grain structure, because dendrites break
through mixing, which in turn creates more nucleation sites [3]. A finer grain structure improves
strength as well as ductility and hardness [4]. In addition, porosity and hardness in the heat affected
zone can be decreased and penetration depth can be increased for aluminium welds [5,6]. Another effect
of ultrasonic excitation at high amplitudes is acoustic cavitation, which occurs in fluids and can be

Metals 2020, 10, 1299; doi:10.3390/met10101299 www.mdpi.com/journal/metals49



Metals 2020, 10, 1299

divided into gas bubble cavitation and vapour bubble cavitation. In vapour bubble cavitation the fluid
turns to gas when its pressure becomes low enough. This gas bubble implodes immediately, when the
pressure rises sufficiently high for condensation. In result, liquid is drawn into the generated vacuum
and a pressure shock of around 1010 Pa with temperatures of about 10,000 K occurs [7]. Close to solid
interfaces a liquid micro jet, coursed by an imploded bubble, generates a stress peak on the interface
and may lead to damage. In ultrasonically assisted welding, cavitation may happen in the melt pool
and for a stationary wave cavitation is unlikely to occur in a melt pool at nodal position. Gas bubble
cavitation occurs when gas is present in a liquid. The gas itself can form bigger bubbles when the
pressure changes periodically by ultrasonic excitation or the bubbles can grow at the surface of particles.
Such big bubbles slowly rise up by buoyancy, even if they shrink slightly when the ultrasonic pressure
increases again. In ultrasonic laser beam welding the keyhole interaction with cavitation effect has to
be examined [7].

The melt dynamics are also influenced by ultrasonic excitation due to the effect of acoustic
streaming. Besides an induced oscillating motion, a time-dependent unidirectional flow can be
induced [8], which suggests the possibility of effecting asymmetrical welds. Wu [8] gave a mathematical
overview of how a fluid flow can be generated by ultrasound. He assumed that the flow force in a
standing wave originates at the wave antinode. If the molten pool lies in this position, it is loaded
equally, resulting in a symmetrical seam. The same applies if the molten pool is located in the wave
node. Due to the same distance to the left and right wave antinode, cf. Figure 1, a symmetrical influence
is also created. If, however, welding is carried out in an intermediate position, the distance to one
wave antinode is smaller than to the other wave antinode. Wang et al. [9] investigated the influence
of acoustic streaming on the solidification process of an Al2Cu alloy. They describe that the force Fn

emanating from acoustic streaming depends, among other things, on the distance to the antinode.
It leads to the assumption that the asymmetrical weld seam is a result of the force difference due to the
unequal distances which causes a material flow to one side.

Figure 1. Influence of the wave-position on the weld seam.

Porosity can be influenced by the melt solidifaction morphology: Exogenous solidification
originates from the melt border with growing columnar crystals and endogenous solidification
happens in the melt volume with growing equiaxed crystals. At high supercooling of exogenous
solidification also equiaxed crystals form in the melt volume. Equiaxed crystals can as well be promoted
by small particles for heterogeneous nucleation. Gas bubbles can move through a mushy melt with
equiaxially solidifying crystals, but in a columnar dendrite network they are trapped [10].

Ultrasonic excitation was applied in many cases only for welding steel and aluminium alloys.
Zhou et al. [1] conducted pulsed laser welding with ultrasonic excitation on dissimilar welds of
nickel-based Hastelloy C-276 with austenite stainless steel 304 in overlap configuration. No grain
refinement occurred, but segregation was strongly reduced.
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In previous simulations [11] and experiments on stainless steel and aluminium alloy suitable
ultrasonic frequency range and vibration amplitudes were found, which will be tested on a nickel
alloy. The effect of antinodal ultrasonic excitation on a liquid pool surrounded by solid material
at its sides and air at its top was investigated. The liquid is pushed up at the solid wall sides and
can be ejected at very high excitation levels. In result, a V-shaped weld seam collapse forms [11].
Experiments with similar setups showed that with laser beam welding sagging appears in the weld
and the keyhole’s bottom part can be closed by ultrasonic excitation [4,12]. The experiments in our
contribution investigate the ultrasonic excitation effects on partial penetration laser welded nickel
alloy round bars, see Table 1, to improve the weld properties and minimize pore and crack formation.
The welds will be evaluated by visual inspection and metallographic cross sections.

Table 1. Chemical composition of 2.4856 nickel alloy [13].

Element in wt.% Ni Cr Fe C Mn Si Co Al Ti P S Mo Nb + Ta

Minimum 58 21 - - - - - - - - - 8.00 3.20
Maximum 71 23 5.00 0.03 0.50 0.40 1.00 0.40 0.40 0.01 0.01 10.00 3.80

2. Experimental Setup

2.1. Laser Beam Welding Setup

For the welding tests, a diode-pumped solid state disk laser system (TruDisk 16002, Trumpf,
Ditzingen, Germany) was used with specifications according to Table 2.

Table 2. Laser beam welding system specifications.

Model Trumpf TruDisk 16002

Wavelength in nm 1030
Optical fiber diameter in μm 200

Collimation length in mm 200
Focal length in mm 400

Focal spot diameter in μm 400

The laser head is held in one single position by a robot system (Kuka, Augsburg, Germany) and
the welding speed is provided by rotating the specimen for the ultrasonic assisted laser beam welding
process, see Figure 2. The complete setup is described in detail in [11]. Only adapters and specimens
have been changed.

 

Figure 2. Experimental setup for ultrasonic assisted laser beam welding.
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2.2. Ultrasonic System

The specimens, as part of the ultrasonic system, are excited to resonant longitudinal oscillations in
the ultrasonic range during the welding process. For this purpose, the specimens are pre-stressed in
the ultrasonic system between two adapters, see Figure 3a. Beside the specimens the system consist
of adapters as well as boosters and bearing boosters both amplifying the vibration amplitude of the
ultrasonic transducer up to the joining point. The vibration amplitude is adjusted between 0 μm and
10 μm in the antinode (closest one to the weld), depending on the current amplitude set. Since at
resonance the current amplitude is proportional to the vibration amplitude. The ultrasonic transducer
(built by IDS, Institute of Dynamics and Vibration Research, Garbsen, Germany) is driven in the
systems resonance frequency (7. Longitudinal mode) at approximately 20 kHz. The control of the phase
between current and voltage of the transducer guaranties the stable operation at resonance as well
as the control of the current amplitude keeps the vibration amplitude, at the closest anti-node to the
weld, steady. Both is carried out utilizing a control unit, the DPC 500/100 [14]. With different adapters,
the joint can be placed at any point of the amplitude distribution. Three significant positions are
defined for the investigations. In the antinode position, the vibration amplitude has the highest value,
see Figure 3b, (this value is always used to describe the amplitude) and the mechanical stress amplitude
is minimal. If the joint is placed within the node position, the vibration amplitude becomes zero and the
mechanical stress amplitude has its local maximum. In addition, the joint is placed exactly between the
antinode and the node of the wave in the centered position. Both vibration amplitude and mechanical
stress have significant amplitudes here. The system is preloaded hydraulically. This preloading force
is selected to be high enough, that the components cannot clatter during the excited longitudinal
vibration. It is selected to be 120 kN, based on a specimen diameter of 30 mm.

 

Figure 3. Ultrasonic system for laser beam welding of round bars with vibration distribution (a) and
selected positions for welding tests (b).

3. Experimental Procedure

The specimen are round bars with a diameter of 30 mm and length of 30 mm made of the nickel
alloy 2.4856. Those are used for all bead on plate welds. For joining, the optics are angled by 20◦.
The laser focus point is adjusted to be 4 mm in the sample and 6 mm backwards over the specimen’s
surface from the angular point. This orientation of the laser spot avoids the formation of melt drops on
the specimen’s surface resulting from the weight of the melt while rotating the round bars. A laser
beam power of 6 kW and a welding speed of 1.00 m/min are used. The focal lense (welding optics:
BEO D70, Trumpf, Ditzingen, Germany) is protected by a crossjet and two flat nozzles provide argon
as shielding gas with a pressure of 6 bar and a flow rate of 60 L/min at an angle of 45◦. The flat nozzles
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are positioned with 50 mm distance to each other and to the specimen. One nozzle is aiming at the
specimen bottom and the other one is aiming above the specimen. According to the test plan (see
Table 3), for an ultrasonic amplitude of 6 μm only one welding test per wave position is conducted
for testing the effects of excessive excitation, which effects spatter. The applied parameters were
determined by previous experiments [4,12].

Table 3. Test plan for ultrasound assisted laser beam welding of nickel-base alloy round bars.

Number of Specimens
Amplitude in μm
0 2 4 6

Wave position of weld
Node

3
3 3 1

Centred 3 3 1
Antinode 3 3 1

Metallographic cross sections of each specimen are prepared. The etching is conducted with Adler’s
etchant until the microstructure appears. The weld width, weld depth, weld metal area and pore area
are identified and evaluated. In addition, scanning electron microscopy (SEM)-investigations including
energy dispersive X-ray spectroscopy (EDX)-analysis (Seifert ISOVOLT 320, 80 kV, 20 mA, 3.6 min,
Rich. Seifert & Co., Ahrensburg, Germany) are used for analyzing cracks and chemical composition.

4. Experimental Results

4.1. Weld Appearance

The outer appearance of weld seams in the nickel alloy 2.4856 (see Figure 4), depends strongly
on position according to both the vibration distribution and vibration amplitude. With ultrasonic
excitation and weld in node position the weld surface becomes wavy starting with an amplitude of
4 μm.

 

Figure 4. Visual inspection of 2.4856 weld seams, depicted side opposite to welding start/end point.
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For the weld in the centred position the ultrasound leads to an unsymmetrical material distribution.
This effect increases with increasing amplitudes. In addition, sagging appears starting with 4 μm
amplitude. For the weld in antinode position sagging appears with ultrasound. At an amplitude of
4 μm the sagging becomes narrower and the edges touching each other partially. At an amplitude of
6 μm strong spatter occur additionally where the edges touch each other. This shows the melt pool
dynamics similar to our simulation in [11].

Evaluating the specimens’ cross-sections, see Figure 5, reveals more effects due to the ultrasonic
excitation. Pores appear mostly in the weld root area. The weld seam without ultrasonic excitation has
one small pore in the root area with a diameter of about 0.5 mm. For the welds in the nodal position,
the pores increase up to a diameter of 1.3 mm and the weld surface becomes wavier. For the weld
in centred position at an amplitude of 2 μm a big pore with a diameter of about 1.0 mm is located
in the root area and the upper weld area is not symmetrical anymore. At amplitudes of 4 μm and
6 μm big pores with a diameter of about 1.4 mm appear and the weld symmetry decreases further
until one weld side is straight from the specimen surface to its root. On this side, a reinforcement
appears on the specimen surface. In the antinode position, sagging appears in the middle of the weld
surface. The welds with amplitudes of 2 μm and 4 μm show show no or little pores with a diameter of
about 0.2 mm in the root area, whereas an amplitude of 6 μm shows a big pore with a diameter of
about 1.0 mm in the root and a little pore in the upper area. The weld shapes in centred and antinode
position are similar for amplitudes of 4 μm and higher, although symmetrical conditions are expected
for antinode position.

 
Figure 5. Exemplary micrographs of metallographic cross sections of 2.4856 weld seams.
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It is important to consider the laser spot position on the weld seam. On those specimens where
ultrasound was applied and asymmetric welds and sagging has been found, the laser spot aims onto
one edge of the welding seam. Also considering the cross sections, it becomes clear that the laser
beam still creates a keyhole, which penetrates the specimen rectangular to its surface, but the upper
weld area shifts towards one side. The reason is likely a directed melt flow, which removes solid
metal from one side. The directed melt flow may result from changed weld pool dynamics by acoustic
streaming [8,9]. Another reason for asymmetric welds could be the dynamics of the weld during the
oscillation, what is simulated in [11]. Effects such as non-parallel interfaces, caused by the V-shape of
the melt, between the melt pool and the environment can promote the ejection of the melt towards one
side. In order to validate the influence of acoustic streaming on the weld seam, further test series are
planned for the future. Special attention will be paid to the ultrasonic amplitude distribution directly
at the weld pool in order to investigate the additional influence on the weld shape due to the different
coupling between solid and viscous liquid material.

4.2. Pore Formation

The pore areas in Figure 5 show large differences. Without ultrasonic excitation the pore area is
low, with diameters of about 0.5 mm. Welds at the centred and nodal positions have similar sized
pore areas with diameters of about 1.3 μm at all ultrasonic amplitudes. In contrast, welds at antinode
position have very small pore areas with diameters of about 0.2 mm at an amplitude of 2 μm and no
pores at an amplitude of 4 μm. However, at an amplitude of 6 μm the pore area increases strongly to a
diameter of about 1.0 mm. Commonly pores appear in the middle or bottom weld area, see Figure 5.
In general, the pores have round shapes, because they contain gas. This gas can be residual keyhole-gas.
Pore formation is modified by an ultrasonically modified melt flow. According to [11], welding at
antinode position can course an ejection of melt and a V-shaped opening of the melt due to the strong
dynamics. The opening supports the keyhole and promotes gas escapement from the melt. In contrast,
during welding at the centred position the melt is moved to one single direction, as described
in Section 4.1, crossing and disturbing the keyhole, which effects turbulences. Hence, the melt
absorbs keyhole-gas resulting in many times bigger pores. Welding at nodal position neither foster a
V-shaped weld seam collapse nor turbulences, but increases the pore area due to compressing the melt,
which either closes the keyhole’s middle part before the bottom keyhole gas can escape or promotes
combining of gas bubbles and holding the gas in the metal resulting in pores. Acoustic cavitation could
as well influence this process by inducing growth and shrinkage, which promotes bubble merging.
Welds at nodal and centred position show similar pore areas, which can mean that the keyhole is
disturbed only little and that acoustic cavitation has a big influence on increasing pores by merging
little pores. Another possibility is that keyhole-disturbance and node-effects are of similar influence.
For welds at antinode position there should be an optimal vibration amplitude depending on the
welding speed to support the keyhole with no keyhole-disturbance by flow direction. At an amplitude
of 6 μm big pores form due to a previously described strong melt flow directing mechanism for welds
at antinode position.

The porosity shape changes with the position on the wave, see Figure 6. In the weld at nodal
position at an amplitude of 4 μm a slightly rectangular-, compressed and collapsed-looking pores has
been found due to node position compression. In the centred positioned weld with an amplitude
of 4 μm elongated asymmetric pores are found due to the directed melt flow in centred position.
At antinode position, the pores are rounder and smaller.

For further investigation of pore formation, the amount of equiaxed microstructure is evaluated
visually regarding very low and high amount, see Figure 7. Without ultrasonic excitation there is a
very low amount of equiaxed microstructure. With ultrasonic excitation the equiaxed microstructural
amount is high for the welds at node and centred position In the micrographs of the welds at antinode
position, the equiaxed microstructural amount is very low until an amplitude of 4 μm and becomes
high with an amplitude of 6 μm.
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Figure 6. Exemplary micrographs of metallographic cross sections of welding seams (Material 2.4856)
regarding porosity shape.

 

Figure 7. Exemplary micrographs of metallographic cross sections of welding seams (Material 2.4856),
the columnar solidification is indicated by lines on one half of the weld with indicated columnar
solidification areas, root area.
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The comparison between pore area and equiaxed microstructural amount, see Figures 6 and 7,
reveals a relation. Equiaxially solidifying melt promotes mobility, combining and growing of gas
bubbles. Therefore, gas bubbles are located in the equiaxed crystal core zone in the middle of the weld,
see Figure 8.

 
Figure 8. Exemplary microstructural surrounding of pores.

Following mechanisms contribute to an equiaxial microstructure. For welds in centred position
the induced melt flow crushes dendrites, which promotes heterogeneous nucleation. For welds at nodal
position dendrites are crushed by nodal pressure, which again promotes heterogeneous nucleation.
For welds at antinode position with amplitudes below 6 μm equiaxial solidification is reduced to a
similar amount as without excitation because no dendrites are crushed and hence no heterogeneous
nucleation is fostered. At an amplitude of 6 μm the equiaxed amount rises due to strongly enhanced
directed melt flow, which crushes dendrites and supports heterogeneous nucleation. Additionally,
welding at antinode position eliminates porosity by promoting the absorption of gas into the keyhole
by the previously described V-shaped weld seam collapse.

4.3. Crack Formation

Cracks appear in some specimens with welds in centred and nodal position beginning with
amplitudes of 4 μm, see Figure 9. The cracks appear around the grain boundaries, which indicates,
that those are hot cracks. They appear in the porosity containing equiaxed crystal core zone in the
middle of the weld, because they originate from the segregation of alloying elements, which are
mainly pushed ahead by the columnar crystal solidification front. As the equiaxed crystal core zone
solidifies endogenously most segregated elements remain at the columnar-equiaxed interface and
initiate hot cracks.

Cracking does not happen in welds in antinode position, because the amount of equiaxed
microstructure is not increased for amplitude lower or equal than 4 μm. The low number of specimens
including cracks does only allow assumptions, but cracks in welds in nodal position appear finer
than those in welds in centred position and in general cracks become finer with increasing amplitude,
because the melt is pressed together periodically and the segregations are pressed between the
solidifying phases. With increasing amplitude at the antinode there is an increasing pressure at
the node and the segregations are distributed over larger areas. In result, extremely fine cracks or
detachments form, which result in severely weakened welds.
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Figure 9. Micrographs of metallographic cross sections of specimens with cracks.

Scanning electron microscope (SEM)-investigations, see Figure 10, validate the hot crack
assumption, since the grains are intact without sharp edges and the crack surfaces are coated
by segregated melt. Energy dispersive X-ray spectroscopy (EDX)-analysis show only small differences
in the chemical compositions of weld metal and crack surface because of the small segregation layer
thickness. The niobium- and tantalum-contents increase at the crack surface from about 4 wt.% to
7 wt.% for niobium and from about 2 wt.% to 4 wt.% for tantalum; the nickel-content decreases from
about 60 wt.% to 55 wt.%.

 

Figure 10. SEM-picture of a crack surface, centred position, ultrasonic amplitude: 4 μm.
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5. Conclusions

The different welding positions (regarding the vibration distribution) show remarkably different
effects compared to samples without ultrasonic excitation, see Table 4. No clear cavitation effects were
observed, but cavitation may support the porosity-related effects. In terms of the few incidents of
crack formation, segregation is subordinated to the change of microstructure caused by nodal and
centred position.

Table 4. Effects of different ultrasonic excitation positions.

Position
Results

Weld Reinforcement Cracks Pores Equiaxial Structure Amount

Without excitation standard no yes medium
Node wavy yes yes high

Centred unidirectional yes yes high
Antinode V-shaped no no low

For welds in nodal position the melt underlies pressure, which crushes the dendrites and effects a
fine microstructure. Still a small area at the weld margin solidifies columnar and alloying elements
segregate at the columnar-equiaxial interface, which can result in hot cracks. Pores form due to
enhanced gas mobility in the equiaxially solidifying melt area.

In welds at centred position cracks and pores form due to the enhanced equiaxial solidification.
It may result from an ultrasonically modified directed melt flow by acoustic streaming. This would
crush dendrites and foster equiaxial solidification. In addition, a typical weld shape results, where the
top area is shifted towards one side.

For welds at antinode-position a V-shaped weld seam collapse is promoted, cf. [11], which supports
the keyhole and therefore gas escapement from the melt. The equiaxial microstructural amount
is reduced, because directed melt flow is enhanced only by a small extent, which only reduces
supercooling. Concluding, in antinode position porosity is eliminated and neither segregations nor hot
cracks are formed.

Ultrasonic excitation in antinode position appears to be the most suitable excitation option for the
welding of 2.4856 nickel-base alloy round bars due to the absence of cracks and due to the suppression
of pore formation. It correlates with sagging on the welded round bar’s surface. To avoid sagging,
positions close to antinode position with suitable keyhole-support and without sagging as well as
pores and cracks should be investigated.

6. Outlook

Pore formation in welds in nodal and centred position probably results from keyhole-disturbance,
which will be investigated by optical coherence tomography subsequently. For exact conclusions
regarding porosity distribution scanning acoustic microscopy will be used in future and for statistical
coverage more experiments have to be conducted.

The temperature distribution over the specimen and the whole ultrasonic system will be
investigated because ultrasonic excitation brings in much heat depending on the position in the
amplitude distribution. This affects solidification.

As mentioned in Section 5, welding positions close to the antinode position should be investigated.
Welds at centred position shows stronger melt shifting effects than antinode position and no V-collapse
effect so that it could be used to segregate the effects of V-collapse including gas escapement through the
keyhole in antinode position from the melt shifting effect, which also effects antinode position. Finally,
the exact mechanism of flow directing will be investigated by simulations regarding the ultrasonic
wave behaviour during passing the weld.
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Abstract: The use of multi-material forming components makes it possible to produce components
adapted to the respective requirements, which have advantages over mono-material components.
The necessary consideration of an additional material increases the possible degrees of freedom
in product and manufacturing process development. As a result, development becomes more
complex and special expert knowledge is required. To counteract this, computer-aided engineering
environments with knowledge-based tools are increasingly used. This article describes a
computer-aided engineering environment (CAEE) that can be used to design hybrid forming
components that are produced by tailored forming, a process chain developed in the Collaborative
Research Center (CRC) 1153. The CAEE consists of a knowledge base, in which the knowledge
necessary for the design of tailored forming parts, including manufacturer restrictions, is stored
and made available. For the generation of rough and detailed design and for elaboration the
following methods are used. The topology optimization method, Interfacial Zone Evolutionary
Optimization (IZEO), which determines the material distribution. The design of optimized joining
zone geometries, by robust design. The elaboration of the components by means of highly flexible
computer-aided design (CAD) models, which are built according to the generative parametric
design approach (GPDA).

Keywords: tailored forming; multi-material; IZEO; topology optimization; computer-aided
engineering environment; GPDA; manufacturing restrictions

1. Introduction

The progress of manufacturing technologies tends to astonish observers. For example, at Leibniz
University Hannover, the Collaborative Research Center (CRC) 1153, which is funded by the German
research association, explores process chains for tailored forming [1]. Here, semi-finished hybrid
workpieces, consisting of two different materials like steel and aluminum, are processed by forming,
heat treatment and cutting technologies to produce high-performance multi-material parts [2,3].

Ashby and Cebon have shown that for special purposes, a multi-material design achieves superior
performance than a conventional design [4]. Thinking of structural components like wheel carriers,
rocker levers, or even pinion shafts, areas where high stiffness and wear resistance are needed can be
made from steel, all other areas are made from aluminum [5]. So, from a design point of view, a new
degree of freedom is introduced, which is the material distribution within the multi-material part.
What initially appears to be an interesting avenue for leveraging even more efficiency of such parts
results in higher complexity for the design since the material distribution generally influences the
mechanical properties [6–9].

However, more than this, the complexity rises also from the manufacturing point of view [10].
The tailored forming technology requires production lines where many manufacturing steps follow
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each other, whose processes are linked and therefore precisely coordinated [11]. Setting up and
running in a new product variant result in large efforts, especially when process windows need
to be (re-)evaluated and the quality of semi-finished materials varies [12,13]. Thus, it is necessary
for the designer to consider the available capabilities of manufacturing as early as possible since
they restrict the possible solution space of the part geometry [14]. Examples, therefore, range from
simple manufacturing restrictions like maximum traveling distances or hardening depths [15],
over appropriate tolerances of dimensions, form and positioning to the consideration of design
guidelines, as is discussed today as Design for Excellence (DfX) [16,17]. Here it also must be considered
that both materials of a tailored forming part may differ in their processing, i.e., forming temperatures,
cutting speed, etc., [18,19].

In order to avoid iterations during design, computer-aided engineering environments (CAEE)
support the designer in making the right decisions, checking the design with respect to the
solution space and finding the optimum between requirement fulfillment, capabilities and resulting
production costs [15,20,21]. On the one hand, they include all necessary synthesis and analysis
tools for a design task [5,22–24]. On the other hand, e.g., artificial intelligence technologies offer
the possibility to process data from production, find patterns and formalize new manufacturing
knowledge automatically [25–27]. Thus, such CAEE serve as a central information hub for all experts
that are involved in the according to the design process [28–30].

Within the scope of this work, a CAEE is set up to reduce the uncertainties in the development
of tailored forming components and to help ensure that they are adapted as optimally as possible to
the respective use case. The CAEE has different tools that are used in different phases of the product
development process. The manufacturing and process knowledge needed for the development is
provided by the subprojects of the CRC 1153. Accordingly, the CAEE offers the possibility to extend
the underlying knowledge base with new insights gained in the CRC 1153 and delivers rough as well
as detailed designs of tailored forming components accordingly. Special consideration is given to the
material distribution in the component as well as the implementation of the applicable manufacturing
restrictions. The article is structured as follows. The second Section deals with the state of the art
on the relevant topics of tailored forming, design theory and knowledge-based systems. Section 3.1
presents the methods and tools of the CAEE with which rough and detailed designs are implemented.
In the following Section 4 these are implemented by means of corresponding examples. In the last two
Sections 5 and 6 the contribution is summarized and a conclusion and an outlook to further research
projects are given.

2. Research Background

2.1. Manufacturing Processes for Multi-Material Parts

The hybridization of semi-finished parts is a widely discussed and promising topic for raising the
performance of structural components. In order to create a composite of different metallic materials,
different methods are researched and applied in the industrial environment.

In explosive welding, two plate-shaped workpieces are joined together by a controlled explosion.
The workpieces are welded at the joint surfaces without heat input by applying an abrupt force caused
by the pressure wave generated by the detonation of explosives, preferably without filler metal [31,32].
Another family of production processes that is used to create hybrid semi-finished materials is additive
manufacturing [33]. Different from this is a relatively new approach that combines two different
materials in laser powder bed fusion processes [34]. All of these approaches have in common that an
inter-metallic joining zone between both materials occurs.

With the hybrid forging developed by the Leiber company, non-plate shaped semi-finished
products of steel and aluminum alloys can also be joined together. This approach does not aim at an
inter-metallic bonding of both materials [35]. In e.g., hybrid compound forging, this is different since a
material joint is created using a soldering material [36].
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In the CRC 1153 of Leibniz University Hannover, various process chains for the production of
multi-material and formed solid components are being researched. The materials used are mainly
aluminum (EN AW 6082) and steel alloys (20MnCr5, 41Cr4). The general process chain can be seen
in Figure 1.

Figure 1. General tailored forming process chain, according to [2].

In the first step, a so-called hybrid semi-finished product is produced. Two mono-material
semi-finished products are joined together by friction welding [37,38], ultrasonic-assisted laser
beam welding [39], deposition welding [40] or composite rod extrusion (LACE (LACE = Lateral
Angular Co-Extrusion) process) [41]. The hybrid semi-finished product is then shaped in a forming
process. Here, cross wedge rolling [42], impact extrusion [43] and drop forging [40] are investigated.
Both materials are formed during the process step and thus form an intermetallic compound.
The process differs here, for example, from hybrid forging, in which the materials are not joined
before forming and only one material is formed. In the end, heat treatment processes follow in order
to be able to influence the component’s mechanical properties [44] and the component is finished
by machining [19]. The manufacturing process relevant for this article consists of the process steps
friction welding, impact extrusion and machining. As the heat treatment processes only influence the
component properties, but not the geometric shape, these are not considered.

Rotary friction welding is suitable for welding different materials that cannot be joined by
other welding processes [45]. For friction welding of hybrid components, various investigations
have been carried out in the CRC 1153 in which the strengths of steel–steel alloy combinations have
been analyzed [46], also in comparison to US laser beam welding [45]. In addition, the strengths
of steel–aluminum alloy combinations at different temperatures have been investigated [47].
Furthermore, it has been explored how different geometries (different cone angles in the semi-finished
steel product), properties of the surfaces and temperatures also affect the strength of the composite [37].

Impact extrusion is a metal forming process in which a semi-finished workpiece is pressed through
a die to obtain a product with a smaller cross-sectional area. These are differentiated according to the
direction of material flow and the geometry of the formed product. The process used here is called
forward rod extrusion [48]. In connection with extrusion, SFB 1153 has developed heating strategies
for inhomogeneous heating, since the required forming temperature is different for each material.
In addition, it is investigated how the shape and strength of the joining zone can be influenced by
impact extrusion so that the strength of the composite is increased. The first concepts for impact
extrusion and inhomogeneous heating by induction can be found in [2,49]. In Goldstein et al. 2017
the simulative results of heating are validated by experimental tests on steel–aluminum semi-finished
products (20MnCr5, EN AW 6082) [48]. Based on these results, the joining zone geometries and
properties of manufactured components are investigated in [18], which are then optimized in [43]
by adjustments in the forming process. In addition, it has been shown that forming can improve the
strength of the joining zone of components (41Cr4, C22.8) produced by US laser beam welding [50].

Besides pure shaping, machining is used to manipulate the properties of the surfaces of hybrid
components [51,52]. However, these aspects are not yet relevant for the current state of the CAEE.
Behrens et al. 2019 illustrate the entire product development and manufacturing process from the
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creation of the joining zone geometry, joining, forming and heat treatment to the finished machined
component [11]. Figure 2 illustrates the manufacturing process.

Figure 2. Process chain for the production of a hybrid shaft by tailored forming [11].

2.2. Computer-Aided Engineering Environments

The development of technical products follows well-known process models that are either of
a sequential or networked nature [53]. As an example, the process according to Pahl and Beitz
divides the development process into four phases which are task clarification, concept determination,
embodiment design and detailed design [54]. Another example is Suh’s approach of Axiomatic Design
where customer requirements are translated into functional requirements, design parameters and
process variables for manufacturing [12]. The translation is achieved with design matrices and is thus
strictly formalized [14]. Usually, the processes allow iterations and zig-zagging through the phases,
as requirements are sharpened and new knowledge is created continuously while the design team
converges the solution space against the final design [55].

In modern product development, independently from the process, the application of software
tools for synthesis and analysis of design artefacts is state of the art for many disciplines [56].
Beside these, such computer-aided engineering environments (CAEE) comprise product data
management and collaboration support systems that allow for coordination of large teams as well
as formalizing and communicating knowledge between all relevant stakeholders [15,57]. A very
central tool for mechanical engineering is still the computer-aided design (CAD) system for defining
e.g., product shape and production information [58,59]. Over time, these CAD systems have developed
from tools for 2D line drawing to powerful parametric 3D design systems where a designer is able to
modify his parts and assemblies simply by changing values of e.g., dimensions for lengths and adding
or deleting features [60]. Hereby, it has to be considered that only a part of the product’s characteristics
may be modeled directly, like geometry, material, or surface quality. e.g., stress distribution is a
resulting property that is influenced by the characteristics and thus modeled indirectly which leads to
synthesis-analysis loops during development [61].

Two lines of development stand representative for the progress in CAEE implementation.
First, knowledge-based engineering and design systems use formal, explicit knowledge that has
been integrated into the according to synthesis and analysis systems [62–66]. As an example,
knowledge-based CAD uses dimensioning formulae, design rules, spreadsheet integration and
intelligent templates to automate routine design tasks [67,68]. Exemplary works from this line of
development describe CAEE for fixture design [30,69,70], automotive and aircraft engineering [67,71]
or mechanical and plant engineering [20,72–74]. In Sauthoff 2017, the automatic configuration and
optimization of structural components from automotive engineering are proposed, integrating a
knowledge-based design system and an evolutionary optimization algorithm [75]. All of these works
have in common that a more or less closed solution space of predetermined designs is modeled.
The resulting artefact description is usually of high quality and corresponds to detailed design.
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As the second line of development, computational design synthesis systems rely on a more
informal and implicit formulation of knowledge in order to design an artefact [59]. Their aim is
more to capture the laws-of-creation of how a design artefact is developed. The consequence is that
computational design systems commonly deliver more abstract artefact descriptions which have to
be reengineered e.g. into parametric CAD [76]. An example of this is 3D topology optimization that
considers manufacturing restrictions [6]. Other works from this line include the synthesis of additively
manufactured parts using object-oriented programming, CAD and parametric optimization [21] or the
design and optimization of mechanical engineering parts using CAD and multi-agent systems [27].

3. Computer-Aided Engineering Environment for Tailored Forming Parts

In order to design a tailored forming part, both lines of development make a contribution.
The determination of the material distribution is more subject to computational design synthesis as
laws-of-creation, therefore, may be formulated, independently from distinct geometry. Especially the
design of the joining zone necessitates a formal representation that considers the restrictions of the
later manufacturing processes precisely. Thus we propose a CAEE that uses both approaches for the
respecting phases of the development of tailored forming parts.

The basic structure of the CAEE is shown in Figure 3. It essentially consists of four different
areas. Three of the areas represent the product development process and provide tools for potential
determination (1), for the creation of the rough design (2), and for the generation of the embodiment
design or elaboration (3). The fourth area is the knowledge base (4), in which the expertise required for
development is stored. The focus of this paper is on the areas (2), (3) and partly (4). Further information
on area (1) can be found in [5,77] and is not part of this paper.

Knowledge repository for di erent applica ons and solu ons: Design catalogue => Selec on characteris cs in Excel

Poten al determina on Material destribu on
according to load case Genera on of GPDA model

Op mized Tailored Forming component

TRIZ-Reverse IZEO, IZEO-3D GPDA

- Poten alanalyse
- TRIZ Contradic on Matrix
- Excel

- Development of rough design
- Topology op miza on
- Matlab and Abaqus

- Development of detailed design
- CAD and FE systems
- Inventor, Abaqus and Op -

Toolbox

(1) (2) (3)

(4)

Degree of concre za on of the available solu on
for Tailored Forming implementa on

highlow

Transfer of data, 
informa on and
knowledge

Figure 3. Structure of the computer-aided engineering environment (CAEE) for tailored forming.

3.1. Rough Design by Interfacial Zone Evolutionary Optimization

The Interfacial Zone Evolutionary Optimization (IZEO), developed in [78], is a method able to
deal with the specific challenges of the present study since it can solve general multi-material problems
that have the presence of strong manufacturing restrictions. As recommended in [79], taking these
restrictions into account in an early phase of the design process avoids the loss of the optimized
properties when these are applied later.
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The working principle of IZEO can be visualized in Figure 4. This method is based on evolutionary
optimization algorithms, such as the Bidirectional Evolutionary Structure Optimization (BESO) [80],
where the domain is discretized into elements and the material of the elements are changed iteratively,
following a sensitivity function. The primary difference in IZEO is how these changes occur, which is
limited to the interfacial zone between the different materials.

Figure 4. Model representation of the interfacial evolutionary process [81].

This strategy allows the implementation of a variety of manufacturing restrictions [81].
Following the theory proposed in [79], each manufacturing technique can be modeled as a combination
of geometric constraints, as shown in Figure 5. IZEO follows the same principle, allowing the designer
to apply different constraints at the same time.

Figure 5. Relationship between geometric constraints and manufacturing techniques [79].

The constraints shown in Figure 5 can be also serialized in the simulation, which works as
a prioritization from the first one applied until the last one. This is in accordance with typical
manufacturing process-chains, where many restrictions are applied in different stages of the process.
For multi-material processes, this also allows different constraints for the connections between the
materials and the component body. This way, with the inclusion of all necessary geometric constraints,
a general approach can be implemented to attend to the specific challenges inherent to a manufacturing
process and generate optimized conceptual designs.

In the current study, the implementation of IZEO was extended for a 3D environment,
differently from previous works. This was implemented in the FE-software Abaqus, using its scripting
capabilities in Python. Therefore, the full IZEO program was implemented with Python, using the
solving capabilities of the FE-software. In this case, the implementation of the manufacturing
restrictions described in [81] was made following the same concepts, but considering the third
dimension and a higher degree-of-freedom to control them. Table 1 presents the implemented
geometric constraints and the respective control parameters.
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Table 1. Table with the implemented Interfacial Zone Evolutionary Optimization (IZEO)
geometric constraints.

Geometric
Constraint

Definition
Control

Parameters
Representation

Minimum
member size

Level of detail in the
manufacturing process Minimum size MIN

Uni/Bidirectional
growth

Unidirectional access of
the manufacturing tools

or serial connection
of materials

Vector of
growth direction

Extrusion Extrusion direction in
the manufacturing

Vector of
extrusion direction

Planar symmetry Symmetry imposed by
the processes

Point and normal
vector to
the plane

It can be observed that with the inclusion of the control parameters, the implementation
of geometric constraints adds new degrees of freedom to the generation of optimized solutions.
Naturally, these restrictions will be selected according to the chosen manufacturing process.
Ideally, the optimization should be performed several times with a variation of these constraints,
in order to find the most suitable geometry and manufacturing process at the same time. In this
case, not only the control parameters (radius, points and vectors), would be varied, but also different
combinations of the constraints, simulating different process chains. Since the current study is focused
on tailored forming, only the constraints related to the proposed process are here investigated.

3.2. Detailed Design Using the Generative Parametric Design Approach

A CAD-centric KBE environment was proposed by Sauthoff for the automatic configuration and
optimization of structural components in mechanical engineering [75]. It combines a CAD modeling
strategy called generative parametric design approach (GDPA) with knowledge integration and an
evolutionary optimization algorithm. In order to achieve the necessary flexibility, the CAD model of a
structural component is divided into several design zones which are linked by a common skeleton
(Figure 6a). For each design zone, independent CAD models are implemented as so-called design
elements that reflect parts of the structural component and may be understood as generic parametric
templates (Figure 6b). In such a design element, all relevant design knowledge, like dimensioning,
design rules or manufacturing restrictions, are stored [65]. The top-level assembly of the component is
implemented in such a way that adjacent design zones communicate with each other and exchange
interface parameters. The design elements can be replaced with other design elements that are also
approved for the design zone, as required. When now a control parameter of the skeleton or general
requirements for the structural component change, this is propagated through all design elements
that check themselves for consistency, technical correctness and violation of restrictions. The result
is that highly flexible models are created which can be rebuilt without errors even after topological
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changes [82]. If a sufficient library of generic and task-specific design elements exists, a large solution
space of structural components like vehicle chassis or bodies, is available [83].

(a) (b)
Figure 6. Generative parametric design approach (GPDA) model of a connection rod: (a) skeleton and
interfaces, (b) computer-aided design (CAD) model, according to [84].

Due to the flexible model structure, it is possible to optimize the shape of the GPDA models
in automated synthesis-analysis loops. According to Sauthoff, the CAD system is coupled with an
FE system via an optimization program, the so-called Opti-Toolbox. The Opti-Toolbox generates
several component variants on the basis of e.g., evolutionary algorithms by automatically adjusting
the parameters in the GPDA model and exchanging design elements. These are then analyzed in
the FE system and the results are evaluated by the Opti-Toolbox. If the requirements are not met,
further component variants are generated. This loop is repeated until the requirements are met [75].
Figure 7 shows the schematic structure of the GPDA engineering environment.

Figure 7. Schematic structure of the GPDA engineering Environment [83].

4. Implementation for Shaft-Like Tailored Forming Parts

A hybrid demonstrator shaft developed in CRC 1153 is used as an application example.
The shaft is manufactured by the above-described manufacturing processes of friction welding,
impact extrusion and machining. The material combination under consideration and 41Cr4 and
EN AW-6082, whose properties are given in Table 2. The objective function is to generate a component
that is as light as possible with sufficient strength.
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Table 2. Material properties.

Material Density Yield Stress Ultimate Stress

Steel (41Cr4) 7.85 g
cm3 660 MPa 1020 MPa

Aluminum (EN AW-6082) 2.70 g
cm3 280 MPa 385 MPa

Figure 8 shows the load and boundary conditions considered in this example.
Furthermore, the represented geometry describes the boundaries of the domain in which the
optimization is allowed to take place. The absolute values for force and torque were set to generate a
global safety factor of 1 when the shaft is completely made of steel and the proportion between them
was set to generate 15% of maximal stress through the bending and the rest through the torsion.

Figure 8. Domain with load and boundary conditions of the shaft for the 3D optimization.

4.1. Expansion of Geometric Constraints

With the geometric constraints described in Table 1 and the idea of a combination of constraints
from Figure 5, a great variety of processes can already be simulated. However, for the current
application, two constraints were added: rotational symmetry and radial growth.

Rotational symmetry is self-explained, being related to components that are subjected to processes
such as rolling or turning. Two control parameters are necessary: initial and final coordinates of the
symmetry line. In the case of multi-materials, this constraint can be applied not only to the component
body as a whole, but also separately to the connection between the two materials. IZEO allows these
possible configurations, as presented in Figure 9. This restriction was implemented using the same
principle of planar symmetry presented in [81], where the sensitivity of all elements present in the
rotational curve are averaged.

(a) (b) (c)
Figure 9. Rotational symmetry applied to: (a) joining zone only; (b) component body only; (c) both
joining zone and component body.

Radial growth is a special constraint present in tailored forming. In the manufacturing of rotational
symmetric components, the possible processes do not allow the presence of the softer material inside
the harder material. Due to thermal properties, the harder material always flows inside the softer
material. This translates to the optimization method as a special type of “unidirectional growth”
constraint, where the direction is not linear, but radial coming from outside, similar to what is seen

69



Metals 2020, 10, 1589

in a turning machine (Figure 10). Therefore, the same as rotational symmetry, the initial and final
coordinates of the center-line are required as control parameters.

(a) (b)
Figure 10. Rotational symmetric components with joining zone constrained by: (a) radial growth only;
(b) radial and unidirectional growth.

This radial growth is not only important because of the thermal effects of the multi-material
connection, but it also describes the main restriction involved in the manufacture of shafts during
turning in a mono-material approach.

4.2. IZEO and Robust Design for Tailored Forming

The model described was submitted to IZEO with the following constraints: minimum member
size (3 mm), unidirectional growth (same direction of the aluminum in the friction welding),
rotational symmetry and radial growth (aligned to the axis of the shaft). Since the outer geometry of
the shaft should remain unchangeable and the addition of aluminum will tend to reduce the strength
of the shaft, it was set as the objective function a safety factor of 50% the value for a shaft made entirely
of steel. The last interactions are presented in Figure 11.

During implementation, it became clear that design and manufacturing process development
need to be aligned towards a common objective. The information exchange between the two fields is
commonly of a sequential nature. Thus, an additional information exchange platform for continuous
improvement was created to prevent from losing the knowledge acquired in past interactions.

For that purpose, the use of Knowledge-Based Engineering (KBE) tools are necessary for
the creation of this common interface between design and manufacturing processes, and for the
operationalization of both, as proposed in [85]. Therefore, an adaptation of a case-based reasoning
(CBR) cycle was proposed, where the decision-making process is supported by a unified information
management system. This method makes use of parametric models to analyze the information
generated on both sides, compare them and suggest innovative design solutions based on new
specifications and previous experiences. The topology optimization result will serve as the first input
in the construction of this parametric model. Thereby, both design and manufacturing research can be
performed in parallel, exchanging information in a continuous way and enhancing the system with
its use.
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Figure 11. Optimization evolution for the tailored forming shaft model with IZEO.

With the results obtained with IZEO, a parametric model of the joining zone was constructed for
the submission in the adapted CBR. With different parametric models and parameters, a large number
of variations were simulated. Figure 12 shows a graph where the two objectives are set at both axes
and every variation is represented as a point in the space. A Pareto front of optimal solutions can be
easily recognized, where the simulations close to this curve are considered optimal solutions.

Figure 12. Plot of every parametric simulation over safety factor and weight, where a Pareto front
is observed.

With the completion of the CBR cycle, the best candidates for manufacturing can be selected and
submitted to the process chain of tailored forming. In this way, the process learns on every cycle while
more optimized solutions are being generated.

For validation purposes, various joining zone geometries were examined in test bench trials,
e.g., on the torsion test bench, and compared with the simulation results. Subsequently, the parameters
were adjusted so that the simulation provides an adequate representation of the manufactured
components [6].

4.3. Intermediate Results

The comparison with a mono-material shaft cannot be straightforward executed,
since multi-materials are intrinsically connected to more requirements, but it serves to show
the potential of the technology for lightweight. This potential, however, is also connected to some of
the geometric restrictions imposed, such as the allowable size of the component. Figure 13 makes a
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comparison between the multi-material design achieved and an equivalent mono-material shaft with
the same requirements for strength and wear, considering a life-span of 1 billion cycles.

(a) (b)
Figure 13. Shaft design for same requirements, where a reduction of 11% in weight is seen for the
multi-material shaft (a) in comparison to the mono-material one (b).

4.4. GPDA for Tailored Forming

In the GPDA implementation for tailored forming, the design elements are carriers of the
knowledge that gives the design its shape. In addition, a design catalog [86,87] of the CAEE controls
the GPDA models and serves as a superordinate knowledge base. Depending on the application
and load case, the knowledge in the catalog determines which skeleton and which design elements
should form the basis for the development of the tailored forming component. The more knowledge is
available in concrete form, the better the selected starting point and the lower the effort required for
subsequent optimization. The design catalog does not consist of a single catalog, but of a general main
catalog that refers to concrete detail catalogs. The connection of the catalogs is shown in Figure 14.
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Figure 14. Structure of design catalogs.

Different component types and the corresponding general application and load cases are defined
in the main catalog. It shows how a tailored forming implementation for conventional mono-material
parts can look like, e.g., by showing the general material distribution according to IZEO. The main
catalog also provides the skeleton and thus the basic structure for the GPDA model. For each case
in the main catalog, there is a detailed catalog in which concrete characteristics are derived from the
general case. Here, concrete values have been assigned to the parameters that describe the load cases
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and geometry characteristics. In addition, the resulting and relevant component properties such as
max. deformation or stress are also stored.

The structure of the GPDA model of the shaft is shown in Figure 15 The skeleton consists of an
axis on which the interface geometries are defined. Along the axis, there is a design zone between the
interfaces in which the design elements are attached. The design elements are defined in such a way
that they represent exactly one shaft step. The leading diameter of each design element is defined by
the interface geometry of the skeleton.

(a) (b)
Figure 15. Skeleton (a) and CAD model (b) of tailored foming shafts.

The design elements contain the concrete knowledge of geometry and take into account the
manufacturing restrictions and design guidelines. Figure 16 shows, for example, how the relief
grooves required on a shaft are implemented in the model. The dimensions of the relief grooves
depend directly on the leading diameter of the shaft shoulder and are described according to DIN 509
in Table 3 [88]. Furthermore, the shape of the relief grooves can vary depending on the application.
In the case of a relief groove of type F, the definition goes beyond the limits of the design element,
so that the geometry in the adjacent element must adapt accordingly. For this case, parameters are
already stored in the adjacent design element, which are then filled accordingly via the skeleton.
These parameters are suppressed for relief grooves of the type E that do not extend beyond the
design zone.

Table 3. Relief groove parameters for shafts according to DIN 509 [88].

R1 f t1 t2 D1

0.4 2 0.2 0.1 >3. . . 18
0.8 2.5 0.3 0.2 >18 . . . 80
1.2 4 0.4 0.3 >80

73



Metals 2020, 10, 1589

t1

f

8

R1

R1
D1

15

t2

DE1

DE2

Figure 16. Parameters for a relief groove (type F) that extends over two design elements (DE1 and DE2).

4.5. Application Example of the GPDA: Model Adaptation in Case of Changes in Boundary Conditions

In the GPDA a load case of the shaft is considered as an example, where F = 5.5 kN and
T = 40 Nm. For this load case, the joining zone position from the results of IZEO (Figure 11, result 5)
and the shape from the results of CBR are used. In the GPDA model, the joining zone position is the
distance from the left shaft end to the center of the joining zone area (P = 73 mm; Figure 17a). As can be
seen in Figure 17b, the v. Mises stress does not exceed the yield strength of 280 MPa of the aluminum
alloy in the relief groove under consideration, with an assumed safety factor of 1.

73P =

L

L/2

(a) (b)
Figure 17. (a) Joining zone position and (b) resulting v. Mises stresses (max. 278.9 N

mm2 ) at F = 5.5 kN
and T = 40 Nm.

If the force is increased at a constant torsional moment, the yield strength is exceeded. Figure 18
shows the case at F = 8 kN. To reduce the stresses, the position or geometry of the joining zone must
now be adjusted. It is not possible to increase the diameter of the shaft on which the relief groove lies,
because the bearing size is determined by the external connection dimensions.
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Figure 18. Exceeded yield strength (max. 363.07 N
mm2 ) at a joining zone position of P = 73 mm at F = 8

kN and T = 40 Nm.

Therefore, the position of the joining zone is shifted 10 mm to the right to P = 83 mm in the
following. The yield strength of the aluminum alloy is no longer exceeded in the undercut. Figure 19
shows the new joining zone position (a) and the resulting stresses (b).

73P = L/2

L

(a) (b)
Figure 19. (a) Joining zone position (b) and resulting stresses (max. 375.39 N

mm2 ) at F = 8 kN and
T = 40 Nm.

Table 4 summarizes the individual results. By increasing the proportion of steel alloy in the
component, the weight of the shaft increases from 245.61 g to 264.05 g.

Table 4. v. Mises Stress in the relief groove at different forces.

Position v. Mises Stress at 5.5 kN v. Mises Stress at 8 kN Weight

73 mm 278.9 MPa 353.02 MPa 245.61 g
83 mm – 275.39 MPa 264.05 g

In this case that the GPDA offers the possibility to move the joining zone over the boundaries of
the individual design elements. This increases the proportion of steel and reduces the stresses in the
undercut of the aluminum area. Because the model is designed according to the approach of the GPDA,
it can be used to develop similar shafts that are exposed to similar load cases. Due to the flexible
structure, which is based on the use of the design elements, parametric and topological changes can
be made without much effort if they are necessary for another load case under different boundary
conditions. The test bench trials required for validation are still pending.
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5. Discussion

All in all, it can be said that the computer-aided engineering environment has met the required
expectations. On the basis of the given load cases and other boundary conditions like design space,
a tailored forming high-performance part was generated. In addition, the restrictions resulting from
the manufacturing processes could be fully considered. Furthermore, the CBR system provides a
platform for a data-driven development of tailored forming components.

Since the tailored forming process chain is novel, basic research is conducted in CRC
1153. In order to develop controllable manufacturing processes, in the beginning, only simple,
rotationally symmetric components were investigated. For these components, the most robust results
have been achieved and most knowledge about manufacturing restrictions is known. For these
reasons, the shaft presented in this paper is the subject of the investigations on the creation of the
CAEE. However, due to the existing load cases, the full tailored forming potential cannot be developed
for shafts. Therefore, mirror-symmetric geometries such as rocker arms, which offer a higher tailored
forming potential, are currently being investigated in CRC 1153 (Figure 20). Nevertheless, as shown in
Section 4.5, there is also tailored forming potential for shafts under certain boundary conditions and
these components are therefore also suitable for the development of the CAEE.

Figure 20. Rocker arm (left) and derived tailored forming component variants in IZEO (center) and
CAD (right).

Furthermore, it should be noted that all simulations have been carried out with linear-elastic
material behavior up to the yield strength, since this describes the limit in which a component can
be used in practice. The joining zone is designed as a simple adhesive contact. Within the scope of
CRC 1153, special finite elements are being developed that can simulate the material properties of the
joining zone [89]. These are currently not yet included in the simulations described here, but will be
added in the future.

In addition, test bench trials have been conducted to validate the strength of the joining zone
geometries generated by IZEO and Robust Design. An optimized joining zone geometry helps the shaft
to withstand higher loads. Analogy tests on simplified shafts have shown that a shaft with optimized
joining zone geometry has nearly the same strength as a reference shaft made of the aluminum alloy.
With a non-optimized geometry, the shaft fails in the area of the joining zone and the strength is
reduced [6].

For future approaches to the development of CAEE, ontology-based approaches are probably
more beneficial than the approaches presented in this paper. The ontology would serve as a mediator
between the knowledge base and the instantiated CAD model. The result would be a model architecture
in which e.g., the design elements could be used much more flexibly. Currently, the parameters of
the design elements are hard-coded by the CAD system and are explicitly addressed so that they can
practically only be used for a single or similar component.

The challenge with GPDA is that an enormous amount of work is required in advance to generate
a functioning model. In order to ensure the modularity of the approach, great care is required in
the generation of the skeleton, the interface geometries and the design elements. The creation of a
model-free of errors within defined limits requires increased programming effort and a well-planned
structure, especially at the beginning. Further degrees of freedom are added in the context of tailored
forming by taking the joining zone into account, which must be defined both in the top-level assembly
and in each design element. As shown in Figure 19a, the design elements must be controlled by the
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top-level assembly so that the joining zones form a smooth transition from design element to a design
element. However, the work has also shown that the effort for embedding new design elements and
new joining zone geometries is reduced the more the GPDA model is built up, since they can be
derived from the previously created design elements and can be integrated into the working top-level
assembly relatively easily.

Furthermore, there is a significant difference in the programming effort required to implement
formal, explicit and informal, implicit knowledge (see Section 2.2). While explicit knowledge can be
implemented very easily, e.g., by means of table values and If-Then-Else queries, the translation
effort for implicit knowledge is significantly higher and also ties up more computing capacity.
However, as IZEO has shown, implementation is quite possible. In summary, it can be said that
computer-aided methods can handle explicit knowledge very well, but there is still a need for research
on the implementation of implicit knowledge.

6. Summary and Outlook

The desire for components that are always better adapted to external conditions than their
predecessors leads to the technological advancement of the components, but also of the processes
required for their manufacture. As a result, components and processes are becoming more and more
complicated, so that the effort for planning, conception, design and elaboration is increasing. In some
cases, components and process chains are already so complicated that the optimal solution is no longer
readily apparent. When newer approaches, such as multi-material design, are added, the degrees of
freedom to be considered increase even further. Especially in this case, systematic, computer-aided
approaches are needed to meet the challenge of finding the best solution from an objective point of
view. Therefore, modeling approaches and design methods are needed that take into account the
manufacturing processes throughout the entire product development process.

The methodology presented in this work works as a framework to develop the technology of
tailored forming further and generate continuously better solutions. As seen, the topology optimization
method IZEO was able to handle dynamic manufacturing restrictions while optimizing the use of
multi-materials. Additionally, different strategies for solution exploration were presented, such as CBR
and GPDA, where the influence of manufacturing is direct. For these reasons, this design methodology
is able to support this manufacturing technology to be further developed. This translates into first
transfer projects for real industry applications that are being currently performed under the umbrella
of the CRC 1153.

All in all, computer-aided engineering environments help to find the optimum shape for a
component in order to derive the best possible manufacturing process. The stored knowledge
base provides a clear and objective set of rules that can protect companies from undesirable
developments. This provides a better starting point for the development of components and processes.
Routine processes can also be automated, giving designers more room for creative work.

In further developments, additional non-rotationally symmetric components will be investigated
and developed. For this purpose, complicated manufacturing restrictions have to be implemented
for IZEO. The GPDA also needs skeletons and design elements with more complicated shapes and
extended functionalities. For example, the skeleton will no longer be one-dimensional, but two or
three dimensional. The design elements may have more than two neighboring elements. In order
to better link product development with process development in the future, a transfer model is
currently being worked on within the framework of CRC 1153, which will allow conclusions to
be drawn about the upstream production stages. For this purpose, a GPDA model is currently
being developed, which, depending on the manufacturing process, can map the individual stages of
component production. In this case, the research results from the CRC will also serve as a basis.
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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.

Figure 1. Partial section of tailored forming shaft with mounted cylindrical roller bearing (left) and
loaded material volume (right).
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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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Figure 2. Microstructure of the joining zone after welding (a) and after cross-wedge rolling (CWR) (b).

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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Figure 3. Bearing fatigue-life simulation for different cladding layer thicknesses.

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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PTA: Plasma Powder Transferred Arc Welding
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h: cladding thickness of welded material 
exp.: Experimental investigations

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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Figure 5. Shaft with cladding applied by laser metal deposition with wire.

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.

Figure 6. Examples of the seam geometry after deposition welding.

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.

Figure 7. Welding seam after cladding by PTA.

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.

Figure 8. Dilution during the welding process.

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.

Figure 9. Process overview of cross-wedge rolling of hybrid work pieces.

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.

.
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].
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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

#1:
No thermal
expansion;
Rigid tools

644.082 mm2 452.646 mm2 2.263 mm 2.854 mm 2.439 mm

#2:
Thermal

expansion;
Rigid tools

644.912 mm2 455.057 mm2 2.101 mm 2.830 mm 2.426 mm

Δ to Setup #1 0.10% 0.50% 7.20% 0.80% 0.50%
#3:

Thermal
expansion;

Deformable
tools

643.981 mm2 430.330 mm2 2.131 mm 2.872 mm 2.381 mm

Δ to Setup #1 0.00% 5.20% 6.20% 0.60% 2.40%
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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.

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.

Figure 15. CAD model of different cladding (red) distributions on base cylinder (blue) forX45CrSi9-3,
(a) 1 layer at 15 mm seam width (b) 1 layer at 8 mm seam width (c) 2 layers at 15 mm seam width (d)
2 layers at 8 mm seam width.
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Figure 16. CAD model of different cladding (red) distributions on base cylinder (blue) for 100Cr6,
(a) 10 mm seam width (b) 15 mm seam width (c) 20 mm seam width.

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.

 

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
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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.

 
(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
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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X45CrSi9-3 Experiment Simulation  
Cladding 

width in mm 
17.6 17.52 0.45% 

Cladding 
height in mm 

1.11 1.15 3.47% 
 

Figure 19. Comparison experiment/simulation; 27 mm base cylinder, 15 mm cladding width, 1 layer.

 

X45CrSi9-3 Experiment Simulation  
Cladding 

width in mm 
10.59 11.44 7.43% 

Cladding 
height in 

mm 
1.14 1.21 5.79% 

 

Figure 20. Comparison experiment/simulation; 27 mm base cylinder, 8 mm cladding width, 1 layer.

 

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
11.92 12.02 0.83% 

Cladding 
height in 

mm 
1.17 1.07 9.35% 

 

Figure 21. Comparison experiment/simulation; 29 mm base cylinder, 8 mm cladding width, 1 layer.

 

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
20.16 19.1 5.55% 

Cladding 
height in 

mm 
1.25 1.13 10.62% 

 

Figure 22. Comparison experiment/simulation; 29 mm base cylinder, 15 mm cladding width, 1 layer.

 

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
23.89 21.7 10.09% 

Cladding 
height in 

mm 
2.06 2.31 10.82% 

 

Figure 23. Comparison: experiment/simulation; 29 mm base cylinder, 15 mm cladding width, 2 layers.

 

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
13.72 13.9 1.29% 

Cladding 
height in 

mm 
2.06 1.98 4.04% 

 

Figure 24. Comparison experiment/simulation; 29 mm base cylinder, 8 mm cladding width, 2 layers.
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X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
12.58 13.06 3.68% 

Cladding 
height in 

mm 
2.11 2.09 0.96% 

 

Figure 25. Comparison experiment/simulation; 27 mm base cylinder, 8 mm cladding width, 2 layers.

 

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
22.64 21.06 7.50% 

Cladding 
height in 

mm 
2.28 2.45 6.94% 

 

Figure 26. Comparison experiment/simulation; 27 mm base cylinder, 15 mm cladding width, 2 layers.

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.

  

100Cr6 Experiment Simulation  
Cladding 
width in 

mm 
14.74 13.21 11.58% 

Cladding 
height in 

mm 
1.88 2.50 32.98% 

 

Figure 27. Comparison experiment/simulation 100Cr6, 27 mm base cylinder, 10 mm cladding width.

100Cr6 Experiment Simulation  
Cladding 
width in 

mm 
21.29 22.21 4.32% 

Cladding 
height in 

mm 
2.16 2.40 10.00% 

 

Figure 28. Comparison experiment/simulation 100Cr6, 27 mm base cylinder, 15 mm cladding width.

 

100Cr6 Experiment Simulation  
Cladding 
width in 

mm 
27.41 26.61 2.92% 

Cladding 
height in 

mm 
2.25 2.20 2.22% 

 

Figure 29. Comparison experiment/simulation 100Cr6, 27 mm base cylinder, 20 mm cladding width.
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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).

X45CrSi9-3 Experiment Simulation  
Cladding 
width in 

mm 
30.43 31.54 3.52% 

Cladding 
height in 

mm 
2.09 2.15 2.79% 

 

Figure 30. Comparison experiment/simulation; 29 mm base cylinder, 20 mm cladding width, 3 layers.

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).

Figure 33. Over time analysis of the cladding material distribution within the cross-section of the work
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).

a) b) 

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.

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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Abstract: In this paper, we present a system to compensate for the light deflection effect during
the optical geometry measurement of a wrought-hot object. The acquired 3D data can be used to
analyze the formed geometry of a component directly after a hot forging process without waiting
for the needed cooling time to room temperature. This may be used to parameterize the process
and to detect defect components early in the production process, among others. The light deflection
as the deviation from the linear path of the light is caused by an inhomogeneous refractive index
field surrounding the hot object. We present the design and setup for a nozzle-based forced air
flow actuator, which suppresses the light deflection effect. The design process includes a simulation
of the developing field, as well as of the interaction of the field with an external forced air flow.
The cooling effect of the air flow is evaluated, and conclusions are drawn from the conflicting interests
of good measurement conditions against the forced cooling of the hot object. The findings are
then implemented in the physical setup of the suppression system. The system is evaluated using
a previously established method based on optical triangulation and fringe projection. Other occurring
effects and their influence on the evaluation are considered and discussed.

Keywords: tailored forming; bulk metal forming; geometry measurement; wrought-hot objects

1. Introduction

The increasing technical and economical requirements for components have led to mono material
bulk metal components reaching the limits of their performance due to the material used. To extend
those limits, the use of hybrid components is the subject of current research [1,2]. A high technological
potential lays in hybrid bulk metal components that are first joined and then further processed. In the
collaborative research center 1153 “Tailored Forming”, such a process chain has been developed [3],
following the concept “Put the right material in the right place”. Due to the use of novel material
combinations in hot bulk metal forming processes, the development of new evaluation techniques
also needs to be considered, e.g., to validate new simulation models [4] for cross-wedge rolling [5].
The distortion induced by the combination of cooling and materials with different thermal expansion
coefficients needs to be considered for the analysis of such processes. Therefore, the evaluation of the
forming process by analyzing the component after cooling down to room temperature is not sufficient.
Instead, the component and especially its geometry need to be measured while in the hot state directly
after leaving the forming process. To this end, an optical 3D geometry measurement system based on
triangulation can be used [6–8]. However, the hot object is surrounded by an inhomogeneous refractive
index field, deflecting the measurement light from its linear path [9]. There have been attempts to
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estimate the effect [10] and methods to compensate its impact on triangulation measurements [11].
However, there are currently no in-line or close-to-line measurement systems that take the light
deflection into account or compensate for it. The system presented in this paper aims to close that
gap by adding a suppression device for the light deflection effect based on formed and forced air flow
to an optical 3D geometry measurement system. The design, setup, and analysis of such a system is
described in this paper.

2. Background

In this section, the literature for the methods to estimate the light deflection effect is revisited.
The content includes the concept of the background-oriented Schlieren (BOS) method to reconstruct
a refractive index field, as well as a presentation of a multi-camera fringe projection system (FPS) to
quantify the influence of refractive gradients on triangulation measurements.

2.1. Background-Oriented Schlieren Method

The background-oriented Schlieren method was introduced to estimate density differences in
a transparent medium from a set of images [12]. To this end, a contrast-rich and unique background
was set up in front of a camera. An image was taken at zero-state as the reference, and additional
images were captured during the measurement sequence. The displacement of image points due
to the light deflection induced by the density gradient was quantified using suitable algorithms,
e.g., Farnbäck et al. [13]. The estimation of the density gradient through the refractive index gradient
required extensive knowledge about the measurement setup [14], e.g., the size and position of
the refractive index field. This knowledge might be difficult to obtain in changing or unknown
measurement conditions.

2.2. Using a Multi-Camera Fringe Projection System to Estimate the Direct Influence of the Light Deflection
Effect on Optical Triangulation Measurements

In a previous paper [15], we used redundantly reconstructed 3D points of a multi-camera FPS to
estimate the magnitude of the light deflection that was occurring when measuring a red-hot object.
There, we concluded that the deviations of redundantly reconstructed points were a valid metric to
quantify said effect. The validity of the method was shown using a discrete refractive index influence
in the form of a glass plate. While we were not able to use the comparison of single object points,
an analysis of all available reconstructed points using a histogram showed resounding results.

3. Proposed Method and Necessary Constraints

It is proposed to use a forced gas flow in order to reduce the light deflection effect of an inhomogeneous
and dynamic refractive index field in an industrial environment. Beermann et al. [9] successfully used
a forced laminar gas flow to lower the geometry deviations when measuring a hot rod using a laser
light section method. From said article, it was concluded that the forced gas flow needed to be powerful
enough to suppress the developed refractive index field while not cooling the hot component too
much. To solve this conflicting interest, the velocities and flow parameters were simulated, as well
as the cooling effect of such a forced gas flow to a hot component. To this end, the free convection of
hot air above a hot cylindrical component needs to be simulated to gain insight into its characteristics.
Additionally, the interaction of a forced gas flow with said free convection also needs to be analyzed.
The result of that design process yields the necessary construction parameters for the nozzles, as well
as the optimal solution for the necessary flow velocities in relation to both the suppression of the
refractive index field and the cooling of the component.

The apparatus used for the forming of the forced convection should include an electronically
triggered magnetic valve to open and close it conveniently from the same computer that controls
the measurement system. To enable operational space for a handling system, as well as for the
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measurement light, the setup should use nozzle pipes to form the desired air flow at a set distance
away from the specimen. The minimum distance was postulated to be approximately 500 mm.

4. Simulation

To design a forced flow apparatus to suppress the light deflection effect successfully, the described
conflicting interest between the reduction of the light deflection and the forced cooling of the
component needs to be addressed. To this end, the interaction of a forced air flow with the thermal field
around an object was simulated to find a compromise. The simulations were conducted using ANSYS
Discovery AIM. While the overall aim was to measure the geometry of crank shafts, the simulated
object was simplified to a cylinder. Its main axis was concentric to the y-axis of world coordinate
system (see Figure 1). It was placed in a rectangular, friction-less flow channel of dimensions
dx = 200 mm × dz = 400 mm. The gravitational acceleration of g = 9.81 m s−1 was assumed to
point in negative z-direction. The simulation mode itself was transient and halted after ts = 5 s. At that
stage, a stationary state was reached.

To estimate the flow velocities induced by the density gradient around the hot object, the temperature
of the cylinder was assumed to be ϑc = 1000 °C, while the temperature of the ambient air was set to
ϑ∞ = 20 °C. To simulate a simplified interaction between the nozzle flow and the heat-induced
convection, a forced uniform flow was introduced into the simulation. According to Section 3,
the direction of the forced flow was in the negative z-direction. The forced flow itself was modeled
to be homogeneously distributed in the entire area of the flow channel used. Different forced flow
velocities v f f were combined with different cylinder diameters dc to investigate its influence.

The light deflection effect was evaluated in relation to the thickness of air dl with a temperature
ϑair > 110 °C. The thickness of the air layer was extracted from the simulation by measuring in
a straight line up from the top center point of the cylinder (see Figure 2b). The cooling of the component
was also simulated through the temperature of the topmost point on the cylinder, i.e., ϑc(zc = max).

Figure 1. Comparison of the simulated convective flow over a cylinder with a diameter dc = 30 mm
and a temperature ϑc = 1000 °C. The ambient temperature is ϑ∞ = 20 °C Left side: Results for the
simulated temperature. Right side: Resulting air velocity in the z-direction.
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Figure 2. Simulation of the effect of different forced air flow velocities v f f on the development of
a heat-induced temperature field around a hot cylinder: (a) v f f = 0.0 m s−1; (b) v f f = 0.2 m s−1;
(c) v f f = 0.55 m s−1; (d) v f f = 1.0 m s−1. The fixed boundary conditions are the following: diameter
of cylinder dc = 37.5 mm; initial temperature of cylinder ϑc = 1000 °C, temperature of air ϑ∞ = 25 °C.
The procedure for the calculation of the air layer thickness dl is sketched in (b).

4.1. Simulation Results and Discussion

The developed temperature and velocity fields in the simulation without an additional forced
air flow are shown in Figure 1. The size of both fields in y was not investigated here, since only a 2D
cylindrical object was simulated. Overall, the shape of the convective flow over the cylindrical object
was qualitatively similar to the one measured by, e.g., Beermann [14]. The simulation of the free
convection field was therefore considered to be valid.

The effect of different forced air flow velocities on the development of the heat-induced
temperature field is shown in Figure 2 in combination with Figure 3. Figure 2 shows the sectional
view through the simulated temperature field at different forced flow velocities v f f . There was
an equilibrium-like state between v f f and vc f for v f f = 0.2 m s−1 (see Figure 2b). The simulation
results for v f f > 1.0 m s−1 were conducted (see Figure 2), but are not shown here, since the differences
with respect to Figure 2d were considered to be marginal.

Figure 3 shows the relation between the thickness of the air layer dl with ϑair > 110 °C and the
cooling rate ΔTf f as a function of the forced air flow velocity v f f . We estimated a function to fit into
the air layer data (red dashed line), corresponding to the general style of:

dl =
a

bv3
f f + c

. (1)

In this equation, a, b, and c are arbitrary values not corresponding to any physical attributes.
The equation itself is similar to an inverse relation between dl and v f f , as the thickness can be
considered to be infinite for dl(v f f → 0) → inf and zero for larger values dl(v f f → inf) → 0,
which corresponded to the development of the field in Figure 2. The displayed line was considered
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a helpful tool for the visualization of the development of the thickness of the hot air layer; therefore,
a description of the optimized parameters was omitted.

Prior to the simulation, the thickness of the air layer was expected to also be a function of the
diameter of the cylinder dl = f (dc). This seemed to be the case up to v f f ≤ 0.3 m s−1, while being less
distinct for v f f < 0.3 m s−1. The only small differences between the free convection velocities v f c(dc)

hinted at a marginal influence of the cylinder diameter on the free convection.
Considering the cooling effect of the forced flow onto the cylinder (blue lines in Figure 3),

the results showed an increasing cooling effect with increasing flow velocities. The cooling effect was
assumed to be inversely proportional to the radius of the cylinder, which was considered to be due to
the decreasing volume-surface quotient.
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Figure 3. The thickness of the hot air layer dl and the cooling of the component as functions of the
cylinder diameter dc and the forced air flow velocities v f f . The initial velocity of the free convective
flow v f c varies and is shown in Table 1.

Table 1. Initial velocity of the free convective flow v f c in relation to the cylinder diameter dc.

dc in mm 25.0 37.5 50.0
v f c in m s−1 0.57 0.57 0.68

4.2. Simulation Conclusions

The simulations showed a direct connection between forced flow velocity v f f to the layer thickness
dl and the cooling rate ΔTf f . While a minimum layer thickness was desired, the reduction of the
layer thickness for flow velocities v f f > 1 m s−1 was considered marginal compared to the increase
of the cooling rate ΔTf f through the forced air flow. Therefore, the flow velocities for the design of
the actuator were chosen to be 1 m s−1 < v f f < 4 m s−1 across the whole cylinder surface, assuming
a linear increase in cooling ΔTf f with further increasing v f f .

To transfer the findings from the simulation to the design of a laboratory setup, a setup with
three nozzles was implemented. The main aim was to achieve a mostly homogeneous velocity
distribution over the area of a cylinder (diameter dc = 50 mm; length lc = 250 mm) at a distance of
500 mm. The comparison between the simulated velocities and the measured velocities of the nozzle
setup is shown in the following section 5. When considering the interaction between the light from the
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FPS and the forced air flow, it was concluded that the measurement light would most be affected by
the warmer areas under the hot object (light blue areas in Figure 2c,d). Therefore, the combined setup
should include nozzles and FPS viewing the object from roughly the same direction.

5. Setup

The setup for the experiments is presented in this section. An image of the complete setup is
shown in Figure 4. The measurement system followed the concept of multi-camera fringe projection
profilometry and was based on the findings of Bräuer-Burchard et al. [16] and Reich et al. [17].
We explained the calibration and the main functions of the measurement system in a previous
paper [15]. The forced air flow actuator consisted of three commercially available nozzles with
a minimum inner diameter of dn = 0.8 mm and a custom-made aluminum connection block.
The design study examining different flow directions and nozzle setups resulting in the presented setup
is shown in Appendix A. The connection block placed the nozzles at equidistant points on a line with
100 mm in between them and an angle to the outside of 5°. A magnetic valve and a manually operated
pressure regulator connected the nozzles to the pressurized air container in the laboratory. An image
of the nozzles is part of Figure 4 (upper left). The nozzles were set up above the measurement object to
use the occurring forces to hold the measurement object in place. To ensure that the measurement light
and the forced air flow took similar paths, the FPS was also mounted above the object. Depending on
the air pressure p f f set in the pressure regulator, the velocities of the air flow field were controlled.
Figure 5 shows the designed and simulated velocity field in comparison to a measured field using
an air pressure of p f f = 2.5 bar. The flow velocity measurements were conducted using a scale and
a hand-held anemometer. The flow velocity field showed significant differences from the simulated
velocity field in magnitude and in form. The main reasons for the different shapes lied in the lack
of a concentric effect of screw threads, which were used to connect the nozzles and the connection
block. The differences in velocity magnitude were mainly due to the low accuracy of the hand-held
anemometer, as well as numerical dispersion and diffusion effects in the simulation.

Thermographic
camera

DLP-Projector

Grayscale
cameras

Grayscale
cameras

Random pattern
background for
BOS-method

Measurement
object

Forced air
flow nozzles

Figure 4. Image of the complete measurement setup.
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Figure 5. Comparison of the simulated and measured flow velocity fields of the nozzle setup.
(a) Top view on the simulated air flow; (b) Section A-A through (a); (c) measurement of air flow
velocities comparable to (b) in the implemented experimental setup. All given distances are in mm.

Even though there were velocity differences of up to 90 %, the overall design process was
considered successful, since the aim of surrounding a cylinder (dc = 50 mm, lc = 250 mm) with
an homogeneous air flow field with 1 m s−1 < v f f < 4 m s−1 was achieved.

6. Experiments

For the experiments, the magnetic valve for the forced air flow was connected to the projecting
sequence of the measurement system using a software trigger. To ensure a fully developed air flow field
and account for triggering delays, the projection of the first image was delayed by td,0 = 0.3 s compared
to the opening of the magnetic valve. The measurement sequence started with a measurement without
the air flow and was followed by a measurement with an active flow system to reduce the effect of
cooling on the analysis and ensure a fully developed refractive index field during the measurement
without forced air flow.

6.1. Experimental Plan

To evaluate the influence of the forced air flow on the light deflection effect, different experiments
were conducted:

1. Measurement of the cooling effect of the forced air flow onto the cylinder,
2. using the pixel displacement from the BOS method to estimate the indirect influence of the air

flow on the light deflection effect and
3. analysis of the direct influence by means of using the reconstruction error metric.

The cooling effect (1) was measured using the thermographic infrared (IR) camera (VarioCAM
from InfraTec, Dresden, Germany, with a maximum frame rate of 10 Hz) mounted underneath the
projector (see Figure 4). To this end, a red-hot cylinder was measured for a duration of 18 s at the
maximum frame rate. During the temperature measurement, the magnetic valve was opened for 8 s.
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The emission coefficient was set to one (ε = 1), and the mean temperature of an arbitrarily selected
rectangle is plotted in relation to the passed time in Figure 6.
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Figure 6. Thermographic images from the IR camera and the development of the mean temperature.
(b–d) are taken at the specified points in time indicated by the green spots in (a). The window from
which the mean temperature data in (a) is taken is marked by a crosshatched rectangle in (b).

To estimate the size of a refractive gradient field qualitatively (2), the BOS method was used.
To this end, a video camera (not shown) was placed in front of the random pattern background without
the measurement object in between both. The video capture was started before the hot cylinder was
placed. After an undisclosed time delay, the magnetic valve was opened. The first image of the video
was used as the reference image to calculate the results. Here, the pixel displacement was used as
a means to quantify the light deflection relatively, since a reconstruction of valid refractive index values
required extensive a priori knowledge about the setup and the measured field. This procedure was
valid in the presented case, since the experiments were conducted without moving any parts of the
setup during the video sequence.

To analyze the effect of the interaction of the forced air flow actuator and refractive index field
on triangulation measurements (3), the multi-camera FPS was used. Here, the cylinder was placed,
and a reference measurement without active air flow was conducted. This was directly succeeded
by activating the air flow actuator, waiting a defined delay time td, and then, triggering the start of
the measurement. This procedure reduced the uncertainties induced by moving or exchanging the
objects, as discussed in [15]. There was a difference between the direct and the indirect method of
estimation for the light deflection effect. This was mainly due to the different paths of light that were
examined. When evaluating Figure 4, it is clear that the light for the FPS was traversing different
paths compared to the view rays for the BOS method. Due to the 2D nature of the BOS measurement
setup, the pixel-wise magnitude of the light deflection effect could not be correlated directly to the
reconstructed 3D points. Additionally, the random pattern background used for BOS measurements
was blocking the field of view of the lower cameras and of the IR camera. Therefore, the experiments
were not carried out simultaneously.
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6.2. Experimental Results

The results from the cooling analysis are shown in Figure 6. The thermographic images
(Figure 6b–d) are excerpts from the full sequence of images at specific points in time (see the green
spots in Figure 6a). To estimate the cooling rate ΔTf f , linear functions were fitted into the sectors with
constant gradients. The slope of these functions was the cooling rate and summarized in Table 2.

Table 2. Cooling rates before and during compensation.

Pressure p f f on Air Flow Actuator 0.0 bar 2.5 bar 6.0 bar

Cooling rate 1.6 K s−1 3.4 K s−1 5.0 K s−1

Time sector definition 0 s < tir < 5 s 8 s < tir < 13 s 8 s < tir < 13 s

The results from the BOS experiment are shown in Figure 7. The high displacement values
in Figure 7b–d in the lower middle were a result of the hot cylinder not being in place when the
reference image was shot. Therefore, the distance from a similar looking pixel group in the reference
image was high.
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(c) (d)
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Figure 7. Results from the BOS experiment. (a) shows one of the regular images used to calculate the
pixel displacement; (b) shows the result of the displacement calculation for an uninfluenced convection
field; (c) the result for an air flow at p f f = 2.5 bar; (d) the result for an air flow at p f f = 6.0 bar.

The estimated influence of the refractive index field was observable in the comparison of
the measurement of the cold object and the object in the red-hot state (see Figure 8) using the
direct estimation method and the multi-camera FPS. The mean values of the shown histograms
are found in Table 3 and Figure 9. The reconstruction error Em in the reconstruction quality maps
(Figure 8a–c) was not homogeneously distributed, with higher Em values in the upper parts of the
images, corresponding to points further away from the FPS. Both the reconstruction quality maps
and the histograms showed only marginal differences between the experiments. An example of the
reconstructed 3D datasets is shown in Appendix B.
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Table 3. Mean deviation of the evaluated corresponding 3D points from the multi-camera fringe
projection system.

Conditions Deactivated Air Flow Activated Air Flow

Tc ≈ 300 K; p f f = 6.0 bar 0.259 mm 0.253 mm
Tc ≈ 1300 K; p f f = 2.5 bar; td = 0.3 s 0.392 mm 0.645 mm
Tc ≈ 1300 K; p f f = 2.5 bar; td = 3.3 s 0.383 mm 0.316 mm
Tc ≈ 1300 K; p f f = 6.0 bar; td = 0.3 s 0.404 mm 0.688 mm
Tc ≈ 1300 K; p f f = 6.0 bar; td = 3.3 s 0.341 mm 0.281 mm
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Figure 8. Evaluation of the results from the reconstructed corresponding points of the FPS. (a–c) show
an excerpt from the full measurement with an activated forced flow actuator, in which the cylinder
can be observed from all used cameras. (a) is taken at Tc ≈ 300 K; p f f = 6.0 bar; (b) is taken at
Tc ≈ 1300 K; p f f = 6.0 bar, td = 0.3 s; (c) is taken at Tc ≈ 1300 K; p f f = 2.5 bar, td = 3.3 s; (d) shows
the summary of the conducted experiments as histograms. Dashed lines indicate an activated flow
actuator, while solid lines show no external influence on the refractive index field.
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average values. The solid area indicates a deactivated flow, while the hatched area is the result of
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Other observations during the experiment included a noticeable cooling of the component during
the measurement as observable through a change of color. The applied force of the air field did not
cause any visible vibration or movement of the object.

7. Discussion

Overall, the direct effect of the forced air flow on the development of a refractive index field
around a hot cylinder was shown using the BOS method. The qualitative influence was similar in the
simulation and measurement (compare Figures 5 and 7).

However, the effect was less distinguishable in the FPS measurements (see Figure 8 and Table 3).
Here, the activation of the air flow yielded higher reconstruction errors for the immediate use
(td = 0.3 s) of the forced air flow compared to the uninfluenced measurement (compare the dashed and
solid red and cyan lines in Figure 8d). This indicated a contradiction: the size of the light-deflecting
refractive index field was reduced, but the reconstruction error was increased. In the presented
setup, the change of the radiation color of the specimen might have an increasing influence on
the reconstruction quality. A cooling of the object resulting in a lowering of the radiation through
self-emission was observed during the experiment and could be concluded from the thermographic
measurement (see Figure 6). To investigate the stated matter, the necessary time delay between the
activation of the air flow and the start of the projection sequence was estimated to be between the
start of the flow activation (dotted-dashed line) and the start of the linear temperature development at
tir ≈ 8.0 s. Adding the activation time td,0 resulted in an improved time delay of td = 3.3 s. The result
of the implementation of this improved delay is shown in Figure 8 (blue/green lines). It is obvious that
the improved time delay resulted in an improvement in the estimated reconstruction quality compared
to the initial time delay td = td,0 = 0.3 s, as well as the measurement without the forced air flow.

Any concerns about an induced vibration through the forced air flow and a resulting decrease of
reconstruction quality could be dispelled through the comparison of the measurements at Tc ≈ 300 K.
If any vibration would have been induced, a significant increase in the reconstruction error metric
would have been noticed.

8. Conclusions

Overall, the influence of the forced air flow on the light deflection effect was shown. The BOS
measurement showed a significant reduction in pixel displacement, which was considered to be
proportional to the light deflection. However, the results from the reconstruction quality experiment
showed an only marginal improvement through the forced air flow. The reasons for this were already
stated in the previous section and seemed plausible considering the results from the cooling experiment
and the improved time delay. However, the reconstruction quality for this setting was lower compared
to the experiment at Tc ≈ 300 K. Therefore, the change of radiation color through cooling needs to be
investigated as an additional influence on the optical geometry measurement of hot objects.

This indicated a superposition of effects: on the one hand, the reduced light deflection resulted in
a reduced reconstruction error metric while there needed to be an additional effect to then increase the
error metric again. The underlying effect here might be the change of the surface color during the air
flow induced cooling. The fringe projection reconstruction technique based on Peng’s multi-frequency
phase-shift method [18] used requires a constant ambient illumination strength. This ambient light
influence is compensated using the temporal average of the phase shift sequence of the highest
frequency. A change of background illumination may cause an error in phase reconstruction for each
camera and, therefore, a change in the reconstruction error metric. However, a further investigation of
this matter is beyond the scope of this paper and is therefore omitted.

9. Summary and Future Work

In this paper, a setup was presented to reduce the light deflection effect when using optical
triangulation systems to measure the geometry of a red-hot object. A simulation was used to estimate
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the velocity of the free convection around the hot object. The same tool simulated the interaction of
a forced convection flow with the free convection to gain insight into the necessary flow velocities to
suppress the development of the refractive index field around the hot object. That knowledge was
used to simulate and implement a forced air flow actuator to be used in combination with a fringe
projection system. The effect of this actuator on the light deflection effect was indirectly estimated using
a BOS-based method and directly measured using a reconstruction error metric. While the indirect
method showed a minimization of the refractive index field, the direct method showed a reduction
of the reconstruction error while not reaching the quality level of the measurement of a cold object.
Different reasons for this behavior were discussed, but not further investigated.

Overall, the aim of the developed setup (reduction of reconstruction error) was reached while
not being sufficient in comparison with a standard measurement. While the design method resulted
in a successful development of the setup, it may not be generalizable due to changing boundary
conditions when varying the geometry of the measurement object. The developed setup in the present
configuration may be used to inspect shaft-like components.

In the future, an investigation of the changing surface color due to the cooling effect of the forced
air flow needs to be conducted. Findings of this investigation can then be used to compensate for
a changing background color, if the effect is found to be significant.
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Appendix A. Simulated Case Study

The results from the simulated case study are shown in Figure A1 regarding the direction of the
forced air flow and in Figure A2 for the design of the nozzle setup. Analyzing the direction of the air
flow focuses on areas that exhibit low air flow velocities (u < 0.36 m s−1). The air stays in the same
place in these areas and is consequently heated by the hot cylinder. Therefore, there will be a refractive
index gradient in these areas at a magnitude comparable to the gradient without air flow. For the given
reasons, the air flow should be applied comparable to Case (a), i.e., perpendicular to the cylinder main
axis. In all cases, the measurement system should be placed near the forced air flow actuator to avoid
areas of low air flow velocities interfering with the measurement light.

Focusing on the nozzle setup, a case study was conducted using ANSYS Discovery AIM.
The examined cases are shown in Figure A2. The results are comparable to the ones in Figure 5
while showing a slightly different excerpt from the simulation field. Analyzing the case study,
an homogeneous velocity profile of 250 mm at a distance of 500 mm to the nozzles (cf. dashed lines
in Figure A2) is considered to be desirable (cf. Section 5). A sectional view through the simulated
velocities fields is shown in Figure A3. The simulated profiles are symmetrical to x = 0 mm. The setup
using three nozzles and an angle of 5° show a nearly homogeneous profile at approximately 3.0 m s−1

for −125 mm < x < 125 mm. This is the chosen nozzle configuration for the suppression device.
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Figure A1. Results from the simulated case study examining different forced air flow v f f = 1.0 m s−1

directions in relation to a cylinder. The direction is varied by tilting the object and is described by
the cylinder main axis cm in world coordinates. The vector for the direction of the forced air flow is
(1, 0, 0)T . (a) cm = (0, 1, 0)T ; (b) cm = (1, 1, 0)T ; (c) cm = (1, 0, 0)T .
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Figure A2. Results from the simulated case study using multiple nozzles. A positive angle value
indicates nozzles pointing towards each other, and a negative value indicates nozzles pointing away
from each other. The dashed line depicts the design distance, in which an homogeneous field is desired.
Air flow velocities v f f < 1.0 m s−1 are masked and depicted in white. (a) Two nozzles 400 mm apart
with an angle of −10°; (b) two nozzles 200 mm apart with an angle of 0°; (c) two nozzles 200 mm
apart with an angle of 5°; (d) three nozzles with an angle of 0°; (e) three nozzles with an angle of 5°;
(f) three nozzles with an angle of 10°.
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Appendix B. 3D Geometry Reconstructions

An example set of reconstructed height maps z(up) is shown in Figure A4. These height maps
are the fundamentals to calculate the deviations maps Em(up). There is one height map for each
camera-camera and camera-projector pair. The height maps reconstructed from cameras on the same
side of the measurement setup are omitted (explained in detail in [15]).
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Figure A4. Example of a set of reconstructed height maps, depicted as the map of the corresponding
z-values. (a–h) Height maps from each camera-camera pair and each camera-projector pair, respectively;
(i) average height map of all available sets. All points are masked that are not present in each height
map. Masked points are not considered when calculating the reconstruction quality metric.
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Abstract: The production of multi-metal bulk components requires suitable manufacturing
technologies. On the example of hybrid bevel gears featuring two different steels at the outer
surface and on the inside, the applicability of the novel manufacturing technology of Tailored
Forming was investigated. In a first processing step, a semi-finished compound was manufactured by
cladding a substrate using a plasma transferred arc welding or a laser hotwire process. The resulting
semi-finished workpieces with a metallurgical bond were subsequently near-net shape forged to
bevel gears. Using the residual heat after the forging process, a process-integrated heat treatment
was carried out directly after forming. For the investigations, the material combinations of
41Cr4 with C22.8 (AISI 5140/AISI 1022M) and X45CrSi9-3 with C22.8 (AISI HNV3/AISI 1022M)
were applied. To reveal the influence of the single processing steps on the resulting interface,
metallographic examinations, hardness measurements and micro tensile tests were carried out
after cladding, forging and process-integrated heat treatment. Due to forging and heat-treatment,
recrystallization and grain refinement at the interface and an increase in both, hardness and tensile
strength, were observed.

Keywords: hybrid components; bevel gears; hot forging; tailored forming;
process-integrated heat treatment; air-water spray cooling; self-tempering

1. Introduction

The material choice for conventional monolithic components, commonly used in bulk metal
forming at industrial scale, represents a compromise between material properties and economical
requirements [1]. In parts with locally varying mechanical, thermal or chemical operating conditions,
it is rather challenging to identify a single material, which fulfils the individual specifications.
Increasing demands on technical components due to current trends towards resource and energy
efficiency render this issue even more difficult and have triggered the development of alternative
technological solutions to overcome the material-specific restrictions. In this context, multi-material
(hybrid) designs combining the benefits of different materials in a single component offer a great potential
for creating high-performance components with extended functionality and resource efficiency [2].
While this concept is well-established in the sheet metal industry (tailored blanks [3] or clad rolling [4,5]),
further research is required in bulk metal forming, e.g., for hot forging processes. Specifically,
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the development of novel technologies for manufacturing metallic multi-material parts is required.
The Collaborative Research Centre 1153 investigates the innovative process chain of Tailored Forming
to manufacture hybrid metallic high-performance components by hot or semi-hot forming of prior
joined preforms. Combinations of different joining and forming processes are evaluated on the
example of technical parts such as bearing washers [6], bearing bushings [7] and transmission shafts [8].
In the following, the hot forging of hybrid metal bevel gears from cladded preforms made of two
different steel grades combined with a subsequent process-integrated heat treatment are presented.
The investigations involve an analysis of the interface using metallographic examinations before
and after forming as well as after the integrated heat treatment. For a quantitative characterization
of the bond quality, tensile tests were conducted using micro tensile samples and hardness values
were measured.

2. State of the Art

Forging is a key technology for manufacturing technical components with complex geometries
and provides for continuous fiber flow and excellent mechanical properties. Depending on the initial
state of the applied semi-finished parts, there are two methods of forming multi-material components:
compound and hybrid forging. In compound forging, raw parts assembled without a metallurgical
bond are used. The joining of these parts takes place during forming to the end geometry. The challenge
in joining by forming is to create a metallurgical bond between the different materials. In compound
forging, the focus is often on parameter case studies in order to achieve a sufficient bond quality,
as the latter depends on specific process conditions such as temperature, contact pressures and relative
displacement between the materials. For example, Sun et al. studied a hot isothermal compression
bonding process of two different steel grades (Q235 and 316 L) using experimental and numerical
investigations. They found that the element diffusion distance in the near interface zone grows
with increasing deformation temperatures, effective strains and holding times. However, increasing
effective strain rates have a negative impact on bond quality [9]. Investigations of Kong et al. on the
forge welding of steel-aluminum compounds (AISI 316 L/6063 aluminum) reveal that the forming
temperature has the highest influence on the resulting bond quality and the tensile strength of the
joint [10]. Wohletz and Groche studied a joining process combining forward and cup extrusion for
manufacturing steel-aluminum parts (AISI 1015/6082 T6 aluminum) [11]. They observed that an
increased formation of oxide scale on the contact surfaces at elevated temperatures has a negative
influence on the resulting bond quality. Due to the above-mentioned restrictions, which result in a
narrow range of suited possible process parameters, it is difficult to ensure a homogeneous bond
quality when forming hybrid parts with complex geometry, process-related variation in strains and
non-uniform material flow. In such a case, the application of previously joined semi-finished parts
featuring a metallurgical bond is advantageous for achieving uniform characteristics at the interface.
This approach, called hybrid forging, aims at improving the microstructure and the mechanical
properties of the material compound. For instance, Förster et al. investigated a two-step forging process
of aluminum-enclosed magnesium work pieces, which had previously been joined by co-extrusion [12].
After forging, the magnesium core was crack-free and fully enclosed by aluminum, even at the front
ends of the prior extruded, initially aluminum-free profile sections. Though in these regions no
metallurgical bond was observed, the bonding achieved by extrusion was maintained. Domblesky et
al. conducted axial and side compression tests of friction-welded workpieces with a serial arrangement
made from the same materials or material combinations (copper, steel, aluminum) [13]. All material
combinations demonstrated a good workability during the forming stage. For combinations of identical
materials, the tensile tests showed uniform deformation and material flow similar to that of monolithic
materials. In the case of dissimilar material combinations, most of the deformation and subsequent
fracture occurred in the softer metal. Klotz et al. performed an isothermal forging of bi-metal gas
turbine discs made of two different Ni-based superalloys from hot isostatically pressed billets [14].
They found that bond quality after forming depends on the initial state of the hot isostatically pressed
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preforms. The formed specimens showed a refined microstructure due to recrystallization at hot
forming temperatures.

If the hot-forged steel parts feature a near-net-shape geometry and the temperature after forming
is in the austenite regime, a quenching and tempering can be carried out directly after hot forming [15].
Such an integration of the heat treatment into the hot-forming process is used to reduce process costs
and times. By applying a controlled cooling with an air-water spray, locally adapted cooling rates can
be achieved ranging from low cooling rates as in gas quenching up to high cooling rates as in immersion
cooling in water [16]. In addition, the quenching process can be interrupted in order to self-temper the
hardened surface using the residual heat remaining in the core of the component. By spray cooling,
a continuous and gentle hardness transition is achievable, which can be favorable regarding stress
distribution compared to parts featuring a steep hardness gradient [17]. Hence, the near-net shape
Tailored Forming of bevel gears in combination with spray cooling offers the potential to manufacture
parts with a high fatigue strength and extended service life.

3. Materials and Methods

3.1. Initial Geometry

Hybrid designs can be beneficial for all technical components that experience different loads
throughout the part. Accordingly, it is favorable to place high-performance materials in highly
stressed areas, while the remaining structural areas can be made of lightweight or low-cost materials.
In the following, the Tailored Forming of a bevel gear combining two different steel grades is discussed.
For the contacting tooth flanks exposed to rolling loads under operating conditions, a high-strength
steel 41Cr4 (1.7035–AISI 5140) and a martensitic valve steel X45CrSi9-3 (1.4718–AISI HNV3) were used.
The core of the bevel gear consisted of the low-alloyed steel C22.8 (1.0460–AISI 1022M). According to
the assumed load collective, the coaxially arranged hybrid workpieces were produced by two different
types of weld cladding: plasma transferred arc deposition welding (PTAW) and laser hotwire cladding
(LHC). The corresponding cladded preforms are shown in Figure 1a,b.

Figure 1. Cladded preforms produced with plasma transferred arc deposition welding (PTAW) (a)
and laser hotwire cladding (LHC) (b) using a substrate with a diameter of 27 mm; geometry of the
turned workpiece (c) and bevel gear (d).

For both methods, the cladding was welded onto a rotating cylinder of the C22.8 substrate. Due to
the simultaneous axial movement of the cylinder, the weld seams formed a spiral pattern, which resulted
in a wavy contour of the joining zone and non-uniform thickness of the clad layer as shown in a
longitudinal cross section in Figure 2. Its thickness depends on the width of the sealing seams and the
welding penetration depth, which differ according to the cladding method. Based on recommended
thickness values determined in prior investigations on the compound forging of cylindrical gears,
the diameter of the substrate cylinders was set to Ø 27 and Ø 28 mm for PTAW [18]. A smaller
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diameter is not suitable due to the high heat input during cladding. For these specimens, the material
combination C22.8 (substrate)/41Cr4 (cladding) was used. For the LHC process, a substrate diameter
of Ø 27 mm was favorable to achieve the minimal required thickness of the clad layer but prevent a
cladding with several overlapping layers. In this case, a combination of C22.8 (substrate)/X45CrSi9-3
(cladding) was investigated. In order to ensure a constant diameter of the part, the cladded workpieces
were additionally turned to a diameter of Ø 30 mm and shortened to a length of 78 mm (Figure 1c).
The geometry of the hybrid bevel gear is illustrated in Figure 1d).

Figure 2. Material distribution in plasma transferred arc (PTA) cladded workpiece for a 41Cr4/C22.8
combination with an initial substrate diameter of Ø 27 mm along the cutting line A-A (longitudinal
cross section).

3.2. Die Forging

The hybrid workpieces were used to form the near-net-shaped geometry of the bevel gear.
The forging experiments were carried out on a screw press Lasco SPR 500 (LASCO Umformtechnik
GmbH, Coburg, Germany) with a maximum capacity of 40 kJ per single step. The corresponding
forming tool system depicted in Figure 3 was designed modularly. The lower die and the upper geared
die are the main components, creating the mold. The geared die is located in the upper part of the tool.
This ensures an appropriate detaching of the final forgings by their own weight. The height of the
bevel gear is defined by limit stops. Before forming, the forging dies were heated up to a temperature
of 200 ◦C. The maximum forging force was approx. 510 kN.

Figure 3. Forging tool system for manufacturing hybrid bevel gears.

The heating of the workpieces was carried out inductively. For an optimal die filling, an axially
inhomogeneous heating profile was used (Figure 4). Details about the heating strategy are given
in [19]. An axial temperature gradient of ca. 200 ◦C was achieved by off-center positioning of the
workpiece inside the induction coil. By means of the electromagnetic end effect occurring in the
workpiece areas located close to the edge of the induction coil, it was possible to set lower temperatures
in the lower part of the workpiece [20]. In order to ensure high reproducibility of the forging tests,
the pre-heated workpieces were automatically transferred from the induction coil to the forging tool
system. After forging, the bevel gears were directly transported to the air-water spray cooling station
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and subsequently processed in an integrated heat treatment step. In the reference process route without
heat treatment, the bevel gears were cooled in still air.

Figure 4. Thermographic image and axial temperature profile measured at the workpiece surface
before forming.

3.3. Heat Treatment

The forming process was followed by a process-integrated surface hardening by quenching using
an air-water spray cooling (Figure 5). The residual heat in the bevel gear after forging was employed
for process-integrated heat treatment. By applying a short intensive cooling, a martensitic surface
layer was formed; by interrupting the intensive cooling after a given time, a subsequent self-tempering
of this surface layer was realized. This self-tempering of the martensitic surface layer occurs when
residual heat from the core of the not fully quenched bevel gear flows to the surface.

 

Figure 5. Quenching of a rotating bevel gear in an air-water spray.

The spray cooling system consisted of eight air-water spray nozzles (Internal Mix Nozzles, SUJ12,
Spraying Systems Co®, Wheaton, IL, USA) annularly arranged around a rotating mount for the bevel
gear. The nozzles were aligned at a distance of 100 mm from the workpiece surface. By varying
air and water inlet pressures, the cooling rate was adjusted. A martensitic surface layer in the
toothing area of the bevel gears was produced by a short quenching phase with high cooling rates.
Subsequently, the residual heat remaining in the core of the bevel gear was employed to temper
the surface layer. By means of employing active cooling, the self-tempering temperature could be
controlled. A pyrometer was used to monitor the set self-tempering temperature. The pyrometer
recorded the temperature at the tooth tip during the self-tempering phase. Since air-water spray
was employed during self-tempering, measurement was only possible between two air-water spray
pulses. Hence, short pulses of air-water spray were employed automatically every time the surface
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temperature exceeded the desired self-tempering temperature. To ensure a uniform heat treatment
start temperature after transporting the forged bevel gears from the forging press to the spray cooling
system, a second pyrometer measured the temperature on the top side of the bevel gear. By means of
numerical simulations of process-integrated surface hardening and tempering, the spray parameters
(inlet pressures), the duration of the quenching phase and the self-tempering temperature were
determined; see Table 1. The heat transfer coefficients for the simulation were estimated by prior
cooling tests on bevel gears. To compute the cooling curves by numerical simulations of the quenching
process, boundary conditions were adapted as described in [21].

Table 1. Heat treatment parameters of the different hybrid bevel gears.

Material Combination 41Cr4, 41Cr4/C22.8, Ø 27 and Ø 28 mm X45CrSi9-3/C22.8, Ø 27 mm

Start temperature 950 ◦C 1000 ◦C
Duration 1st phase 10 s 8 s

Cooling medium 1st phase Air-water spray Air-water spray
Tempering temperature 2nd phase 300 ◦C 750 ◦C

Cooling medium 2nd phase Air-water spray Air-water spray

Figure 6 shows the time-temperature curves recorded during heat treatment of the bevel gears
with a first phase of quenching followed by the self-tempering phase. The temperatures were measured
at the tooth flanks with a pyrometer and used to control the self-tempering process. If the specified
self-tempering temperature of 300 ◦C in the bevel gears with the material combination 41Cr4/C22.8
was exceeded, the air-water spray pulse was activated for a short period to reduce surface temperature.
This resulted in temperature oscillations (green and orange curves) during the tempering phase starting
at about 15 s. Due to the higher recommended self-tempering temperatures of up to 750 ◦C for the steel
X45CrSi9-3, no air-water spray cooling was required in this heat treatment phase; hence, for the material
combination X45CrSi9-3/C22.8, no such cooling related oscillations occurred. Instead, only oscillations
with lower amplitude are visible caused by the rotation of the bevel gears during heat treatment.
The system was manually stopped when an active control of the tempering temperature was no longer
required, so that the total self-tempering times seen in Figure 6 vary. The sudden temperature drop at
the end of each plot is caused by stopping the measurement. After self-tempering, the bevel gears
were placed outside of the spray cooling arrangement and cooled down in still air.
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Figure 6. Temperature curves measured with a pyrometer at the tooth flank of the bevel gear.

3.4. Investigation of the Joining Zone

To characterize the microstructural evolution after each process step, cross-sections were extracted
from the hybrid workpieces and the bevel gears. Due to deviating forming temperature and strain
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distribution in the upper and in the lower part of the bevel gear, two sampling positions A and B
were employed (Figure 7a). After metallographic preparation, the specimens were etched with 5%
nitric acid solution. To reveal the martensitic microstructure of the X45CrSi9-3 steel, an etching with
Beraha II reagent was applied to the cladded and forged samples, and a V2A etchant was used on
the heat-treated specimens. A detailed microstructural analysis of the combination X45CrSi9-3/C22.8
is given in [19]. Hardness measurements according to Vickers (HV0.5) were carried out for both
the cladding layer and the substrate close to the interface [22]. In the bevel gears, the hardness was
examined in the tooth tip area. The average values and the standard deviations given in Table 2 were
calculated based on 10 indentations each in the cladding layer and in the substrate.

Figure 7. Sampling positions of the cross-sectional micrographs for metallographic examination and
hardness measurements (a), extraction position of the sample plates (b), extraction position of the
tensile specimens from the sample plates (c), geometry of the micro tensile specimen (d).

Table 2. Average hardness values (HV 0.5) of cladding and substrate after cladding, forging and
heat treatment.

Material Combination
41Cr4/C22.8,

Ø27 mm
41Cr4/C22.8,

Ø28 mm
X45CrSi9-3/C22.8,

Ø27 mm

Cladded workpiece Cladding layer 299 ± 16 289 ± 13 379 ± 13
Substrate 164 ± 7 165 ± 13 146 ± 3

After forging
Position A

Cladding layer 221 ± 9 262 ± 8 462 ± 77
Substrate 170 ± 3 166 ± 4 148 ± 4

Position B
Cladding layer 224 ± 7 238 ± 3 276 ± 4

Substrate 156 ± 8 152 ± 4 140 ± 2

After heat
treatment

Position A
Cladding layer 513 ± 7 539 ± 9 589 ± 23

Substrate 410 ± 6 413 ± 6 268 ± 5

Position B
Cladding layer 503 ± 6 534 ± 7 732 ± 7

Substrate 345 ± 12 340 ± 14 188 ± 3

For a mechanical characterization of the interface, tensile test specimens with the geometry given
in Figure 7d were cut from the longitudinal cross section of the cladded workpieces and the hybrid
bevel gears using wire electrical discharge machining (EDM). The samples from the bevel gears were
cut from the tooth tip area according to the sampling position depicted in Figure 7b. At first, three thin
plates with a thickness of 1 mm were eroded from each section and etched with FeCl3 reagent to
reveal the material distribution. Thus, the tensile specimen from both positions A and B could be
prepared precisely by means of wire EDM featuring the joining zone in the center of the specimen as
shown in Figure 7c. Overall, six specimens were extracted from each bevel gear and each workpiece.
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The experiments were carried out using a tensile testing machine Zwick Retro (Line ZwickRoell, Ulm,
Germany) with a maximum capacity of 10 kN. Prior to testing, the specimens were pre-stressed with a
load of 5 N. The stress increase rate was set to 30 MPa/s according to standard EN ISO 6892-1 [23].

4. Results

The results of the microstructural examination are summarized in Figure 8. In both types of
PTAW-cladded workpieces made of 41Cr4/C22.8 (Figure 8a,b), the clad material (marked as CM) shows
a pearlitic microstructure with ferrite along the former austenitic grain boundaries. The base material
(marked as BM) has a ferritic-pearlitic microstructure with a prevailing ferrite fraction typical for
low eutectoid steels. Close to the joining zone, a needle-shaped Widmanstätten structure is visible,
which is induced by the high cooling rates after the cladding process. The forging process has a
positive influence by completely transforming the coarse-grained weld microstructures. A smooth
transition between cladding and substrates is visible. Grain refinement by recrystallization due to
thermomechanical treatment took place at both investigated positions A and B (Figure 8d–h).

In the LHC workpieces combining X45CrSi9-3 and C22.8, the cladding material X45CrSi9-3 mainly
consists of martensite and nodular-shaped pearlite. The substrate contains a mixture of ferrite and
pearlite (Figure 8c). However, the Widmanstätten structure, which appears in the substrate close to the
joining zone after cladding, is less pronounced compared to the 41Cr4/C22.8 workpieces. This can be
explained by lower heat input during LHC in comparison to the PTAW, resulting in a lower thickness
of the heat-affected zone (HAZ). Probably, there was also some difference in the cooling rates as well
as in the start temperature of the transformation. In the transition zone, a pearlite interlayer with a
thickness up to 50 μm can be observed, which is retained after forging.

Contrary to the 41Cr4/C22.8 workpieces, the micrographs of the combination X45CrSi9-3-C22.8
show some microstructural differences at positions A and B (Figure 8f–i). While the substrate shows
grain refinement in both cases, the former austenitic grains of the cladding material have a coarser
structure in position A than in position B. This means that the cladding of X45CrSi-9 is more sensitive
to the temperature gradient between lower and upper part of the bevel gear (Figure 4) and the strain
differences than the cladding of 41Cr4. The higher forming temperature at position A can result in
intensive grain growth, which cannot be compensated for by recrystallization due to the lower strain
at this position.

The heat treatment showed the desired impact on the microstructure in all cases. Due to the high
cooling rates during spray quenching, a fully martensitic microstructure free of pearlite was achieved
in both claddings. The subsequent self-tempering, applied to reduce brittleness and residual stresses
in the hardened microstructure, tempers the martensite in the cladding layer as depicted in Figure 8j–o.
A similar microstructure is also present in the partially heat-affected substrate close to the joining
zone, providing a smooth transition between cladding and substrate. Moreover, the pearlitic interlayer
observed in the material combination X45CrSi9-3/C22.8 was fully suppressed by the heat treatment.

The average hardness values given in Table 2 are in line with the microstructural features described
above. The hardness values of X45CrSi9-3 were in all cases higher than those of 41Cr4, since at least
some fraction of martensite forms even for the low cooling rates when cooling in still air. For both
investigated material combinations, the hardness of the substrate and of the cladding material remained
at the same level after forging as after cladding. However, the heat treatment resulted in a substantial
increase in the material strength, and the tempered martensite in the cladding layer showed hardness
values above 500 HV 0.5. For X45CrSi9-3, a maximum hardness of approx. 730 HV 0.5 was achieved at
position B and of approx. 590 HV 0.5 at position A. This variance can be attributed to the microstructural
differences observed between positions A and B.
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Figure 8. Microstructural evolution in the material combinations 41Cr4/C22.8 and X45CrSi9-3/C22.8
after cladding (a–c), forming (d–i) and heat-treatment (j–o); etched with 5% nitric acid solution
excluding (c,f,i)—etched with Beraha II reagent—and (l,o)—Etched with V2A etchant.

The average tensile strength values for all investigated conditions are summarized in Figure 9.
In all specimens, fracture in the hybrid samples occurred within the gauge section on the side of the
base material with the lower strength. Thus, the measured values are not labeled as bond strength
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but as tensile strength. In analogy to the hardness values, the strength values for the conditions after
cladding and after forming show no substantial differences (Figure 9a–c), and the strength values at
positions A and B are similar. The values for mono-material specimens made of 41Cr4 (marked grey)
are considerably higher after forming than those of the hybrid specimens. This can be attributed to the
elevated mechanical properties of the steel 41Cr4 in comparison to the C22.8 substrate, in which all
hybrid specimens fractured.
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Figure 9. Tensile strength values of cladded workpieces (a), forged bevel gears at position A (b)
and B (c), heat-treated bevel gears at position A (d) and B (e).

The integrated heat treatment increased the material strength as depicted in Figure 9d,e.
In comparison to the condition after forging, the strength values of the samples of 41Cr4/C22.8
(marked green and orange) doubled and were close to those of the steel 41Cr4. The samples of
X45CrSi9-3/C22.8 show a lower strength. This can be attributed to higher self-tempering temperatures,
and thus a lower hardness of the substrate and an increased hardness difference between cladding
and substrate compared to 41Cr4/C22.8. Despite the microstructural differences at position A and B,
the corresponding strength values do not differ substantially from each other.

5. Discussion

The previous methods for production of hybrid gears are generally represented by shrink
fitting, friction welding [24] or bi-metal casting [25]. In the field of forging, there are only few
investigations on the compound forging of straight bevel gears, where forming and the joining are
combined in a single stage. The key challenge in joining by forming is the creation of the metallurgical
bond between raw parts. Politics et al. studied the material flow behavior of different material
combinations (steel-aluminum, steel-lead, steel-copper and copper-lead) depending on tooth ring
thickness as well as friction properties in the interface zone and in the contact area between forging
tool and workpiece [26,27]. Wu et al. carried out similar research for a steel-aluminum-combination
focusing on gap size and height difference between ring and core [28]. In this context, the Tailored
Forming technology using pre-joined workpieces represents an innovative approach for production of
hybrid gears.

Each process step in the process chain of Tailored Forming contributes to the final quality of
the bevel gear. The application of previously joined cladded workpieces ensures continuous joints
and easy handling of multi-material workpieces throughout the whole process chain. The forging
process after cladding facilitates a grain refinement of the coarse weld microstructure, which positively
affects the mechanical properties of the parts. The heat treatment contributes to the functionality of the
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bevel gears under operating conditions by increasing strength and hardness values of the tooth flanks.
The micrographs in Figure 8 illustrate the microstructural evolution along the process chain.

As revealed by the hardness measurements, heat treatment has the most decisive influence on
the strength of cladding and substrate. The hardness increase in the substrate can be attributed to the
fact that the investigated area was located in the heat-affected zone (HAZ) during the heat treatment
(Figure 10). Due to different outer diameters of the bevel gears, tooth sizes and axial temperature
gradients, the depths of the HAZ at positions A and B differ. For instance, the higher heat input to the
gear core at position B results in prolonged surface cooling. Therefore, a shallower HAZ is observed
at this position. Independent of the initial substrate diameter, the HAZ is of a similar thickness at
both positions A (Figure 10a,c) and B (Figure 10b,d) for the material combination 41Cr4/C22.8. In the
case of material combination X45CrSi9-3/C22.8, the size of the HAZ is reduced in comparison with
41Cr4/C22.8 as a result of the different heat treatment strategy with higher self-tempering temperatures.
At position B (Figure 10f), this effect is even more pronounced than at the position A due to the higher
heat emanating from the bevel gear core.

Figure 10. Heat-affected zones after quenching and self-tempering in bevel gears of the material
combinations 41Cr4/C22.8 (a–d) and X45CrSi9-3/C22.8 (e,f) at position A (a,c,e) and B (b,d,f).

Comparing the tensile strength values of the bevel gears of material combination 41Cr4/C22.8,
the bevel gears with a substrate diameter of 28 mm show a higher strength after forging and heat
treatment (Figure 9). Since the tensile specimens were prepared with the joining zone always
located in the center of the specimens (Figure 7d), their extraction position from the bevel gears
slightly differed due to a varying cladding layer thickness for Ø 27 mm and Ø 28 mm. The tensile
specimens for workpieces with an initial substrate diameter of Ø 27 mm are slightly displaced in
the direction of the tooth tip core. This results in a lower tensile strength compared to the Ø 28 mm
specimens (Figure 9b,c). With respect to heat treatment, the larger initial substrate diameter and the
corresponding thinner cladding layer resulted in an increased hardening depth in the part of the
tensile test specimens that corresponded to the substrate. Thus, a slightly higher tensile strength for
the Ø 28 mm specimens after quenching and self-tempering was observed (Figure 9d,e). The lower
tensile strength of the X45CrSi9-3/C22.8 bevel gears compared to those consisting of 41Cr4/C22.8
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results from the increased self-tempering temperatures, reducing strength in the C22.8 part of the
tensile test specimens (cf. Figure 6). The heat in the component is therefore not dissipated as quickly
as in the 41Cr4/C22.8 bevel gears. Here, the increased self-tempering temperatures are intended to
foster a secondary hardening by the formation of chromium carbides [29]. Self-tempering at higher
temperatures and the lower heat dissipation result in a decreased hardness of the substrate (188/268
HV 0.5 for X45CrSi9-3/C22.8 compared to 340/410 HV 0.5 for 41Cr4/C22.8); cf. Table 2. Accordingly,
the tensile strength of such specimens is reduced.

In future studies, the functionality of the investigated bevel gears will be tested under operating
conditions. This will require a grinding of the tooth flanks in order to achieve a high meshing of
the forged pinion with the mating gear. These experiments will provide information on the service
life behavior of hybrid bevel gears of different material combinations and with varying cladding
thicknesses and heat-treatment conditions.

6. Conclusions

In the present study, the process chain of Tailored Forming was used for producing
high-performance hybrid bevel gears. The main results can be summarized as follows:

• The forming process has a great influence on the microstructure refinement.
Due to the thermomechanical processing during forging, the initially coarse weld
microstructure recrystallizes.

• The cooling strategy has the most important influence on the resulting values of hardness and
tensile strength. High cooling rates by air-water spray quenching are the main strengthening
factor. In air-cooled condition, hardness and strength remain almost unaffected.

• A process-integrated heat treatment by air-water spray quenching and self-tempering allows
tailoring hardness and tensile strength in the cladding and the substrate.

• Since fracture of the hybrid tensile samples occurred in the lower strength substrate, a high quality
of the bond at the interface was obtained.

• Hybrid bevel gears of the material combination 41Cr4/C22.8 manufactured by Tailored Forming
feature a tensile strength similar to bevel gears of 41Cr4 mono-material.

• In comparison, bevel gears of the material combination X45CrSi9-3/C22.8 show a higher hardness
in the cladding layer but a lower hardness in the substrate. While the increased hardness in the
cladding is attributed to the formation of chromium carbides, the lower hardness in the substrate is
caused by the increased self-tempering temperatures recommended for the steel grade X45CrSi9-3.

• The combination of Tailored Forming and a process-integrated heat treatment allows producing
components with adapted hardness gradients by employing different materials and customized
time-temperature profiles.
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Abstract: Forming of hybrid bulk metal components might include severe membrane mode
deformation of the joining zone. This effect is not reflected by common Traction Separation Laws used
within Cohesive Zone Elements that are usually applied for the simulation of joining zones. Thus,
they cannot capture possible damage of the joining zone under these conditions. Membrane Mode
Enhanced Cohesive Zone Elements fix this deficiency. This novel approach can be implemented
in finite elements. It can be used within commercial codes where an implementation as a material
model is beneficial as this simplifies model preparation with the existing GUIs. In this contribution,
the implementation of Membrane Mode Enhanced Cohesive Zone Elements as a material model is
presented within MSC Marc along with simulations showing the capabilities of this approach.

Keywords: tailored forming; membrane mode enhanced cohesive zone elements; damage;
joining zone

1. Introduction

The requirements for technical products are rising. Fulfilling these becomes more and more
difficult using mono material components. A hybrid component combines different materials and can
be tailored to meet specific requirements that might not be possible with a single material. The joining
process to produce hybrid components from two or more mono material parts is usually at the end of
the production chain. If a forming process is included, joining is either during or after the forming
process. Doing the joining process before forming allows to treat the joining zone during forming
geometrically and thermomechanically. This provides more flexibility to tailor the hybrid component
regarding its requirements; this process is called Tailored Forming (Figure 1).

Figure 1. Tailored forming process chain [1].

The joining zone is intended to be firmly bonded. In the case of aluminium and steel, intermetallic
compounds often arise. Their existence shows that a firm bond is obtained during joining. Subsequent
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heat treatments cause thickening of intermetallic compounds to about 2 μm [2]. Though practical
investigations indicate advantages of joining zones without or with a non-measurable intermetallic
compound thickness during forming [3].

Thin layers are often modelled using cohesive zone elements. Standard formulations use traction
separation laws for the constitutive relation which are not sufficient here. Forming of hybrid bulk metal
components might include severe membrane deformations that are additional deformation modes
not describable by separations. Internal Thickness Extrapolation (InTEx) [4] and Membrane Mode
Enhanced Cohesive Zone Elements (MMECZE) [5] are two novel approaches that consider additional
loading directions. Internal Thickness Extrapolation aims on layers that are thin but not completely
flat, reconstructs a volumetric geometry from a flat element topology and applies bulk material models.
Membrane Mode Enhanced Cohesive Zone Elements are focused on flat joining zones and combine
Traction Separation Laws for the separation loading directions with a bulk material capturing the
damage contribution from membrane mode deformation of the joining zone. Here, the latter approach
is more convenient due to the flatness of the joining zone.

2. Membrane Mode Enhanced Cohesive Zone Elements

Membrane Mode Enhanced Cohesive Zone Elements are extensively described in [5]. Here,
key points are summarised that are necessary for the implementation and application.

The Continuum Damage Mechanics framework from Lemaitre [6] is a concept that can describe
damage in various bulk material models. Damage (0 ≤ D ≤ 1) reduces the effective surface area for
load transmission. Stress is distributed on a smaller portion of the material; the elastic and the plastic
response are affected. For Membrane Mode Enhanced Cohesive Zone Elements the framework is
applied at an interface. Instead of tensorial stresses, traction vectors transmit the load through the
material. Figure 2 shows the joining zone with partial defects (∂SD) that reduce the surface area for
load transmission (t). The effective traction due to a reduction of the load transmitting surface area is

t̃ =
t

1−D
(1)

Figure 2. Damage of an interface [5].

The change of damage is related to the rate
.

D which depends on the combination of the plastic
multiplier

.
λ describing the amount of deformation and the strain energy density release rate Y.

The latter is the amount of elastic energy stored in the material that is released due to damage softening

.
D =

.
λ

1
1−D

(Y
S

)s
(2)

with Y =
1
2

1

(1−D)2

⎛⎜⎜⎜⎜⎝ t
2
t

E
+

t2
s

G

⎞⎟⎟⎟⎟⎠ (3)
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where s and S are damage related material parameters, tt and ts are the tension and shearing part of
the traction, and E and G are the Young’s and shearing modulus.

Traction Separation Laws (TSLs) are defined on the cohesive surface (black dashed in Figure 3)
that describes the midplane of the initially coincident faces of the upper and lower component

xcs =
xu + xl

2
(4)

Figure 3. Separation of a joining zone; initial configuration (a) and current configuration (b) [5].

TSLs describe the traction over separation relation. They are often curves with a nonlinear load
increase that levels off smoothly for a rising displacement until failure. This might be realistic for the
application of modelling adhesives. Within Tailored Forming brittle failure of an infinitesimal thin
joining zone has to be described. The theoretically infinitesimal stiffness with sharp load release after
failure is modelled using a large but finite artificial stiffness k to circumvent numerical problems

t = k δ (5)

where t is the traction resulting from the separation δ (see green vectors in Figure 3). This traction
separation relation induces a reaction force in the direction contrary to the separation.

The membrane mode deformation can be modelled, see Figure 3, as angular and length changes
of the vectors Aξ and Aη in the initial configuration to aξ and aη in the current configuration.
Describing these vectors in a two-dimensional local coordinate system that follows the cohesive
surface (two dimensional quantities with ˆ in the following) allows to compute a two-dimensional
deformation gradient

F = ∂x̂
∂X̂

= ∂x̂
∂ξ̂
· ∂ξ̂
∂X̂

with ∂x̂
∂ξ̂

=
(

Âξ Âη
)

and ∂ξ̂
∂X̂

=
(

âξ âη
)−1 (6)

Based on the deformation gradient a variety of material models can be applied; here the Lemaitre
model is used. The plastic multiplier as amount of (plastic) deformation can be computed (right in
Figure 4). Together with tractions from the traction separation relation (left) a damage rate (

.
D) results.

Accumulation of the damage D (or certainly high tractions tn and ts) might then cause interruption of
the cohesion.
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Figure 4. Merging cohesive zone modes and membrane modes [5].

The Membrane Mode Enhanced Cohesive Zone Element concept does not necessitate this,
but failure is updated explicitly here. This means the load transmission is cut off in the time step after
failure occurred. Such procedure is numerically very advantageous as failure induced instabilities
are inhibited and the nonlinearity of the computation is limited to the nonlinearity of the forming
process itself.

3. Cohesive Modelling in MSC Marc

Marc is a nonlinear finite element solver from MSC Software (MSC Marc Mentat 2019 Feature
Pack 1, Newport Beach, CA, US). The pre- and postprocessor Mentat, also from MSC Software,
allows to setup simulations for Marc. Linear and quadratic Cohesive Zone Elements are provided
by the software package [7]. Figure 5 shows the connectivity (a) and Gauss integration points (b) of
element 188. The connectivity corresponds to a brick element, though the thickness in one direction is
(initially) zero so the geometry complies with a quadrilateral element. As integration is only executed
in the cohesive surface (dashed midplane, Figure 5a), a Gauss integration scheme contains only
2× 2 = 4 points like a quadrilateral element. Wedge or triangle like element types and Newton Cotes
integration schemes are also available. The degrees of freedom are displacements in three directions.
In case of a thermomechanical analysis a weak coupling is realized with a staggered approach,
i.e., a separate thermal element is used additionally to the mechanical element (e.g., the thermal element
222 corresponds to the mechanical element 188).

Figure 5. MSC Marc element 188: connectivity (a) and Gauss integration points (b) [7].
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Modelling of cohesive zones is realised as a subsequent step of solid modelling. Existing nodes
are doubled and the Cohesive Zone Element is placed. Cohesive elements can either immediately
be inserted (Toolbox/General/Matching Boundaries) or when a certain load criterion is reached
(Toolbox/Fracture mechanics/Delamination). Here, the direct insertion is beneficial to track membrane
changes even if the load remains small. The inserted cohesive elements can use user subroutines to
define the material behaviour.

Figure 6 shows the analysis path from pre- to postprocessing; element and material subroutines are
drawn as sub steps of processing to discuss the implementation that interacts here. During processing,
coordinates and displacements are handed over to the element subroutine. In the case of cohesive
elements, separations are computed and the material subroutine is called. The material subroutine
returns a tangent and stress. This is processed in the element subroutine to an element stiffness matrix
and a residual.

Figure 6. Processing.

4. Membrane Mode Enhanced Cohesive Zone Element Technology as a Material Subroutine

A cohesive formulation based on separations does not need to know more about the deformation
than the separations. Though Membrane Mode Enhanced Cohesive Zone Elements need information
about the membrane deformation. Therefore, in [5] they are implemented as a user element.
To comfortably use this new technology within MSC Marc, it has to be implemented as a material
model. The missing information has to be gathered and the differing output has to be discussed as well.

4.1. Gathering Information about the Membrane Deformation

For the sake of simplicity, Figure 6 only shows the separation as most important information that
is transferred from the element to the material. Some further data are the external element number
m(1) and the integration point number nn. However, the required information about the membrane
deformation is not transferred. Though Marc provides some functions that help to gather the required
information about the membrane deformation [8]. The (internal) element nodes nodes and the number
of nodes num can be determined using

call elnodes(ielint(m(1)),num,nodes)

where ielint(m(1)) converts the external to an internal element number. The number of nodes is
used to identify the current element type. The internal node numbers have to be converted to external
node numbers

nodeid = nodext(nodes(i))

as these can be used to obtain nodal values with
call nodvar(icod,nodeid,valno,nqncomp,nqdatatype)
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where, e.g., icod=0 gives coordinates and icod=1 displacements.
The requested data is returned in valno; nqncomp and nqdatatype are the size and type of the

returned data. With these the initial and current cohesive surface geometry can be constructed; e.g. the
corner points for a linear quad like element in initial configuration are

xs(:,1) = (xl(:,1) + xl(:,5))/2

xs(:,2) = (xl(:,2) + xl(:,6))/2

xs(:,3) = (xl(:,3) + xl(:,7))/2

xs(:,4) = (xl(:,4) + xl(:,8))/2,

where xl are the node coordinates. For the current configuration the displacements have to be
added. All this happens within a material subroutine that is called in one certain integration point.
The location of integration point number nn for a linear quad with Gauss integration is

select case (nn)

case (1)

xi = − 1.d0/dsqrt(3.d0)
eta = − 1.d0/dsqrt(3.d0)
case (2)

xi = + 1.d0/dsqrt(3.d0)

eta = − 1.d0/dsqrt(3.d0)
case (3)

xi = − 1.d0/dsqrt(3.d0)
eta = + 1.d0/dsqrt(3.d0)

case (4)

xi = + 1.d0/dsqrt(3.d0)

eta = + 1.d0/dsqrt(3.d0)

end select .
With standard bilinear ansatz functions and derivatives
N(1) = 0.25d0 * ( 1.d0 − xi) * ( 1.d0 − eta)
N(2) = 0.25d0 * ( 1.d0 + xi) * ( 1.d0 − eta)
N(3) = 0.25d0 * ( 1.d0 + xi) * ( 1.d0 + eta)

N(4) = 0.25d0 * ( 1.d0 − xi) * ( 1.d0 + eta)
Nxi(1) = 0.25d0 * (−1.d0 + eta)
Nxi(2) = 0.25d0 * ( 1.d0 − eta)
Nxi(3) = 0.25d0 * ( 1.d0 + eta)

Nxi(4) = 0.25d0 * (−1.d0 − eta)
Neta(1) = 0.25d0 * (−1.d0 + xi)
Neta(2) = 0.25d0 * (−1.d0 − xi)
Neta(3) = 0.25d0 * ( 1.d0 + xi)

Neta(4) = 0.25d0 * ( 1.d0 − xi)
the 3D tangential vectors in initial and current configuration can be determined. E.g., for the

quadrilateral like element with the number of cohesive surface points num2 the tangential vectors in
the initial configuration are

axi3Di = (/ 0.d0, 0.d0, 0.d0 /)

aet3Di = (/ 0.d0, 0.d0, 0.d0 /)

do i = 1, num2

axi3Di(1) = axi3Di(1) + xs(1,i) * Nxi(i)

axi3Di(2) = axi3Di(2) + xs(2,i) * Nxi(i)

axi3Di(3) = axi3Di(3) + xs(3,i) * Nxi(i)

aeta3Di(1) = aeta3Di(1) + xs(1,i) * Neta(i)

aeta3Di(2) = aeta3Di(2) + xs(2,i) * Neta(i)

aeta3Di(3) = aeta3Di(3) + xs(3,i) * Neta(i)
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end do

and accordingly, in the current configuration. With the procedure in [5] the 2D tangential vectors
and finally the 2D deformation gradient can be computed that describes the membrane deformation.

4.2. Returning Stress and Material Tangent

The stress returned from a standard Traction Separation Law as a material routine for interfaces
contains three components: normal direction (N) and two shearing directions (S1 and S2)

s =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
sN

sS1

sS2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (7)

The corresponding tangent considers the changes with respect to normal and (two)
shearing separations

d =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
∂sN/∂δN ∂sN/∂δS1 ∂sN/∂δS2

∂sS1/∂δN ∂sS1/∂δS1 ∂sS1/∂δS2

∂sS2/∂δN ∂sS2/∂δS1 ∂sS2/∂δS2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (8)

Taking all directions into account, two in plane stretching (IP1 and IP2) directions and the out of
plane shearing direction (OPS) have to be added

s =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

sN

sS1

sS2

sIP1

sIP2

sOPS

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(9)

d =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

∂sN/∂δN ∂sN/∂δS1 ∂sN/∂δS2 ∂sN/∂δIP1 ∂sN/∂δIP2 ∂sN/∂δOPS
∂sS1/∂δN ∂sS1/∂δS1 ∂sS1/∂δS2 ∂sS1/∂δIP1 ∂sS1/∂δIP2 ∂sS1/∂δOPS
∂sS2/∂δN ∂sS2/∂δS1 ∂sS2/∂δS2 ∂sS2/∂δIP1 ∂sS2/∂δIP2 ∂sS2/∂δOPS
∂sIP1/∂δN ∂sIP1/∂δS1 ∂sIP1/∂δS2 ∂sIP1/∂δIP1 ∂sIP1/∂δIP2 ∂sIP1/∂δOPS
∂sIP2/∂δN ∂sIP2/∂δS1 ∂sIP2/∂δS2 ∂sIP2/∂δIP1 ∂sIP2/∂δIP2 ∂sIP2/∂δOPS
∂sOPS/∂δN ∂sOPS/∂δS1 ∂sOPS/∂δS2 ∂sOPS/∂δIP1 ∂sOPS/∂δIP2 ∂sOPS/∂δOPS

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(10)

The resistance of a zero thickness surface regarding in plane stretching and out of plane shearing is
assumed to be zero. This can be justified considering a very thin layer where the reaction force depends
on the integral over the thickness. Without thickness, the reaction force becomes zero. Hence in-plane
stretching and out-of-plane shearing are assumed not to contribute to the residual and thus Membrane
Mode Enhanced Cohesive Zone Elements build their element residual solely based on the separation
modes. The other directions are still considered for damage calculations but can be omitted in the
stress and consequently also in the tangent

s =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

sN

sS1

sS2

0
0
0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(11)

143



Metals 2020, 10, 1333

d =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

∂sN/∂δN ∂sN/∂δS1 ∂sN/∂δS2 ∂sN/∂δIP1 ∂sN/∂δIP2 ∂sN/∂δOPS
∂sS1/∂δN ∂sS1/∂δS1 ∂sS1/∂δS2 ∂sS1/∂δIP1 ∂sS1/∂δIP2 ∂sS1/∂δOPS
∂sS2/∂δN ∂sS2/∂δS1 ∂sS2/∂δS2 ∂sS2/∂δIP1 ∂sS2/∂δIP2 ∂sS2/∂δOPS

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(12)

At this point, it can be noticed that all necessary stress components for Membrane Mode Enhanced
Cohesive Zone Elements can be returned and processed in the standard Cohesive Zone Element
manner. Though the influence of in plane modes in the tangent cannot be captured in this way what
might have an influence on the convergence. In [5], failure is updated explicitly. For this reason,
the influence of membrane mode deformations during one load step cancels out

d =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

∂sN/∂δN ∂sN/∂δS1 ∂sN/∂δS2 0 0 0
∂sS1/∂δN ∂sS1/∂δS1 ∂sS1/∂δS2 0 0 0
∂sS2/∂δN ∂sS2/∂δS1 ∂sS2/∂δS2 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(13)

and the tangent can also be processed in the standard Cohesive Zone Element manner.

4.3. Thermal and Mechanical Parameters

In [5], several simulations are carried out to fit parameters for the material model. The maximum
allowable tensile and shear traction are determined to be tt,max = 365 MPa and ts,max = 300 MPa.
The Lemaitre damage parameters are s = 1.0 and S = 0.34.

The thermal conductivity of the joining zone considered as bulk material within an InTEx element
is investigated in [9]. For undamaged (D = 0) or fully damaged (D = 1) material, the conductivity is

κ(D = 0) = 68
W

mK
, κ(D = 1) = 0.01

W
mK

. (14)

This can be converted to a heat transfer coefficient h

h(D = 0) = 6800000
W

m2K
, h(D = 1) = 1000

W
m2K

, (15)

with the corresponding bulk material thickness of t = 10 μm. It is assumed that h linearly depends on
D

h(D) = (6800000 (1−D) + 1000 D)
W

m2K
. (16)

5. Simulation of a Transverse Link

The transverse link is an advanced demonstrator component for Tailored Forming. All processes
and also the final geometry are currently under development. The raw hybrid part is produced
by extrusion; a forging process and afterwards machining is used to generate the final geometry.
According to the current state, the raw part is an L formed steel profile (32 mm × 32 mm, width = 7 mm)
that is filled with aluminium (Figure 7a). The final geometry is flattened, contains an indentation in the
middle and has three holes for mounting (Figure 7b).
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Figure 7. Transverse link; raw (a) and final geometry (b).

The forging process is simulated here to test Membrane Mode Enhanced Cohesive Zone Elements
in a new load case especially with the implementation in MSC Marc. The simulations might also give
an idea of the impact of forming on this specific part, though the validity is limited as no material
data for this certain joining zone is available; the parameters in Section 4.3 stem from a different
process. For the bulk materials temperatures of Θst = 750 ◦C and Θal = 480 ◦C and yield stresses of
σy,st = 270 MPa and σy,al = 40 MPa [10] are assumed.

The component has a symmetry in thickness direction that is utilised during the simulations.
In a first step, the forming tool is modelled by subtracting the final geometry (except for the holes)
from a solid block. To prevent burr formation, the tool is extended in forming direction, see Figure 8;
practically this can be realised in a closed die process. Simulations show that the indentation in the
middle induces a severe loading of the joining zone; the slope at the edge of the indentation is large and
coincides with the joining zone. This causes failure of the joining zone in a very early stage. Figure 9a
shows a damage contour plot of the slightly formed component. Nodal averaging is activated to
visualise the damage also in the bulk elements around. Even if damage ranges from 0 to 1, here 0.5
is used as upper limit as interface elements contribute a damage and bulk elements do not. In the
case of a tetraeder mesh, or also if the corner here would be damaged from both sides, the averaging
result can only be utilised to indicate that damage occurs. The extent is influenced as the share of
damage contributing elements varies. Figure 9b only contains the interface elements, nodal averaging
is deactivated and the damage can be seen directly on the interface elements using a scale from 0 to 1.

Figure 8. Forming tool.

145



Metals 2020, 10, 1333

Figure 9. Forming process using the original geometry; whole geometry (a) and joining zone (b):
joining zone damage.

Next, the simplified geometry in Figure 10 is used that does not contain the indentation in the
middle. The results strongly depend on the starting position of the specimen in the form. In the
case depicted in Figure 11a, a crack arises after the aluminium gets in contact with the radius of the
form. With a slightly different position (1 mm shift in x and y direction), three positions get cracks,
though later (Figure 11b). The inner corner is strongly shear loaded. On the backside (Figure 12) two
shear induced cracks arise that are both close to the stiffening between mounting 1 and 2 (Figure 7b).
The strong dependency on the position of the specimen in the form necessitates a holder or special
geometry of the form that allows reliable and repeatable positioning. To further reduce loading,
the form is again simplified by dropping the stiffening.

Figure 10. Simplified geometry.

Figure 11. Forming process using a simplified geometry with two different initial positions (a) and (b)
of the specimen in the form: joining zone damage.
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Figure 12. Forming process using a simplified geometry (backside of Figure 11b): joining zone damage.

The process can now be executed further. Though filling the edge around mounting 1 (Figure 7b)
causes severe difficulties. The stronger steel and a thin portion of the weaker aluminium enter the
groove and come into contact on both sides (Figure 13a). Further forming induces compression,
the aluminium starts yielding normal to the compression direction and decohesion is caused by
shearing (Figure 13b). The decohesion induces a reduced heat flow that results in a temperature
jump, see Figure 14. Using an adapted temperature range (Figure 14b) the effect can be noticed better
compared to the plot with the whole temperature range (Figure 14a).

Figure 13. Forming process using a further simplified geometry; before (a) and after failure initiation
(b): Joining zone damage.

Figure 14. Forming process using a further simplified geometry; whole (a) and adapted temperature
range (b): temperature distribution.
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Using a tetraeder mesh (tetraeder for the bulk, triangle or wedge like elements for the interface)
instead of a hexaeder mesh (hexaeder for the bulk, quadrilaterial or hexaeder like elements for the
interface) leads to very similar results. Figure 15 shows the same increment as Figure 13b and the
specimen exhibits failure in the same position.

Figure 15. Forming process using tetraeder elements: joining zone damage.

6. Indentation Test

There are several standard tests for Cohesive Zone Elements, e.g. the double cantilever beam test
or the end notch flexure test. However, they focus on shear or normal separation induced delamination.
Therefore, an indentation test is used here that is influenced by membrane modes as well. A sandwich
of 20 mm × 4 mm steel (upper part) and 20 mm × 4 mm aluminium (lower part) is compressed by a
cylinder with a radius of 6 mm. The simulation is carried out in 3D but boundary conditions are applied
to enforce plane strain conditions. Furthermore, symmetry conditions are utilised. The parameters for
the joining zone are adopted from Section 4.3, for the bulk materials room temperature is assumed and
accordingly yield stresses of σy,st = 600 MPa and σy,al = 400 MPa [10].

Figure 16 shows some increments of the simulation using a fine mesh. Predamaging, failure,
and successive delamination can be observed. The contact algorithm adopted from [5] maintains
a certain stiffness in normal direction only for compression. Therefore, penetration after failure is
prevented but tangential sliding occurs.

The simulations are carried out with 10, 20, 30, 40, 50, and 60 elements in horizontal direction.
Table 1 contains the increment and position of failure initiation for the different meshes. The three finer
discretisations lead to very similar results regarding failure initiation.

Table 1. Location and increment of failure initiation.

Number of Elements in Horizontal Direction Failure in Increment Failure Position from Left Corner

10 59 0.21 mm
20 47 1.40 mm
30 43 0.93 mm
40 40 1.20 mm
50 39 1.16 mm
60 37 1.13 mm
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Figure 16. Cont.
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Figure 16. Cont.
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Figure 16. Indentation test: Joining zone damage: increment 0 (a), 10 (b), 20 (c), 30 (d), 36 (e), 37 (f),
38 (g), 39 (h), 40 (i), 50 (j).

7. Conclusions

Interfaces can be modelled using Cohesive Zone Elements. However, standard formulations do
not consider membrane deformations that occur during forming of hybrid bulk material components.
Membrane Mode Enhanced Cohesive Zone Elements capture these effects. An implementation of this
technology in the nonlinear finite element solver MSC Marc is carried out. The new technology can be
used for thermomechanical simulations in combination with all capabilities that Marc provides for
usual Cohesive Zone Elements as it is implemented as a material subroutine in the provided standard
interface element.

Simulations of a transverse link are carried out to test the technology. The material parameters
stem from a different joining process and the development of the transverse link itself is not finished
yet. Though some general findings might be valid:

(1) The intended geometry contains severe deformation affecting the joining zone.
(2) A more similar geometry of the raw component and the formed component would reduce the

probability of failure initiation here.
(3) The starting position in the form significantly influences the process and should be fixed.
(4) A closed die process with burr prevention should be considered to prevent zones with very large

deformation where a crack initiation might be triggered.

An indentation test is suited to investigate mesh dependency due to a simpler geometry. The load
increment and also the position of failure initiation change from coarse to fine mesh, but are stable for
further mesh refinement.
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Abstract: The realization of the increasing automation of production systems requires the guarantee
of process security as well as the resulting workpiece quality. For this purpose, monitoring systems
are used, which monitor the machining based on machine control signals and external sensors.
These systems are challenged by innovative design concepts such as hybrid components made of
different materials, which lead to new disturbance variables in the process. Therefore, it is important
to obtain as much process information as possible in order to achieve a robust and sensitive evaluation
of the machining. Feeling machines with force sensing capabilities represent a promising approach to
assist the monitoring. This paper provides, for the first time, an overview of the suitability of the
feeling machine for process monitoring during turning operations. The process faults tool breakage,
tool wear, and the variation of the material transition position of hybrid shafts that were researched
and compared with a force dynamometer. For the investigation, longitudinal turning processes with
shafts made of EN AW-6082 and 20MnCr5 were carried out. The results show the feeling machine is
sensitive to all kinds of examined errors and can compete with a force dynamometer, especially for
roughing operations.

Keywords: turning; process monitoring; tailored forming; feeling machine; benchmark

1. Introduction

In production, the aim is to achieve full automation of manufacturing through autonomous
machining processes. In this context, process monitoring systems are an important part of modern
production plants. They protect machines and machine operators from damage, reduce downtime,
and improve workpiece quality by eliminating chatter [1]. Rehorn et al. estimated, if the computer
numerical control (CNC) machine tool is equipped with a monitoring system, downtime can be
reduced by up to 20% while productivity can be raised by 50%. Machine utilization even increases by
more than 40% [2]. The increasing complexity of series production represents a challenge for process
monitoring. This also includes the use of new design strategies, e.g., by combining different materials
in hybrid workpieces. These workpieces with locally adapted properties offer a promising approach for
designing components with energy-efficient applications while reducing the use of high-alloy materials.
This is the main focus of the Collaborative Research Center (CRC) 1153, where material combinations
are joined and formed with different processes and then machined [3,4]. Due to different material
properties and chemical compositions, the machining properties and chip formation mechanisms
change during the cutting process and pose challenges for machining. In particular, the force gradient
during material transition can lead to increased tool wear and the various material properties affect
the workpiece geometry and surface quality. In addition, the trend to single part production or small
batch sizes as well as the high demands on surface quality and manufacturing tolerances pose further
challenges. For this reason, modern process monitoring systems must be provided with process
information of the highest possible quality.
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In this context, more monitoring approaches that combine different signals and features are
being researched [5–7]. A process parameter that offers a high level of information regarding various
production errors is the process force [2,8]. Balsamo et al. showed that a catastrophic tool failure during
turning can be monitored by multi-sensor signal processing of force and acoustic emission [9]. Jie et al.
successfully developed an approach for tool condition monitoring during the machining of titanium
alloys, which is also based on the force and acoustic emission signal [10]. In addition, the development
of a cloud-based framework for monitoring manufacturing processes for online process monitoring
services takes into account process force information due to its high sensitivity [11]. In general,
the machine tool does not provide detailed information about forces. Therefore, various approaches
have been studied in the past to extract this information parallel to the machining. A method to obtain
information about the process force is to extract the process components from control signals [12,13].
This is associated with a high modelling effort, which has to be carried out for each machine due to
manufacturing and assembly tolerances. By using external sensors, process forces can be measured
with high sensitivity [14,15]. These sensor systems require high acquisition costs, are limited in their
flexibility, and restrict the installation space for workpieces [16]. Further approaches to determine
process force information have focused on modelling forces by virtual processing [17]. The simulations
reach their limits if tool wear and thermal effects are to be considered in real time. In addition, a high
modeling effort is required to take the structural dynamic effects into account. To overcome these
challenges, Denkena et al. developed the idea of the "feeling" machine tool. They integrated sensory
machine components, which are placed close to the process and are located directly in the force flow.
These sensory components are equipped with strain gauges that measure the structural strain caused
by the process force. Forces are then reconstructed from the strains. With this approach, the static and
dynamic behavior of the machine structure is generally maintained and a flexible force measurement
is realized. In milling machines, the spindle slides have been modified to become a sensory machine
component. Based on the force sensing properties of the slide, the static tool deflection was determined
during the process. The workpiece quality was improved by online adaptation of the tool position
using an axis offset [18]. The monitoring of geometrical errors of the workpiece was investigated by
a feeling clamping system for a milling process. Therefore, holes were drilled into the workpiece
to represent a material defect for a subsequent flank milling operation. A dynamometer was used
as a reference. The errors could be detected by both measuring systems based on confidence limits.
However, due to a lower signal-to-noise ratio, the feeling clamping system had a lower sensitivity to
the error [19]. Denkena et al. integrated metallic strain gauges in four carriages of a linear guide of
a spindle-driven position axis [20]. The load on the carriages could be measured in two directions
orthogonally to the direction of travel. The quality of the recorded measurement signals was suitable
for detecting parallelism errors in the linear guide. Based on the achieved force, sensitivity process
monitoring could not be performed.

This paper focuses for the first time on the investigation of the suitability of a feeling machine
for process monitoring of turning operations. In this context, the process force is measured based
on a feeling turret during machining and is compared with the measured forces of a dynamometer.
Individual process errors, which affect the process and workpiece quality, are investigated. These
include tool breakage, tool wear, and the varying material transition position of hybrid workpieces.
Based on the considered process errors and the measuring accuracy of the feeling turret, the sensitivity
of the monitoring is discussed for various process parameters.

2. Materials and Methods

2.1. Materials

When researching the system, different investigations were performed with two different materials,
which were presented in Table 1. The samples were shafts with a diameter of 30 or 40 mm and a
length of 120 mm. Mono-material components were selected to investigate tool breakage and tool wear.
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When studying the performance of material detection friction-welded specimens, two mono-material
shafts were used.

Table 1. Material properties.

Material Properties EN AW-6082 20MnCr5

density [g/cm3] 2.70 7.75
hardness [HV] 100 268

ultimate tensile strength [MPa] 310 980–1280
Young’s modulus [GPa] 70 210

thermal expansion coefficient [10−6K−1] 23.4 11.5
thermal conductivity [W/mK] 170–220 42

2.2. Machining and Data Acquisition

Experimental tests were carried out on the turning center Gildemeister CTX420 linear (Germany).
An industrial personal computer (IPC) was connected to an open platform communication server and
fieldbus interface of the Siemens Powerline 840D machine control (München, Germany) as well as to
the CAN bus of the feeling turret. For the longitudinal turning, an indexable insert DNMG150404-FP5
by Walter AG (Tübingen, Germany) was used. The machining operations were all carried out without
the use of cooling lubricant. The process force was measured by the sensory abilities of the turret,
which is equipped with strain gauges (HBM, Darmstadt, Germanycountry). The strain gauges were
set up as a Wheatstone-bridge and glued into the notch ground. The notches were designed by
finite element simulation to increase the measured strain. A total of six strain gauges were set up as
Wheatstone-bridges are placed on the turret. The signals are digitized by electronic devices close to the
measuring position and transmitted to the IPC via a CAN-BUS [21]. According to the occurring strains
during machining, the forces were calculated. The determined force resolution of the feeling turret is
64 N in the x-direction, 43 N in the y-direction, and 44 N in the z-direction. A dynamometer (Kistler
9129A, Winterthur, Switzerland) was used as a reference for the force measurement. Both systems have
a sampling rate of 1000 Hz. The low-pass frequency for the feeling turret is 25 Hz and 30 Hz for the
dynamometer. The passive force Fp acts in the x-direction, the cutting force Fc acts in the y-direction,
and the feed force Ff acts in the z-direction. The numerical control (NC) provided the axis positions
with a frequency of 83 Hz. The measurement setup is shown in Figure 1.

Within the evaluation, the process force was also simulated to investigate the process parameter
range in smaller steps. The force model was used according to Kienzle [22]. The Kienzle parameters
applied for the modelling were determined experimentally on the presented test set-up for the material
and tool combinations. These parameters are shown in Table 2.

Table 2. Summary of Kienzle parameters.

Parameter Symbol Material

20MnCr5 EN AW-6082

specific cutting force kc1.1 2140 N/mm2 742 N/mm2

material exponent mc 0.250 0.236
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Figure 1. Presentation of the measurement setup.

2.3. Simulation of Process Errors

A tool breakage can result in a sudden increase in process force. This can be caused by the
broken cutting-edge jamming between the tool and workpiece. Afterward, the process force decreases
because the gap between tool and workpiece must first be overcome by the travel movement. Then the
remaining part of the tool collides with the workpiece, which increases the process forces again [23].
The described drop in force was simulated in the experiments by a material defect depicted in Figure 2a.
The missing material results in an identical force characteristic as in the case of a tool breakage.
The advantage of these simulated errors is the reproducibility and the fact that the machine tool
components are not critically stressed. To investigate, if tool wear can be identified with the systems,
the resulting force for machining with a new and a worn tool was measured. The worn tool exhibits a
cutting-edge failure with a length of 465 μm, which is depicted in Figure 2b.

Figure 2. (a) Prepared workpiece and (b) presentation of the new and worn tool.

2.4. Monitoring

The confidence limits for monitoring tool breakage were calculated by performing 10 longitudinal
turning operations. The measured cutting forces were used to calculate the upper Lup and lower Llow
confidence limits. Thus, the confidence estimator approach according to Brinkhaus was used [24].
The confidence limits were updated after each process based on the expected mean value x standard
deviation σ, and a safety value Csaftey for each running measurement value i. The safety value influences
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the distance between x and the confidence limits. A safety value of Csaftey = 6 was used, which is
usually the default setting of a monitoring system.

Lup, low(i) = x(i) ∓Csa f tey·σ(i) (1)

In order to take account of temporal fluctuations, the confidence limit was calculated for a function
h(i). This function determines an envelope for the expected value x(i), which allows a time lag for a
specified time K. During the investigations, K was set to 100 ms. Based on this value, no false alarms
occurred after four processes in the teach-in phase.

hup(i) = max(x(i−K), . . . , x(i + K))
hlow(i) = min(x(i−K), . . . , x(i + K))

(2)

According to the combination of Equations (1) and (2), the shift of time and amplitude was taken
into account when calculating the confidence limits. The values of h and σwere calculated by a moving
average to allow dynamic weighting of the different measurements.

Lup(i) = hup(i) + Csa f tey·σ
(
hup(i)

)
Llow(i) = hlow(i) −Csa f tey·σ(hlow(i))

(3)

For detecting the currently machined material, the material-specific cutting force MatFc was
monitored [25]. In this approach, the cutting force Fc was normalized by the material removal rate
Qw. The material removal rate was calculated online using a dexel-based cutting simulation. Input
parameters for the simulation were the axis positions from the machine control. A material compound
was subsequently monitored on the basis of a defined boundary surface.

MatFc = Fc/Qw (4)

3. Results and Discussion

3.1. Tool Breakage

In cutting operations, process errors typically lead to an increase or decrease of the process force.
For this reason, the process force is well suited for a sensitive and robust monitoring in machining.
To determine the sensitivity of force measuring systems, material defects can be applied to the workpiece.
Similar to tool breakage, missing material lead to a drop in the process force. This characteristic was used
in order to compare the cutting force Fc,SG, which was determined by the feeling turret, and the cutting
force Fc,dyn, which was measured with the dynamometer. A longitudinal turning process was carried out
with a new tool for a cutting speed of 300 m/min and a feed rate of 0.1 mm. During machining, the depth
of cut was reduced stepwise from 1 to 0.1 mm. This process was repeated 10 times. Afterward, a shaft
was machined, which was prepared with a groove that had a width of 3 mm. The missing material
causes a decrease in cutting force at each depth of cut, depicted in Figure 3.

The comparison of the two force measurement systems showed that they have an identical time
behavior with regard to the signal change. The amplitude of the decreasing cutting force is also
identical for both systems. Therefore, it can be concluded that both systems are highly sensitive to
a change in cutting force due to tool breakage. However, by comparing the signals of the 10 good
processes, it becomes clear that the cutting force Fc,SG has a lower signal-to-noise ratio (SNR).

SNR = μ/σ (5)

The SNR was determined for each depth of cut ap by the mean value of the amplitude μ and the
standard deviation σ of the signal. The results of the SNR for both measuring systems are summarized
in Table 3.
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Table 3. Signal-to-noise ratio for the measured cutting force by using the dynamometer and feeling turret.

Signal-to-Noise Ratio (SNR) Depth of Cut ap [mm]

1 0.5 0.3 0.2 0.1

cutting force by dynamometer Fc,dyn 46 149 78 90 70
cutting force by feeling turret Fc,SG 40 26 16 12 7

Figure 3. Longitudinal turning with and without a material defect for different depths of the cut.

The SNR was determined for each depth of cut ap by the mean value of the amplitude μ and the
standard deviation σ of the signal. At an ap of 0.5 mm, Fc,dyn exhibits an SNR of 149. With a decreasing
ap, the SNR also decreases further. For ap = 0.1 mm, the SNR is still 70. The measured cutting force by
the dynamometer has the lowest SNR for ap = 1 mm with 46. The deviation to the other depths of cut
is caused by different chip formation, which led to a higher vibration of the system. For ap = 1 mm,
the Fc,SG shows a similar SNR with 40. However, with each reduction of ap, the signal-to-noise ratio
decreases for the signal Fc,SG. For the depth of cut of ap = 0.1 mm, the SNR is 7 and, thus, lower by a
factor of 10 compared to Fc,dyn. The repeatability of the individual measurements also shows a different
quality for both signals. The evaluation of the 10 good processes demonstrates that the cutting force
Fc,SG has larger variations between the measurements than Fc,dyn. With a depth cut of ap = 1 mm,
the standard deviation σi for the mean amplitudes of the different workpieces is for both systems
being almost identical with approximately 15 N. By changing the process parameters to a lower ap,
the standard deviation decreases for Fc,dyn to σi = 1.7 N while σi of Fc,SG is around 10 N.

If confidence limits are used to monitor the signal, the higher signal-to-noise ratio and variation of
the mean amplitude leads to a widening of the statistical limits and, thus, to a decreasing monitoring
sensitivity. In order to compare Fc,SG and Fc,dyn with regard to their qualification for confidence limit
based monitoring, the feature of the normed bandgap (NB) was determined [26]. The normed bandgap
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indicates the range in which the normalized signal has to be changed to trigger an alarm. For this
purpose, the confidence limit was calculated based on the distribution of the signal around its long-term
average. After eight processes, the limits had become close to the process. A further approximation
was only possible in very small steps due to the high standard deviation of the measured signal. It can
be assumed that 10 measurements are sufficient to generate the confidence limit and calculate the NB.

NB =
k
x
=

Lup − x
x

(6)

To evaluate the monitoring quality, the gap between the mean value x and the upper confidence
limit Lup was evaluated. The distance k between x and Lup was normalized to the average. Figure 4
shows the confidence limits after 10 processes for the cutting forces Fc,dyn and Fc,SG and the comparison
of the normed bandgap (NB) for both measuring systems.

Figure 4. Confidence limits and normed bandgaps for Fc,dyn and Fc,SG during a longitudinal turning
process with different depths of cut.

The sensitivity of the confidence limit, which is calculated based on the cutting force of the feeling
turret, declines with decreasing force. This is reflected by the increasing normed bandgap. For an ap of
1 mm, both signal sources achieve a similar monitoring performance. At a normed bandgap of 0.3,
a process error must result in a signal change of 30% to trigger the alarm. The ratio remains between
NB = 0.1–0.2 for all examined depths of cut if the cutting force is measured with the dynamometer
(Kistler, Winterthur, Switzerland). If the feeling turret is used, the normed bandgap for ap = 0.3 mm
shows a maximum of NB = 0.8. The NB increases to 2 with a reduction of ap to 0.1 mm. Thus,
the sensitivity of the dynamometer is higher by a factor of 10 compared to the feeling turret. The fact
that the feeling turret has a significantly lower sensitivity at low process forces is based on the lower
measurement resolution of the system relative to the dynamometer. This is primarily due to a higher
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signal-to-noise ratio, which has an increasing impact on the stochastic distribution of the signal for
lower cutting forces. A generalized statement about the required NB of a signal cannot be made since
each error is represented differently in the signal. However, based on the investigations, it is considered
when no finishing operations can be monitored by the feeling turret. For roughing operations, on the
other hand, a similar monitoring quality as with the dynamometer can be achieved.

3.2. Tool Wear

Tool wear generally leads to a change in process force. With increasing flank wear, friction
increases, which, in turn, leads to an increasing cutting force and cutting temperatures. If the wear
is mainly caused by crater wear, the change in rake angle can lead to a decrease in cutting force.
Consequently, the change in cutting force is also an indicator for monitoring the type of wear that
will influence the process and the workpiece quality. Tool wear is usually monitored by a static limit.
Therefore, the average measured cutting force with a new tool is determined for a predefined tool
path. Based on empirical values, a maximum tolerable change in force is defined as the limit for
the tolerable wear. If the limit is exceeded, the monitoring system initiates a tool change before an
intolerable influence on the workpiece quality occurs. In contrast to the confidence limits, the influence
of the signal-to-noise ratio on the monitoring quality is significantly lower since the average value is
evaluated over a defined range of the monitored signal. For a sensitive and robust monitoring of tool
wear, the repeat accuracy is mostly important. In addition to the 10 good processes with a new tool,
three measurements were carried out with a tool, which has a high chipping length of 465 μm. During
the machining, identical process parameters of ap, f, and vc were used as for the previous longitudinal
turning operations, depicted in Figure 5.

Figure 5. Cutting force characteristics for new and worn tool for different depths of cut.

Tool wear results in an increasing cutting force, which varies according to the depth of cut. At a
depth of cut of ap = 1 mm, an increase of 24% occurs with 158.5 N for Fc,dyn. With a reduction to
ap = 0.5 mm, the wear lead to an average increase in the cutting force of 38.6 N, which represents a
percentage change of 13%. The triple standard deviation of the measurements with the new tool is
3σ = 9 N for Fc,dyn. Assuming tool wear can be detected, if this value is lower than the resulting change
in cutting force, monitoring can be performed for both ap. The increase of Fc,dyn at an ap of 0.3 mm
is, therefore, with 7.5 N too small to detect the current tool wear for the defined process parameters.
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For the feeling turret, a 3σ for Fc,SG of 53 N is determined at a depth cut of 1 mm. Thus, the tool wear
can be robustly identified for ap = 1 mm. For the remaining process parameters, the variation of the
average cutting force is too low to realize tool wear monitoring.

As shown by the different depths of cut, no general statement can be made about the effect of
tool wear on the percentage change in cutting force. Therefore, it is not possible to make a universal
prediction of the ability to monitor tool wear. The influence of the wear mechanisms on the cutting
force vary significantly based on the selected process parameters. For this reason, it is more relevant to
compare what change in cutting force caused by tool wear can be theoretically identified with different
signals. For this purpose, the cutting force was modelled according to Kienzle for a new tool and three
wear-related force increases. The variation of the cutting speed has a smaller influence on the force
compared to the feed and depth of cut. For this reason, the cutting speed was fixed for the research
at vc = 300 m/min. Based on the modelled cutting forces, an increase in force was determined for a
combination of process parameters. It is assumed that the change can be monitored if the difference is
higher than the triple standard deviation 3σ of the cutting force measurement. Based on the previous
investigation, 3σwas set to Fc,dyn,3σ = 9 N and Fc,SG,3σ = 53 N. For both measuring systems, it process
parameters were researched at which a force difference of 10%, 20%, and 30% results can be detected
by the individual system, which was depicted in Figure 6. This investigation was carried out for a steel
(20 MnCr5) and an aluminum (EN AW-6082).

 

Figure 6. Representation of the monitorable percentage increase of the cutting force for EN AW-6082
and 20MnCr5 based on the feeling turret and dynamometer.

With the dynamometer, almost the total process parameter range considered for both materials
can be monitored with regard to the three selected percentile cutting force changes. Only for aluminum,
the theoretical detection is not possible for low depths of cut and low feeds. In this case, the cutting
force difference caused by a wear-related force increase of 10% is too low. The evaluation of the cutting
force measured by the feeling turret shows the potential for monitoring tool wear for a wide range of
process parameters. Especially for steel, a large range is covered. For aluminum, higher ap and f are
required due to the different material properties. For the highest expected change of 30%, this includes
process parameters of ap = 0.5 mm and f = 0.17 mm. In the case of aluminum, large parts of the
considered process parameter range can theoretically not be monitored, especially if the cutting force
changes by only 10% due to tool wear. In general, higher ap and f are used for machining aluminum
than for steel. Then tool wear can also be monitored for aluminum during roughing operations.
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3.3. Material Detection

The online detection of the machined material is needed to realize a material-specific machining
of hybrid components. For this reason, the sensitivity of monitoring a material compound based on the
material-specific cutting force was investigated. A longitudinal turning process of EN AW-6082 and
20MnCr5 was performed and the signals of the dynamometer and the feeling turret were compared by
the statistical overlap factor (SOF). The SOF determines the degree of separation of the material-specific
cutting force between the first and second material. If a signal shows a high degree of separation due
to different material properties, the SOF increases. In addition to the resulting standard deviation
when measuring the cutting force, the influence of the variance of the simulated material removal
rate Qw was considered. The determined triple standard deviation for the simulation of Qw is 3–4%.
With Qw,min, the value at the lower end of the triple standard deviation is taken into account for the first
material i. In contrast, Qw,max is assumed for the second material j. This results in the material-specific
cutting force being calculated too low for steel and too high for aluminum in order to obtain the highest
possible variation. To guarantee robust monitoring, an SOF greater than six is necessary to separate
two materials during machining.

SOFij =

∣∣∣∣ Fc,i
Qw,min

− Fc, j
Qw,max

∣∣∣∣
σ
(

Fc,i
Qw,min

)
+ σ
(

Fc, j
Qw,max

) (7)

With a constant ap of 1 mm, the SOF was calculated for a varying feed rate of f = 0.1–0.4 mm and
a cutting speed of vc = 200–400 m/min, which are depicted in Figure 7. The influence of the simulation
error of Qw on the calculated SOF can be neglected. For the investigated aluminum-steel compound,
the SOF decreases by a maximum of 5% if the highest possible variation of Qw is considered instead of
assuming a constant value for Qw. The significant impact is, therefore, the measuring accuracy and the
signal-to-noise ratio of the cutting forces.

Figure 7. Material-specific cutting force for varying feed and cutting speed.

For the feeling turret, the sensitivity of the monitoring system improves if the the feed and,
thus, the cutting force is increased. This is because the SNR is much more significant in the signal of
the structure-integrated strain gauges compared to the signals of the dynamometer. Consequently,
the SNR has a larger impact on the measurement of Fc and, subsequently, on the quality of the material
identification at lower process forces. For a feed of f = 0.1 mm, the average measured SOF is 6.0, while,
at f = 0.4 mm, the average SOF increases to 12.6. With the dynamometer, this effect does not appear
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due to the lower SNR. However, the SOF also varies for the material-specific cutting force measured by
the dynamometer over the examined process parameter range. This is caused by the higher sensitivity
to varying chip formation. Different chip forms results in changing peak2peak values of the signal
and, consequently, in different standard deviations of the force signal. This effect is less significant for
strain gauges due to the higher damping of the turret structure. In general, a higher SOF value and,
thus, better sensitivity is achieved by using the dynamometer for all considered process parameters.
The maximum statistical overlap factor is 23.9 while the minimum SOF is 13.5. Both measuring systems
are, therefore, qualified to robustly monitor the material during the machining of the aluminium-steel
compound for the examined process parameter range.

4. Conclusions

This paper presents the investigation of the application of a feeling machine for process monitoring.
In order to replace the dynamometer, a feeling turret was used, which determines process forces based
on the structure’s integrated strain gauges. The monitoring quality was compared with the performance
of a dynamometer regarding the detection of tool breakage, tool wear, and material transitions of
hybrid components. Investigations have shown that, especially in roughing operations, which are
characterized by higher process forces, the feeling turret has a good monitoring performance. At depths
of cut of ap = 1 mm, similar sensitivities were determined for monitoring with confidence limits as
with a dynamometer. If steel is machined, tool wear can be detected with the cutting force of the
feeling turret for roughing and finishing processes. For aluminum, on the other hand, only monitoring
roughing processes can be realized. However, it must be assumed that the tool wear also leads to
a significant change in cutting force of 10–30%. Similar to the dynamometer, the feeling turret is
suitable for monitoring the materials of aluminium-steel compound (EN AW-6082/20MnCr5). For the
examined process parameter range, the statistical overlap factor was higher than six. Consequently,
a classification of the materials based on the material-specific cutting force can be achieved. In further
steps, it will be investigated how the fusion of signals from the feeling machine and process data from
the machine control and external sensors can be used to improve the monitoring quality.
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Abstract: By combining different materials, for example, high-strength steel and unalloyed structural
steel, hybrid components with specifically adapted properties to a certain application can be realized.
The mechanical processing, required for production, influences the subsurface properties, which have
a deep impact on the lifespan of solid components. However, the influence of machining-induced
subsurface properties on the operating behavior of hybrid components with a material transition in
axial direction has not been investigated. Therefore, friction-welded hybrid shafts were machined
with different process parameters for hard-turning and subsequent deep rolling. After machining,
subsurface properties such as residual stresses, microstructures, and hardness of the machined
components were analyzed. Significant influencing parameters on surface and subsurface properties
identified in analogy experiments are the cutting-edge microgeometry, S, and the feed, f, during turning.
The deep-rolling overlap, u, hardly changes the residual stress depth profile, but it influences the
surface roughness strongly. Experimental tests to determine fatigue life under combined rolling and
rotating bending stress were carried out. Residual stresses of up to −1000 MPa, at a depth of 200 μm,
increased the durability regarding rolling-contact fatigue by 22%, compared to the hard-turned
samples. The material transition was not critical for failure.

Keywords: tailored forming; hybrid bearing; residual stresses; X-ray diffraction; rolling contact
fatigue; bearing fatigue life

1. Introduction

One of today’s challenges in mechanical engineering is the environmentally friendly and
resource-saving production of components [1–3]. Moreover, in the fields of energy technology,
medical technology, automotive engineering, and the aerospace industry, the requirements for
high-performance solid components are increasing steadily [4–6]. In the automotive industry,
for example, the aim is to reduce CO2 emissions by reducing vehicle weight [7,8]. In addition,
the development of components with a longer lifetime is one of the most important goals for the
industry [9].

The choice of material is, therefore, always based on the requirements of the intended application
of the component. Consequently, requirements such as a reduction in weight with a simultaneous
increase in mechanical strength cannot be realized with the use of one material. Mono-material
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components are thus increasingly reaching their material and production-specific limits. One strategy
for reducing the component weight of highly stressed components is to combine different materials
in one component. This allows the design of components with different materials that are locally
adapted to the respective requirements. In this way, components can be realized that combine
partly contradictory properties, such as high mechanical strength and simultaneous weight reduction.
This is the focus of the Collaborative Research Centre (CRC) 1153, in which the new process chain,
known as “tailored forming”, is investigated [10]. In existing production technologies for hybrid solid
components, the joining of the components takes place during or after the forming process. In the
tailored forming process chain, the components are joined from semi-finished products, at the beginning
of the production route, and their properties are specifically influenced by the subsequent forming
processes. The simple geometry of the components also facilitates the joining process. In addition,
considerably more complex geometries can be produced by this strategy. Within the framework of
the CRC, the entire process chain, from the joining of the components until the final machining of the
hybrid components, is considered, and the operating behavior of these components is investigated.

In the process chain of solid-part production, machining plays a quality-determining role as
the final step. Research results of the last decades show a significant influence of machining on the
operating behavior of components due to surface and subsurface modification [11].

In particular, for rolling contacts with high contact stresses >2 GPa, a strong influence on the
wear and fatigue life behavior as a function of the surface and subsurface properties is known [12].
In components like roller bearings, an alternating stress field during over-rolling can propagate
fatigue-crack growth in the contact zone after high cycle numbers exceeding 107 revolutions [13,14].
Component failure occurs when the crack network expands toward the surface, causing spalling of the
raceway [15]. Although the topography makes a significant contribution to the operating behavior
of components, not all effects can be explained by it. Wear resistance and fatigue life of components
are also significantly influenced by residual stresses [11,16]. Residual stresses also have an effect on
magnetizability and chemical resistance [17]. In general, compressive residual stresses in the subsurface
lead to a proportional increase in fatigue strength [18]. Due to plastic deformations in the subsurface
area, the residual stress distributions are of considerable importance, as they have a strong influence
on the fatigue limit and the crack initiation tendency of the material. For roller bearings, for example,
an increase in fatigue life from 40% to 250% could be achieved by introducing residual compressive
stresses [19–23].

However, it must be considered that a residual-stress-induced increase in fatigue strength depends
largely on the strength of the material [18]. Denkena et al. were able to show that the probability
of failure of roller bearings can be reduced by the targeted introduction of compressive residual
stresses [24]. The influences of hard turning and deep rolling was investigated by Pape et al. in
terms of bearing fatigue tests. Additionally, an FEM-based model, in combination with a calculation
routine, was set up to compute the influence of residual stresses on bearing fatigue [25,26]. However,
current research results show that too-high residual compressive stresses can also lead to a shorter
service life [27,28]. A cause for this is not yet known and currently represents a research gap [29].

Surface and subsurface properties are significantly influenced by the choice of process parameters
and tool microgeometry. The surface roughness is significantly influenced by the feed rate during
turning. In addition, cutting speed and tool microgeometry also determine the final roughness of a
component [30,31]. The mechanical and thermal effects during chip formation are the main factors
influencing the subsurface condition. This can be specifically modified by subsequent processes, such as
deep rolling [32]. In interaction with cutting speed and feed rate, the rounding of the cutting edge
plays a dominant role in influencing the subsurface. Increasing rounding leads to a higher proportion
of material being pressed under the cutting edge. This generally leads to compressive residual stresses
below the surface. On the other hand, large cutting-edge radii lead to greater temperature development,
which promotes the formation of tensile residual stresses [30,31]. The influence of process parameters
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and tool microgeometry on the surface and subsurface properties of hybrid components and their
influence on the operating behavior is currently inadequately investigated.

The hybrid design offers the potential to combine contradictory requirements in one component.
However, there is no knowledge about the application behavior of hybrid components in comparison
to mono-material components. Hence, the aim of this study is to investigate the production-related
surface and subsurface properties of tailored forming components in comparison to mono-material
components. Research questions that need to be addressed are as follows:

1. Can the surface and subsurface properties be adjusted to a similar extent as for conventional
components by varying the cutting parameters?

2. Do the components have the same operating behavior with regard to friction or deflection due to
an alternating shear force?

3. Do the same damage mechanisms occur regarding rolling contact fatigue and possible
structural failure?

4. Even if the joining zone is not directly loaded in the later application, is it still the weakest point
in the component?

For this reason, the joining zone as a weak point of hybrid components is investigated in this
work, in comparison to a reference sample set made from monolithic material. A possible influence
of the application behavior of hybrid components by modifying the subsurface properties is further
examined. A focus is set on the mechanical properties of finished components and their use case as
hybrid machine elements under complex loads.

2. Materials and Methods

2.1. Materials

In the presented work, two different steel alloys, SAE5140 and SAE1020, were combined by
friction welding. These materials were chosen in order to combine a high-strength steel for highly
loaded part zones with a cheaper material for supporting structures. A shaft with material transition
in axial direction serves as specimen geometry (see Figure 1a).

For the friction welding process, shafts with a diameter of d = 30 mm, a length of l = 220 mm
for SAE1020, and l = 150 mm for SAE5140 were used. As process parameters, a friction speed of
n = 2000 min−1, a friction pressure of p = 60 MPa, and a friction path of s = 4 mm were applied.
Finally, a compression of p = 150 MPa and a compression time of t = 6 s created the final bond. In the
next step, the friction weld bead was removed. Afterward, the friction-welded shafts were impact
extruded at a temperature of T = 900 ◦C, in order to change the bonding zone geometry. Hereafter the
hybrid shafts were sawn to a total length of l = 146.5 mm and centered on both sides. The machining
process used is divided in two steps. First, the hybrid shafts were roughly turned to an oversized
diameter. Then the bearing surface of the pre-turned hybrid shafts was locally hardened at the largest
diameter, at a temperature of 860 ◦C, by an induction hardening process. The heating time was t = 0.5 s,
with P = 90 kW. Air and water with a pressure of p = 3 bar each were used for cooling by means of a
spray nozzle. The cooling time was t = 15 s. The properties of the materials after the heat treatment are
displayed in Figure 1b).

The difference in the hardness of both materials after the heat treatment is evident. SAE5140 is
significantly harder than SAE1020 due to the higher carbon content. Therefore, in the finishing
operation, different machining behavior of the respective materials is expected. Knowledge about the
influence of different material properties on the machining behavior is consequently important in order
to comply with shape, dimension, and position tolerances of the hybrid components. In the second and
thus final machining step, the hybrid shafts are then turned to size with a required surface quality of
Ra = 0.14 μm and with adapted process parameters. With higher roughness values, the load-carrying
capacity of the bearings would not be fully utilized, since contacting roughness peaks in the mixed
friction area can lead to surface-induced early failures.
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Figure 1. (a) Process chain for the production of hybrid shafts, and (b) material properties and composition.

2.2. Machining

Machining is one of the most important steps in the process chain of manufacturing hybrid
components because it determines the final surface and subsurface properties of a component. Therefore,
it is essential to understand the influences of the machining parameters on the surface and subsurface
properties of hybrid components. In this work, the influence of turning and deep-rolling parameters on
these properties were investigated. At first, analogy studies were carried out on simplified component
geometries, with friction-welded hybrid shafts of SAE5140 and SAE1020. With the help of analogy
studies, correlations and interactions between process parameters and subsurface properties were
investigated. Subsequently, with the knowledge of the machining behavior and its influence on the
surface and subsurface properties, hybrid shafts with different manufacturing strategies were produced.
The operating behavior of these hybrid shafts was then investigated by roller-bearing tests. The results
were compared to conventionally manufactured shafts as a reference.

2.2.1. Turning

Analogy experiments with a three-step variation of cutting speed, vc, and feed, f, were carried
out on cylindrical shafts with a material transition in axial direction. Coated indexable cemented
tungsten carbide inserts DNMA150612 WAK20 with a symmetric cutting-edge rounding of Sα/Sγ

= 30/30 μm, as well as Sα/Sγ = 75/75 μm, were used. Depth of cut, ap, and cutting direction were
kept constant. Process parameters from the analogy investigations that have a significant influence
on the subsurface properties were then used for the production of hybrid shafts for fatigue tests.
All turning experiments were conducted on a Gildemeister CTX420 linear machine tool (DMG Mori
Aktiengesellschaft, Bielefeld, Germany). A rake angle of γ = 3◦ was chosen for the longitudinal turning
process. Analogy experiments with different feed directions (machining from hard–soft or soft–hard)
on friction welded shafts revealed worse quality for the feed direction from SAE5140 (hard) into
SAE1020 (soft) in the machining process. The reason is that clamping of the shaft with the SAE1020 side
is inconvenient due to the lower strength of this material. This leads to slight chatter vibrations during
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machining. Therefore, in the following investigations, only the feed direction SAE1020 into SAE5140
was selected. The cutting parameters are summarized in Table 1. The choice of cutting parameters for
the production of shafts for fatigue-life investigations is based on the lowest achieved roughness.

Table 1. Process parameters of the cutting operation.

Process Parameters Unit Analogy Experiments Final Component

cutting speed, vc (m/min) 50–200 180
feed, f (mm) 0.05–0.2 0.05

depth of cut, ap (mm) 0.1 0.1
cutting-edge geometry, Sα/Sγ (μm) 30/30 and 75/75 30/30 and 75/75

cutting direction, (-) SAE1020→SAE5140 SAE1020→SAE5140

2.2.2. Deep Rolling

Additionally, deep rolling experiments were conducted on a CTX420 linear Gildemeister machine
tool. For this, the indexable insert of the turning tool was replaced by a hydrostatic rolling tool HG6
with a ball diameter of db = 6.35 mm, manufactured by the company ECOROLL AG. Analogy studies
were also initially carried out, and the findings were then transferred to the final machining. Before deep
rolling, the shafts were turned with the process parameters of the final component, as shown in Table 1,
with a cutting-edge geometry of Sα/Sγ = 30 μm. During the deep rolling process, the rolling pressure
and the deep rolling speed were kept constant at pr = 40 MPa and vw = 180 m/min. The rolling overlap,
u, was varied in three steps. Just as for turning, the parameters for fatigue life investigations for deep
rolling experiments were also selected according to the best achieved surface quality. The deep rolling
direction did not show any significant influence on the surface results. Therefore, the machining
direction was chosen analogous to turning. The process parameters for deep rolling are summarized
in Table 2.

Table 2. Process parameters of the deep-rolling operation.

Process Parameters Unit Analogy Experiments Final Component

deep rolling speed, vw (m/min) 180 180
overlap, u (%) 50–99 85

deep rolling pressure, pr (bar) 400 400
ball diameter, db (mm) 6.35 6.35

deep rolling direction (-) SAE1020→SAE5140 SAE1020→SAE5140

2.3. Residual Stress Measurement

Residual stress measurements were carried out via X-ray diffraction (Agfa NDT Pantak Seifert
GmbH & Co KG, Ahrensburg, Germany), using the sin2ψ-method described by Macherauch and
Müller [33]. In order to get a non-destructive and depth-resolved measurement of residual stresses,
the energy-dispersive measurement method is applied. Here, the determination of lattice strain is also
based upon the well-established Bragg’s law:

n·λ = 2·dhkl·sinθhkl (1)

where n is a natural number indicating the diffraction order, λ is the X-ray wavelength, dhkl is the
interatomic lattice spacing, and θhkl is the diffraction angle (Bragg angle). For the energy-dispersive
measurement, white X-radiation from a tungsten anode tube on a Seifert XRD Space Universal
diffractometer is used (Figure 2, left). High depth resolution is achieved at an acceleration voltage of
Ua = 50 kV and an anode current of Ia = 60 mA. The Bragg angle, θ, remains constant throughout the
measurement, at 20◦. Thus, all interference lines are simultaneously determined in one diffraction
spectrum (Figure 2, right). The peaks determined by this method represent a function of the wavelength,
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λ, or photon energy, Eph. Since the different interference lines are distinguished by different energy
levels in the spectrum, they can be referred to different depth information. The more peaks in the
direction of increasing photon energy can be evaluated, the more depth information about residual
stresses is obtained (Figure 2, right). The collimator used has a diameter of 2 mm. Peak position
was analyzed by the center of gravity method. The main difference between the well-established
angle dispersive and the energy dispersive methods is that, with the energy-dispersive method,
the wavelength or photon energy, λ, is varied at a constant Bragg angle, θ, and in the angle-dispersive
method, the Bragg angle, θ, is varied at a constant wavelength, λ. The attainment of residual stress
depth information up to 35 μm in the hybrid transition zone of steel is non-destructively possible with a
single measurement [34]. In order to get a higher information density in the depth direction, electrolytic
removal of material was additionally used. Measurements were done parallel and transverse to the
feed direction.

Figure 2. Energy-dispersive residual-stress measurement.

2.4. Fatigue Life Testing

After machining, bearing-fatigue tests were carried out on a test bench, according to Figure 3.
The shaft with material transition in axial direction was later used to transmit torque and additional
rolling contact stresses of a cylindrical roller bearing with an inner ring integrated into the shaft.
Here, the specimen is mounted with two conventional deep groove ball bearings of type 6305 as
supporting bearings. The SAE5140-part of the shaft acts as an inner ring for a cylindrical roller bearing
(CRB) type RNU204. On the CRB, a radial preload of F = 2 kN is applied through a disc spring
assembly. The resulting Hertzian contact stress at the inner race contact is pH = 1.9 GPa. The operating
conditions with approximately 2 GPa pressure correspond to medium to high loads for a roller
bearing and thus represent the usual operating conditions for shortened life tests. The bearings were
lubricated by a temperature-controlled circulating oil lubrication system with a constant volumetric
flow rate of

.
V = 0.3 L/min per bearing. Additional test parameters are shown in Figure 3, on the

right. The radial loading leads to a superposition of rolling-contact stresses and rotating-bending
stresses in the contacting surface between the shaft and the rolling element. Within the path of load,
measurements using piezoelectric vibration transducers were carried out. In this way, bearing failure
during over-rolling of surface spalls was detected by a self-designed condition monitoring system.
The tests were automatically stopped if a critical vibration threshold of 150% of the steady state signal
was exceeded. A statistical evaluation of the probability of failure of the series was carried out with
these lifetimes. After completion of each test, the damage resulting from a surface chipping in the
middle of the raceway on the hybrid shaft was documented. The damage and the microstructure were
further analyzed by micrographs.
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Figure 3. Fatigue life test in three-bearing arrangement (left), and test parameters (right).

3. Results and Discussion

In this section, the surface and subsurface properties of the hybrid shafts and the results of the
bearing fatigue tests are presented. In turning investigations, only the cutting-edge microgeometry was
varied, because it has a decisive influence on the subsurface properties. The cutting-edge microgeometry
is defined by the parameters Sγ, Sα, and the form factor κ. At this, Sγ and Sα are the distance between
the separation point of the cutting-edge rounding and the tool tip of an ideal sharp cutting at rake face
and flank face, respectively. In the presented study, symmetrical cutting-edge roundings, as described
in Section 2.2.1, were used. Machining parameters were selected which provide a surface finish with
Ra < 0.14 μm as minimum requirement. The knowledge of this was drawn from the analogy studies
described above.

3.1. Surface Measurement

Surface roughness plays a decisive role when it comes to the later operating behavior of the
hybrid component. Therefore, it is important to identify process parameters that produce a low surface
roughness in both materials. Furthermore, it is important to reduce the shape deviation in the transition
zone in order to maintain the dimension tolerances of the component.

In Figure 4, the influence of different feeds and microgeometries for turning and overlaps for
deep rolling on surface roughness is presented. To investigate the effects of the varied parameters,
the surfaces after friction welding and after pre-turning were measured and evaluated. It was ensured
that the shafts were pre-turned in the same machining direction and with the same process parameters,
in order to achieve a constant initial state before the finishing step of the shafts. The surface analysis
after pre-turning showed throughout the investigations an unchanged step in the material transition
zone in the range of 12–15 μm, whereby the material range SAE5140 was always higher than SAE1020.
The roughness after pre-turning was in the amount of Ra = 0.5–0.6 μm in both material ranges.
With decreasing feed, f, it is clearly visible that the roughness decreases, too. The reason for this is
that, with the reduction of feed, consecutive roughness peaks are reduced. Consequently, the surface
roughness values decrease. However, it can still be observed that the shape deviation in the material
transition zone increases with decreasing feed rate. At a feed rate of f = 0.05 mm, the minimum chip
thickness is not exceeded in the major part of the chip cross-section, especially in the case of large
cutting-edge roundings. As a result, the material is accumulated in front of the cutting edge, and the
material is diverted either under the cutting edge into the base material or over the rake face into
the chip. This effect, which occurs especially when the chip thickness gets below the minimum chip
thickness, is known as the ploughing effect. It is assumed that the properties of the microstructure in
the joining zone area of the hybrid shafts are changed by the friction-welding process.
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Figure 4. Surface topography and roughness, depending on the machining process (a) turning and
(b) deep rolling.

At low feed rates, this leads to an amplification of the ploughing effect, resulting in a higher
indentation depth of the transition zone during turning. In the harder material area of SAE5140,
the passive forces increase and leads to a tool displacement. This again increases the workpiece height
accordingly. This explains the strongly formed groove for S = 30 μm at a feed rate of f = 0.05 mm.
With increasing feed, the “weaker” transition area during turning with the higher feed is mainly
skipped, so that a step is created, but this is not strongly trough-shaped as with the smaller one.
Concerning the influence of the cutting-edge microgeometry on surface roughness, a significant
difference between both is not visible. Nearly the same surface roughness values are apparent for
both. The shape deviation is smaller by using a cutting-edge rounding of S = 75 μm, compared
to the cutting-edge rounding of S = 30 μm, at a feed of f = 0.05 mm. Here, the mechanical effect
exceeds the thermal effect and leads to a smaller shape deviation. The results of the surface roughness
measurements for deep rolling show that, with increasing overlap, the surface roughness remains
nearly the same, but the shape deviation is significantly reduced. A small shape deviation is only
visible in the transition zone. It is apparent that, at an overlap of u = 50%, a groove is formed in the
material transition zone, and at an increase of the overlap to u = 85%, in contrast, a small hump is
formed. It should be considered that the initial topography before the rolling tests always corresponds
to a turned surface with S = 30 μm, f = 0.2 mm, and vc = 180 m/min. According to this, there is always
a step in the material transition zone in the initial state before deep rolling. As in turning, deep rolling
with an overlap of 50% also causes an indentation of the material due to a changed microstructure and
microstructural properties in the material transition zone, as a result of the friction-welding process.
If the overlap is increased, however, more material in the soft SAE1020 area is plastically deformed
and pushed in front of the ball that the ball nearly fills the step and moreover starts to accumulate
into a hump. This is compacted and hardened as the ball passes over it. In the harder SAE5140 area,
the material is again densified. As a result, a small hump remains in the material transition zone.
However, further, more detailed investigations are necessary to confirm this thesis.
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Finally, comparing the surface roughness and topography of the different machining processes
of turning and deep rolling, the results are evident. It can be clearly seen that deep rolling produces
significantly better surface roughnesses and topographies than turning of hybrid components.

3.2. Microstructure and Hardness

Figure 5 shows the microstructure of the hybrid shafts produced with different machining processes
for the fatigue-life investigations. The area influenced by the machining process is significantly larger in
the deep rolled specimens than in the turned specimens. The joining zone is not directly located in the
bearing raceway but in the area of the chamfer, about 3 mm from the rolling element. The characteristic
microstructure of the joining zone due to the extrusion process is also clearly visible. Deep rolling
induces higher mechanical stress in a greater material depth, z, which modifies the microstructure
to a higher depth. Consequently, in addition to the residual stresses, structural properties are also
influenced by different machining processes and must be considered in fatigue tests, too.

Figure 5. Influence of different manufacturing processes (1) turning with sharp cutting edge, (2) turning
with rounded cutting edge and (3) deep rolling on the microstructure of hybrid components.

Hardness measurements were carried out in order to investigate the influence of different processes
and their parameters on hardness. In Figure 6, the results are presented. Differences in the hardness
values, depending on the machining process, are obvious. The transition to basic hardness depends
on the depth of the heat-affected zone during induction heating and lies within the usual process
tolerance, cf. Figure 5.

Deep rolling leads to an increase in hardness of the subsurface material. During deep rolling,
the material is compacted due to the contact pressure of the rolling tool. This plastic deformation
causes an increase in hardness. An influence of different cutting-edge roundings on surface hardness
can also be seen. A larger cutting-edge rounding leads to a slight increase in the hardness of the
component. This is also due to greater plastic deformation or compaction of the material with larger
cutting-edge rounding. Consequently, the investigations show that the machining process influences
surface hardness, which can also lead to a different operating behavior of the hybrid component.
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Figure 6. Influence of different manufacturing processes on surface hardness.

3.3. Residual Stresses

In Figure 7, residual stress depth profiles of hybrid components for lifetime investigations, adjusted
by turning with different cutting-edge microgeometries and by deep rolling, are displayed. The residual
stress measurements were carried out on the bearing running surface, in order to be able to investigate
the influence of the subsurface properties on the operating behavior.

The residual stresses were measured both parallel and transverse to the feed direction. For the
residual-stress measurements, the energy-dispersive method, in combination with electrolytic-material
removal, was used. The procedure is shown schematically on the right side in Figure 7. By first looking
at the different machining processes of turning and deep rolling, it is noticeable that, parallel to the feed
direction, different courses of the residual stress graphs can be seen. In turned components, on the one
hand, maximum compressive residual stresses can be observed near the surface. With increasing depth,
z, the residual stress profile has a positive gradient. In deep-rolled components, on the other hand,
residual compressive stresses also occur near the surface, but these increase further in the direction of
compression with increasing depth. The maximum compressive residual stresses are not surface near.
In deep rolling, the maximum elongation is below the surface of the workpiece. Due to the mechanical
coupling of the plastically expanded subsurface of the workpiece with the plastically undeformed
workpiece environment, compensating strains occur which cause a surface-parallel compression of the
plastically deformed subsurface and thus cause residual compressive stresses. Since the maximum
strain is below the surface of the workpiece, the maximum plastic deformation also occurs here.

Therefore, the residual compressive stress maximum is also localized in this area. For deep
rolling, the mechanical load is much higher than for turning processes. Therefore, higher values for
compressive residual stresses are obtained by deep rolling. The residual-stress depth profiles obtained
by the variation of cutting-edge roundings (S = 30 μm and S = 75 μm), show no significant differences.
The influence of these different residual-stress depth profiles on the application behavior, especially
between turned and deep-rolled samples, was further investigated during fatigue testing.
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Figure 7. Influence of different manufacturing processes on the residual-stress depth profile measured
with the energy dispersive method combined with electrolytic polishing (a–c).

3.4. Fatigue Life

Figure 8 shows the two-parameter Weibull probability plot [35–38] for bearing fatigue-life testing,
using maximum likelihood estimation. Here, the failure probability of four series is plotted against
the number of load cycles in terms of inner-ring rotations in a double logarithmic diagram. The three
production strategies are illustrated, which had a sample size of n = 3 each: turning with sharp and
rounded cutting edges, respectively, and deep rolling. The tailored forming shafts were compared
to n = 15 conventionally produced samples with the same geometry made only from SAE5140 from
Reference [36], which were ground after heat treatment. Due to restrictions in test bench operation,
a reduced speed of 1250 min−1 at 60 ◦C (κ = 1.6) was used for the reference series. The slope of the
regression line is named as shape parameter β of the Weibull distribution. This parameter can be
understood as a constant that depends on the damage mechanism or fatigue behavior of a system.
The characteristic lifetime, L63, also called location parameter, T̂, of a series is the time period after
which approximately 63.2% of the samples have failed.

For the aforementioned load parameters, a bearing life of L63 = 12 × 106 revolutions could be
determined for the reference series made from monolithic SAE5140. The shape parameter of this
Weibull distribution is β = 1.39, which indicates that the failure rate slightly increases with time,
suggesting rolling contact fatigue as the damage mechanism. As expected, the density function shows
negative skew. For the roller bearing life of SAE52100 bearing steel under good lubrication conditions
(κ ≥ 2), the size of the Weibull exponent ranges from β = 1 to 1.5 [28,37]. According to Reference [17],
a general shape parameter of β = 1.35 for roller bearings is known, which shows that the conventional
reference tests correspond well to the expected values, leading to rolling-contact fatigue.

The hybrid samples manufactured with a sharp cutting edge achieved a bearing life of
L63 = 10.4 × 106 revolutions. This is within an 86% margin of the reference series. A shape parameter
of β = 1 suggests a constant failure rate, which usually indicates random failures. Gleß [39] also carried
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out fatigue tests for bearing surfaces with different mechanical surface treatments. For rough surfaces,
he achieved significantly lower lifetimes than for surfaces with subsequent finishing.

Figure 8. Weibull plots of fatigue-test failures for different machining processes.

During the test series with a rounded cutting edge, an early failure after only 0.15 × 106 revolutions
occurred. This results in a bearing fatigue life of L63 = 3.62 × 106 revolutions, which is only 30%
of the reference lifetime. The Weibull slope of β = 0.35 also indicates early failures with a different
mechanism for this series. Due to the small sample number of n = 3, this early failure has a strong
impact, leading to a very wide confidence interval. The sample set manufactured with rounded cutting
edge can therefore not be used for further considerations. Due to comparable lubrication conditions
(comparable roughness values), as well as the similar residual stress states in relation to the sample set
manufactured with sharp cutting edge, a very similar service life was expected for both test series.

The Weibull plot of the deep-rolled samples shows a relatively steep slope of β = 5. The samples
fail within a short period, resulting in a relatively narrow confidence interval. The confidence intervals
of reference dataset and the deep-rolled samples overlap for an interval width in abscissa direction
of 4.21 × 106 revolutions at L63. A bearing fatigue life of L63 = 13.34 × 106 revolutions was achieved.
This is 28.5% above the sample set manufactured with sharp cutting-edge geometry and 10% above
the reference. Reasons for a lifetime-increasing effect of the rolling process are believed to be improved
surface properties, such as higher hardness and especially lower roughness. Microcontacts, which lead
to local stress maxima and thus influence surface degradation, can then result in early failures.
Various studies have also shown that compressive residual stresses induced by the manufacturing
process can extend the fatigue life of roller bearings by a factor of 2.5 [30]. Table 3 summarizes the
results of bearing-fatigue testing.

Table 3. Weibull distribution parameters and relative fatigue life to reference samples.

Weibull Parameter Unit 0: Monolithic Reference 1: Sharp Edge 2: Round Edge 3: Deep Rolling

characteristic life, L63 (106 revs.) 12.09 10.38 3.62 13.34
shape parameter, β (-) 1.39 1 0.35 4.99
relative fatigue life,

T̂rel

(-) 100% 86% 30% 110%
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3.5. Damage Analysis

For each tailored forming production strategy, the sample lying in the middle of the Weibull
distribution was examined for damage analysis. Figure 9a shows each spalling damage on the surface
which led to the stop of the test with use of laser scanning microscopy. Rolling direction is from bottom
to top. The spalls have a size of around 1000 × 500 μm2 and a maximum depth of −90 to −140 μm.
Subsequently, the samples were cut in the longitudinal direction for damage analysis. Figure 9b depicts
micrographs of the joining zone and the microstructure in the rolling contact area after fatigue testing.
For this, the samples were etched with 2% alcoholic nitric acid.

Figure 9. Damage analysis: (a) surface laser scanning microscopy of each event-relevant spalling
damage, and (b) microstructural details in axial section plane.
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The depth of the damage lies within the area of maximum orthogonal shear stress induced
by the roller bearing. Together with the subsurface crack propagation parallel to the raceway in
Figure 9b, this indicates rolling-contact fatigue as the damage mechanism. However, micropittings
are visible to the right side of each spall in Figure 9a. Due to the different material properties of the
hybrid component, a slightly unevenly shaped deflection of the shaft could cause skewing in the
bearing, which, in turn, would result in edge loading. The conventional rolling element features a
higher hardness of > 850 HV0.5, which can lead to surface disruption on the shaft. The martensitic
microstructure in the hardened area and the ferritic–pearlitic microstructure in the base material are
clearly visible in Figure 9b. In the transition zone of these two microstructure areas, some sporadic
ferrite grains are visible in the martensitic area. This could be a possible reason for the slightly lower
hardness of the martensitic structure. However, structural failure within the joining zone or in the
transition zone from the surface-hardened area to the base material did not occur in any of the samples.
The test bench-induced alternating bending stress in the joining zone is therefore not critical for the
operating parameters presented here.

4. Conclusions and Outlook

The machining and operating behavior of friction welded and extruded hybrid shafts of
SAE1020-SAE5140 were investigated. Turning and deep rolling experiments were carried out for
manufacturing of the shafts. Subsequently, the influence of different process control variables on the
subsurface properties (residual stresses, microstructure, and hardness) was analyzed. For bearing
raceways, surface quality is very important in order to exclude failure of the component due to surface
defects. Due to this demand, the influence of process parameters on surface roughness and topography
were examined first. The feed for turning and overlap for deep rolling have a significant influence
on surface roughness. In particular, certain effects occur in the material transition zone, depending
on these variables. Depending on the feed rate during turning and overlap during deep rolling,
a step, groove, or hump can be observed in the transition area. These are mainly caused by changes
in the material properties in the transition area and enhanced by effects such as tool deflection and
plastic material deformation. To exclude component failure caused by insufficient surface quality,
for further investigations, process parameters which produce the lowest possible surface roughness
were selected. In turning experiments, a feed of 0.05 mm, and in deep-rolling experiments an overlap
of 85%, were chosen.

The cutting-edge rounding of the tool has a significant influence on the subsurface properties.
With increasing cutting-edge rounding, compressive residual stresses are induced. However,
deep rolling significantly increases compressive residual stresses regarding induction depth and
in terms of residual stress values. In order to investigate the influence of residual stresses on the
operating behavior, three different process parameters were used. The hybrid shafts were produced by
variation of the cutting-edge rounding in case of turning and by deep rolling. Different cutting-edge
roundings led to different sizes of the influenced microstructure area and hardness values in the
subsurface. The reason for this is that, with increasing cutting-edge rounding, more material is
deformed under the cutting-edge rounding. Deep rolling leads to a further increase of the influenced
microstructure area and of surface hardness. The stronger compression of the material results in
work hardening and increased hardness. In deep rolling, the observed effects increase even further,
since there is hardly any thermal load in this process and the component is thus almost exclusively
subjected to mechanical load.

In this first preliminary study to evaluate finishing strategies for tailored forming components,
three samples per production strategy were manufactured. Due to the complex production process,
a larger sample number, of more than three samples per finishing strategy, was currently not achievable.
With the produced samples, fatigue tests were carried out on a bearing fatigue test bench. The aim
of the tests was to investigate the fatigue behavior of the hybrid shaft compared to mono-material
shafts and, in particular, to highlight the influence of manufacturing processes on the fatigue life
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regarding rolling-contact fatigue. Based on the sample series manufactured with sharp cutting-edge
geometry, it could be shown that tailored forming machine elements can have a comparable fatigue
life to conventional components. An early failure of a sample manufactured with a rounded cutting
edge did not allow an evaluation of this series. It seems that an increase in service life can be achieved
by additional deep rolling. The reason for this can be improved surface and subsurface properties,
such as roughness and hardness. Furthermore, the compressive residual stresses induced seem to have
a positive effect on the material microstructure with regard to its fatigue strength behavior. However,
it is absolutely necessary to repeat the examinations to confirm this thesis.

In order to further refine the results and, in particular, to increase the empirical significance,
the fatigue tests will be continued in the further course of the project. This includes further tests
with the same load parameters, as well as other load levels. Thus, different mechanisms of fatigue
damage can be provoked, and the manufacturing strategy can be adapted to the later load case.
In addition, the production parameters are to be transferred to other tailored forming components
with different geometries. This will ensure optimum operating and performance characteristics for
future applications of these new high-performance components.
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Abstract: Hybrid cylindrical roller thrust bearing washers of type 81212 were manufactured by tailored
forming. An AISI 1022M base material, featuring a sufficient strength for structural loads, was cladded
with the bearing steel AISI 52100 by plasma transferred arc welding (PTA). Though AISI 52100 is
generally regarded as non-weldable, it could be applied as a cladding material by adjusting PTA
parameters. The cladded parts were investigated after each individual process step and subsequently
tested under rolling contact load. Welding defects that could not be completely eliminated by
the subsequent hot forming were characterized by means of scanning acoustic microscopy and
micrographs. Below the surface, pores with a typical size of ten μm were found to a depth of about
0.45 mm. In the material transition zone and between individual weld seams, larger voids were
observed. Grinding of the surface after heat treatment caused compressive residual stresses near the
surface with a relatively small depth. Fatigue tests were carried out on an FE8 test rig. Eighty-two
percent of the calculated rating life for conventional bearings was achieved. A high failure slope of
the Weibull regression was determined. A relationship between the weld defects and the fatigue
behavior is likely.

Keywords: tailored forming; hybrid bearing; AISI 52100; plasma transferred arc welding; residual
stress; scanning acoustic microscopy; bearing fatigue life
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1. Introduction

In many technical applications, functional part regions of components experience a significantly
higher load than basic structural regions. This occurs, for example, due to rolling contacts, like rolling
bearings or gears. The material at and just below the surface, such as the raceway of the bearing,
can experience very high stresses of over 3000 MPa and exceed 106 load cycles. In order to achieve a
long lifetime, the material needs to be of a high quality, strength, and hardness. Mounting components
such as shafts or less stressed regions in gear wheels like the connecting structure between the hub and
teeth are subjected to a much lower load. Depending on the application, a base material with reduced
strength or a lighter material may be sufficient or even advantageous.

Especially in large size bearings, the material costs for high purity steels that are mostly free
of tramp elements are very high. Thus, a compromise between costs and benefit has to be made.
The localized application of a layer of a high-performance material in the highly loaded area improves
the mechanical properties where these are required. A base material, which is located in the less
highly loaded region, can save costs and can fulfill other functions regarding, e.g., weight reduction
or a modified ductility. These multi-material components can be adapted to thermal, environmental,
and mechanical stresses depending on the application.

2. State-of-the-Art

The Collaborative Research Center (SFB) 1153 tailored forming aims to develop and optimize
a novel process chain for the manufacturing of hybrid solid components. This is done by
thermomechanically joining semi-finished products and subsequent forming to produce components
with locally adapted properties. By combining different materials within one component, it is possible
to reduce the component weight by the local use of lightweight materials or to reduce cost by
combining low-cost base materials with high-quality alloys at certain functional surfaces. Among
others, the mechanical properties of a hybrid cylindrical roller thrust bearing are of interest. Thus,
the low-alloy steel AISI 1022M (material number 1.0460) was used as base material, cladded by the steel
AISI 52100 (1.3505) and produced using the tailored forming technology to manufacture hybrid bearing
washers. This process chain is depicted schematically in Figure 1. In the first step, the high strength
steel was cladded onto the base materials using plasma transferred arc powder deposition (PTA)
welding (Figure 1a). Subsequently, the hybrid workpiece was formed into the semi-finished product
with a near net-shaped contour by means of forging (Figure 1b). This thermomechanical treatment
improved the quality of the interface zones, as shown for deposition welded workpieces in [1,2].
In the following, a heat treatment by means of quenching and tempering, as well as a subsequent
machining (Figure 1c), were carried out to produce the axial bearings as depicted in Figure 1d. In the
load direction, the two hybrid discs on which the rolling element was running featured a material
transition, with the high strength material serving as the raceway.

Figure 1. Process chain for manufacturing a hybrid cylindrical roller thrust bearing washer by tailored
forming: (a) plasma-transferred arc deposition welding; (b) upsetting; (c) heat treatment by quenching,
tempering, and subsequent mechanical processing; (d) bearing assembly for analysis in a test bench.
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In the following, the term “hybrid bearing” is used for multi-material bearing components
manufactured by means of tailored forming. Here, the application of two different materials with a
material transition in the load direction is characteristic. In contrast, the term “hybrid” in the context
of rolling bearings is usually employed for bearings in which different materials are combined for the
bearing rings and rolling elements [3]. Nitrided rolling bearing steel is often used for the bearing rings
and a high-strength ceramic, such as silicon nitride, for the rolling elements [4]. These bearings are
suited for high performance applications and are complex regarding their proper evaluation [5].

Regarding iron-based cladded components and their fatigue behavior under complex loads due to
rolling contacts, few previous works exist. Koehler et al. welded ASTM F75 powder (American Society
for Testing and Materials standard for cobalt-28 chromium-6 molybdenum alloy; material number
2.4979) via deposition welding on AISI 4140 (American Iron and Steel Institute standard; 1.7225) and
detected a reduced fatigue strength in 4-point bending tests compared to the mono-material, which
could be explained by tensile residual stresses caused by the cladding process [6]. In further research by
Koehler et al., fatigue tests were carried out on crankshafts of the same material combination repaired
by deposition welding [7]. The specimen showed a reduced tensile strength and yield stress compared
to newly manufactured crankshafts, resulting in a reduced fatigue life. Alam et al. cladded ASTM
F75 on ASTM A572 (1.0045) and observed pores on the surfaces of cylindrical and square bars [8].
It was found that surface cracks were initiated due to these pores, with a negative effect on service
life. Pores or defects below the surface were not investigated. In Chew et al., a cladding of 1 mm of
ASTM F75 was applied to AISI 4340 (1.6511). Cross-section examination of the specimen showed that
no macro defects such as pores, lack of fusion, or cracking appeared [9]. By further surface grinding
processes of the specimen, a maximum fatigue life of 95% compared to the monolithic substrate could
be achieved. At the location of direction change in the course of the welding track, early fatigue
cracks were initiated due to the higher heat input and the local microstructure evolution. The positive
influence of compressive residual stresses on the fatigue life of radial bearings made of AISI 52100
was investigated in [10]. In contrast to the aforementioned, tests were carried out on real components
under a high Hertzian contact pressure of 2.5 GPa. By hard-turning and subsequent deep rolling,
an improvement in service life was achieved in comparison to ground hybrid bearings.

Blohm et al. [1] used a subsequent forming process for shafts from AISI 1022M cladded with
AISI 5140 (1.7035) by PTA welding. Due to this forming process, a defect-free interface zone could
be obtained. Using the example of a hot-formed specimen manufactured by welding, Mildebrath
et al. [2,11] demonstrated that the cladding completely recrystallized during the subsequent forming
process and that disadvantageous microstructures present after welding were transformed. Behrens
et al. [12] researched hybrid forging billets that were welded out of alloy steel AISI 5140 and carbon steel
AISI 1022M. They employed a test matrix that utilized the variations of process parameters to influence
the geometry and microstructure of the materials’ joining zone. Pape et al. [13] investigated the
manufacturability of multimaterial components by combining the high-alloy steel AISI HNV3 (1.4718)
with the base substrate of ASTM A283 (1.0038) in a single component. The materials were joined
by laser metal deposition by wire according to the stressed zones of the component and examined.
The aim was to ensure an efficient use of resources. Behrens et al. [14] welded bearing washers of AISI
1022M with the alloyed steel AISI 5140. They researched the grain refinement depending on the degree
of forming and investigated the wear resistance of the specimen. Stanford and Jain [15] found that
pores in the loaded material areas had the greatest influence on the service life of the components if they
had not been closed or reduced in size by a subsequent forming process. In particular, they emphasized
the positive influence of the forming process on fatigue life.

3. Aim and Research Objectives

As has been shown in the State-of-the-Art Processes section, the deposition welding of a low-alloyed
steel can result in a reduction in its fatigue strength. The build-up welded surfaces of low-alloyed
steels do not yet have sufficient fatigue resistance to rolling bearing loads. No references are known for
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the welding and subsequent forming of rolling bearing steel. The aim of this study was therefore to
develop a process route for the application of rolling bearing steel by means of tailored forming and
to investigate the mechanical properties of the components produced in this way. For this purpose,
the following questions have to be answered:

1. Which welding parameters are necessary to functionalize bearing steel that is normally declared
as not weldable?

2. How do the downstream processes need to be adjusted in order to achieve a high component
quality for use as rolling bearings raceways?

3. What is the microstructure of the material compound after the different manufacturing steps?
4. Were the relevant component properties for use as a rolling bearing component achieved?
5. What are the relevant mechanisms that govern the fatigue behavior?
6. What damage patterns occur when used as a rolling bearing raceway?

4. Materials and Methods

In this study, classical bearing steel was welded on a base material by means of
plasma-powder-transferred arc welding (PTA) and later used as bearing raceway of a cylindrical roller
thrust bearing type 81212, see Figure 2. A washer with an outer diameter of 95 mm was produced,
see Figure 2a. The washers’ thickness was 7.5 mm. It had a material transition in axial direction
(Figure 2b), which was the direction of loading. The base material of the washer consisted of the
unalloyed and heat-resistant weldable steel AISI 1022M, which is mainly used in valve construction.
The cladding material for the PTA consisted of the rolling bearing steel AISI 52100, which had a CEV > 1
and was considered to be non-weldable [16]. In order to weld the material in spite of this, the material
was atomized to utilize it for PTA. The material AISI 52100 has a high wear resistance and toughness,
which is why components such as rolling bearings are made of it. The chemical compositions of the
materials are shown in Table 1. The chemical compositions were measured with a spark analyzer
LMX07 (Spectro Analytical Instruments GmbH, Kleve, Germany).

 

Figure 2. Tailored forming bearing: (a) finished specimen as roller bearing raceway; (b) sectional view;
(c) cylindrical roller thrust bearing type 81212.
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Table 1. Chemical composition of AISI 1022M and AISI 52100 determined by optical emission
spectrometry in wt.%.

AISI C Si Mn P S Cr

1022 M 0.22 0.29 0.84 0.01 0.001 0.04
52100 0.97 0.25 0.31 0.01 0.004 1.38

After PTA welding, the component was formed to improve the material properties. By means of
detailed analytical methods, the processes necessary for production were investigated step by step.
The components that were produced, as described in Figure 1, later served as rolling bearings and
will be characterized in the following with regard to their material properties. Subsequently, fatigue
tests were carried out on a rolling bearing test rig, which served as a baseline for further investigations.
The roller and cage assembly was taken from conventional bearings, in order to assemble a cylindrical
roller thrust bearing consisting of two discs, see Figure 2c.

4.1. Plasma Transferred Arc Deposition Welding

PTA is a thermal process for applying wear and corrosion resistant layers on surfaces of metallic
materials. During the PTA welding process, a tungsten electrode created a plasma arc with high energy
density, which melted the surface of the base material. At the same time, the cladding material was
inserted into the arc by a powder stream and was molten. During solidification, a substance-to-substance
bond between the cladding and base material was created. The welding process was shielded by argon
gas. The advantages of this process were a low dilution rate, a small heat affected zone, and deposition
rates up to 10 kg/h. Further benefits were a high degree of automation and reproducibility [17].

The welding process was carried out on a six-axis REIS RV industrial robot (KUKA AG, Augsburg,
Germany), where two additional axes were realized by a turn and tilt table. The welding torch was a
Kennametal Stellite HPM 302 (Kennametal Stellite, Pittsburgh, PA, USA), which was water-cooled.
The equipment is shown in Figure 3a. To obtain the optimum grain size with a diameter of a minimum
63 μm to maximum 200 μm, the powder was filtered with sieving units (Retsch, Haan, Germany).
This corresponds to the current industrial standard for additional materials in powder form that are
used for PTA welding [18]. Powders with the standard grain size were used because of a regular
melting behavior in the arc as well as a good transportability in the gas flow of the transport gas.
Prior to the welding process, the surface of the discs was cleaned with acetone (E-Coll, Wuppertal,
Germany). The substrate was at room temperature at the start of welding and was not preheated.
Welding without preheating normally makes a welding process more difficult, especially when high
carbon equivalent steels are processed. However, by choosing a slow welding speed of 0.12 m/min,
the resulting high heat input enabled the discs to be heated up to suitable joining temperatures in a
short time by the welding process itself. This improved the weldability of the steel alloys used. The disc
was placed on the additional axis, which was aligned parallel to the ground. Due to the spiral-shaped
seam geometry (Figure 3a), the beginning and the end of the seam were not located in the area where
the rolling contact will later take place. Therefore, any defects that occur in the beginning or the end of
the weld, e.g., because of too low or too high temperatures, were not relevant for the later function
of the components. During the welding process, the torch oscillated with a frequency of 2.0 Hz and
amplitude of 4 mm at an angle of 90◦ to the welding direction. The oscillation increased the dynamics
of the weld pool and allowed the degassing of the melt, preventing pores. The welding process took
about 10 min and 30 s, whereby the disc heated up to 650 ◦C. To keep the dilution between the base
material and cladding metal nearly constant, the welding current was dynamically adapted during the
welding process (see Figure 3b). Starting with a current of 180 A, the current was gradually reduced
to 130 A. A suitable current curve was empirically determined in preliminary tests by temperature
measurements accompanying the welding process. A short working distance of 10 mm was selected.
This allows a very precise control of the seam geometry. This was set with a seam-overlap of 1.5 mm.
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Due to the short working distance, the plasma gas was set as low as possible at 1.5 min−1 to avoid
spattering of the melt pool. The remaining gas values for transport and protective gas correspond to
standard values. An overview of the general welding parameters is given in Table 2.
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Figure 3. (a) Experimental setup of the welding process; (b) adjustment of current intensity.

Table 2. Welding parameters.

Parameter Value Parameter Value

Shielding gas flow (argon) 10 L/min Current 180–130 A
Plasma gas flow (argon) 1.5 L/min Voltage 25–27 V

Transport gas flow (argon) 6 L/min Powder material AISI 52100
Welding velocity 0.12 m/min Particle size 0.06–0.2 mm
Working distance 10 mm Deposition rate 0.9 kg/h

4.2. Upsetting

After deposition welding, the hybrid bearing washers were formed in a single-stage
upsetting process. The application of forming allowed to improve the welded microstructure by
thermomechanical treatment and to close the pores in the cladding layer [19]. The upsetting was
performed on a hydraulic press (SPS Schirmer-Plate Siempelkamp GmbH, Krefeld, Germany) with
a maximum capacity of 12,500 kN, as depicted in Figure 4a. The required forging temperature of
1050 ◦C was achieved by heating in a chamber furnace (Nabertherm, Lilienthal, Germany) in an
inert gas atmosphere (Figure 4b) in order to prevent the surface decarburization and oxidation of the
weld material. After the individual workpieces were put in the shielding gas container, the air was
displaced by argon within a timeframe of 15 min. Then, the container was placed in the furnace until
the workpieces were heated up within a timeframe of 20 min. Subsequently, the hot preforms for
bearing washers were manually transferred to the forming tool and formed by upsetting from 15 mm
to 9 mm. After forging, the bearing washers were cooled in air. A bearing washer after forming is
shown in Figure 4c. The main parameters of the forging are summarized in Table 3.

Table 3. Parameters of upsetting process.

Parameter Value

Forming temperature 1050 ◦C
Furnace shielding gas argon

Forging force 1700 kN
Height reduction 35%

Final height 9 mm
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Figure 4. Forming setup: (a) hydraulic press; (b) removal of the shielding gas container from the
furnace after heating of the workpieces; (c) forged bearing washer.

The macrographs depicted in Figure 5 show the effect of the die forging on the material distribution
for the example of a bearing washer preform that is welded with a single seam. Both samples
were prepared from the same workpiece, which was separated in two parts. One of them was
subsequently formed; the second one remained without any further treatment. The mentioned parts
were metallographically investigated at several positions. The representative results of this examination
are illustratively demonstrated in Figure 5. After upsetting, the weld material was pressed into the
substrate. A flattening of the cladding surface took place as a result of the forming process. After the
deposition welding, some pores marked with red circles in Figure 5a were macroscopically observed
close to the joining zone area. After forging, no pores at the investigated positions could be seen at the
macroscopic scale (Figure 5b). A quantitative comparison of the porosity before and after forging was,
however, not possible because the cross-sections of cladded and forged parts were not extracted from
the same position. Forming is not only able to close pores; non-metallic inclusions are also pressed
further into the depth of the surface, and thus out of the intended loaded functional area. This is also a
desirable effect, as pores or defects directly below the surface are the most critical ones [6].

Figure 5. (a) Section view of the cladded workpiece welded with a single seam and (b) of a
near-net-shaped bearing washers after forging (etched with nitric acid solution).

4.3. Heat Treatment

To adjust the required strength and hardness of the bearing washers, a heat treatment in terms of
quenching and tempering was carried out after the machining. For this purpose, the bearing washers
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were placed in a self-designed hardening box with neutral annealing coal. The box was equipped
with a thermocouple and preheated to 850 ◦C in an electrically heated chamber furnace. The bearing
washers were austenitized at this temperature for 45 min (heating + holding time). In addition to
the neutral annealing coal, argon was used to further prevent decarburization of the parts. To avoid
stress cracks, quenching was carried out in an oil bath at room temperature. Subsequently, the bearing
washers were tempered at 150 ◦C for 1 h to reduce brittleness and internal stresses, and achieve a target
hardness of 60 according to Rockwell C (HRC) (measured on industrial bearing raceway).

4.4. Machining

After the upsetting process in the process chain of manufacturing hybrid bearing washers, water
jet cutting was employed to produce the annular geometry and the component was pre-machined to
tolerance with a 1-mm off-cut. After the subsequent heat treatment, the final geometry was obtained by
a grinding process (Figure 6). This was conducted on a grinding machine with computerized numerical
control (CNC) of type Blohm Orbit 48 (Blohm Jung GmbH, Hamburg, Germany). A surface grinding
wheel type 517A 54/11 G7H 2020 V341A (Butzbacher Schleifmittel-Werke GmbH, Butzbach, Germany)
was used here for the finishing operation step. In order to fulfill the surface quality requirements,
a cutting speed of vc = 25 m/s, a feed of f = 200 mm, and a depth of cut of ae = 100 μm were applied.

 
Figure 6. Machining setup in the CNC grinding machine.

4.5. Analytical Methods

4.5.1. Metallographic Investigations and Hardness Measurements

For microstructural characterization of the interface zone, cross-sections were extracted from
the bearing washers in a radial direction. Metallographic investigations were carried out after
deposition welding, hot forming, and heat treatment in order to examine the microstructural evolution.
The samples were prepared metallographically by grinding, polishing, and subsequently etched with
the reagent Beraha I or 2% nitric acid solution (CRIDA Chemie, Wenden, Germany). To investigate
the hardness distribution across the joining zone, hardness measurements were carried out after
each process step. Hardness testing on a ATM Q10A+ (ATM Qness GmbH, Mammelzen, Germany)
according to Vickers HV 0.5 standard was used for this purpose [20]. Hardness profiles were measured
from the AISI 52100 surface of the bearing disc in the AISI 1022M base material. To compare the
surface hardness of the tailored forming bearing washer with an industrial bearing washer, hardness
measurements were carried out after the bearing washer was manufactured. The Rockwell HRC
hardness test according to DIN EN ISO 6508 was used for this purpose [21].
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4.5.2. Residual Stress Measurements

Due to different thermal expansion coefficients of the materials, delayed cooling of the subsurface
and core, as well as local structural transformations limited to the surface layer; residual stresses were
caused after forging and the heat treatment process, which were modified by subsequent machining
of the hybrid component [22,23]. Residual stresses have a significant influence on the operating
behavior and therefore the lifetime of a component. The fatigue life of a cyclically loaded component is
reduced by high internal tensile residual stresses because they lead to failure of the component by crack
formation and propagation. Compressive residual stresses, however, can increase the component’s
service life by reducing crack initiation and propagation [24–26]. For this reason, it was necessary to
analyze the residual stress condition of a component before the tribological investigations.

The residual stresses were determined radiographically using the sin2ψ-method [27,28]. A Seifert
XRD 3003TT two circle X-ray diffractometer (Röntgenwerk Rich. Seifert & Co., Ahrensburg, Germany),
equipped with a Cr tube and a spatially resolved detector, was used for this purpose. The point
focus measuring spot was delimited with a 2-mm point collimator. The ω-axis of the diffractometer
served as tilting axis ψ. For measurement on the martensitic phase, the tilt range of ψ varied from
−45◦ to +45◦ with a total of nine tilt positions. To determine the net plane spacing d211 of the α-iron,
the intensity was recorded over 2θ in the range between 144.0◦ and 164.8◦ with a step size of 0.2◦.
The measurement time per step was 36 s. The maximum information depth of the X-radiation was
τmax = 5.5 μm. For measurements at a greater distance from the surface, material was successively
removed by electrolytic polishing. For the X-ray elasticity constants s1, 1

2 s2, and the reference values
for the unstressed material, the values of the pure α-iron grid were assumed [29].The evaluation of the
residual stress measurements was carried out with the RayfleX software (Version 2.501, Röntgenwerk
Rich. Seifert & Co., Ahrensburg, Germany) from General Electric. After data reduction, the position
of the diffraction reflections was determined using the parabolic fit method. The data reduction was
carried out according to the following procedure: smoothing according to the Savitzky and Golay
algorithm, left-sided background correction, intensity corrections, and a parabola fit with a threshold
value of 70% of the maximum intensity. The measuring accuracy of the X-ray diffractometer specified
by the manufacturer for flat sample geometries was σ = ±10 MPa.

4.5.3. Non-Destructive Examination

The nanomechanical properties of the bearing washers were investigated before forming and after
finishing. The aim of the tests was to determine the frictional and mechanical surface properties of
the hybrid bearing washer. Nano-scratch tests were carried out with a Hysitron TriboIndenter TI950
(Bruker Corporation, Billerica, MA, USA). A cono-spherical diamond tip with a radius of 300 nm
was used. The measured values were used to determine the elastic and plastic deformation behavior
and the penetration-dependent friction coefficient μ during ploughing. The measuring tip traveled
along the specimen surface with linearly increasing normal load and constant speed. It was moved
over the sample with electrostatic force resulting in a tangential force. As the normal force increased
during ploughing (Scratch test), the tangential force also increased. By the change in capacitance,
the system detected the tangential force in dependence on the normal force and the depth displacement.
According to these data, the coefficient of friction μ based on Coulomb friction was calculated. In the
tests, a maximum load of the tip of 1 mN was used. The surface profile was analyzed before and
after the scratch test using Scanning Probe Microscopy (SPM). The travel length of the tip was about
8 μm. The test was divided in three steps. First, the initial surface profile was scanned by the tip
under a low load on the scratch path (prescan). Next, the scratch was performed on the same route
with a load magnitude of 1 mN (scratch). To determine the resulting plastic deformation, the scratch
route was scanned again with a low force magnitude (postscan). By analyzing the prescan, scratch,
and postscan profile, it was possible to record the elastic and plastic deformation by calculating the
different penetration depths. The plastic behavior was calculated based on five measurements and the
standard deviation was determined.
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Non-destructive testing using scanning acoustic microscopy (SAM) with a modified PVA TePla
SAM 301 system (PVA TePla, Wettenberg, Germany) was used to examine the components for
sub-surface damages after production and after fatigue testing. Here, the scanner-mounted transducer
generates a pulse into the sample in the ultrasonic frequency range. The sound pulse is partially
or completely scattered and reflected by inhomogeneities in the material, which are then measured
(pulse-echo method). Distilled water served as a coupling medium between transducer and samples.
Penetrating oil was used as a corrosion inhibitor. The surface roughness of the raceway was measured
tactilely with a Mahr Perthometer PCV (Mahr-Gruppe, Göttingen, Germany). The measurement was
carried out in radial and in circumferential direction of the disc at five points each.

4.5.4. Bearing Fatigue Testing

In order to investigate the performance of the hybrid bearing washers, bearing fatigue tests were
carried out on a self-designed FE8 test rig according to DIN 51819 [30]. The test rig was originally
used for the dynamic-mechanical testing of automotive and industrial lubricants. In the FE8 test
head, two cylindrical roller thrust bearings of type 81212 were mounted on a single shaft, see Figure 7.
Each bearing consisted of a bearing washer that was fixed in the housing and a washer that rotated
with the shaft, as well as the rolling elements and cage. Only one tailored forming housing washer was
used for bearing fatigue testing, while the other washers were taken from conventional 81212 bearings.
For these investigations, 19 rolling elements mounted in a fiberglass-reinforced polyamide cage were
used. The conventional rolling elements and washers were made from martensitic through-hardened
AISI 52100. The force was applied by a disc spring assembly in axial direction and measured by a
HBM C2 load cell (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) during mounting.
For an initial functional test, the test parameters from previous tests with other cladding materials
were applied [13,14]. Here, the axial load was 40 kN. Due to very high run times, the load was
increased to 60 kN for the subsequent fatigue tests. The test parameters are specified in chapter 0.
A circulating lubrication system with a filtration quotient of β10 = 200 according to ISO 16889 supplied
each bearing with lubricant at a rate of 0.1 L/min via the housing side [31]. The lubricant used was a
commercial gear oil based on synthetic polyalphaolefins with a viscosity grade of ISO VG 68 (Fuchs
Petrolub SE, Mannheim, Germany). The oil contained, among other additives, extreme-pressure and
anti-wear additives. Failure by spalling on the washer’s raceway was manifested as a sudden increase
in vibration, which was used as a termination criterion. A threshold of 150% of the steady state signal
had to be exceeded for the test to shut down. The tests were carried out using the sudden death method.

 

Figure 7. FE8 test head with type 81212 cylindrical roller thrust bearing.
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5. Results and Discussion

5.1. Microstructure Evolution during Processing

The micrographs, showing the transition of the cladding layer into the base material, are illustrated
in Figure 8. Figure 8a shows the microstructure after deposition welding. The base material AISI
1022M has a ferritic-pearlitic microstructure with large grains. Close to the joining zone, needle-shaped
Widmanstätten ferrite could be observed. The microstructure of the cladding material was mainly
pearlitic. Figure 8b shows the microstructure of the hot-formed and air-cooled bearing washers. Here,
the base material also consisted of a ferritic-pearlitic microstructure and the cladded material of a
mainly pearlitic microstructure. However, the microstructure was more homogeneous and fine-grained
compared to the welded state due to hot forming-induced recrystallization. The micrographs taken after
hardening, i.e., quenching and tempering, are shown in Figure 8c. The microstructure of the cladding
material was completely transformed into martensite during hardening by quenching, featuring
a needle-shaped morphology. Martensite was also formed close to the interface zone in the base
material, though the remainder of the base material was ferritic-pearlitic. The results from the hardness
measurements (Figure 9) were in accordance with the metallographic investigations. The hardness
profiles of the bearing washers after deposition welding and after forming were very similar, since the
components were cooled in air after the respective process step and thus have not been subjected to any
specific heat treatment to increase the hardness. After the targeted heat treatment by quenching and
tempering of the bearing washers, a hardness of 880 HV0.5 was determined in the cladding layer and of
250 HV0.5 in the base material. The base material remained ductile after hardening, while the cladding
featured high hardness values as desired to withstand the rolling contact loads. The lower hardness
in the base material resulted from the low carbon content of the steel AISI 1022M. The hardness
was examined again on the cutting surface after the process steps of deposition welding, forming,
and hardening (see Figure 9). The results show that the mean hardness after deposition welding and
the forming process did not differ in the cladding material. It can be observed that there was a gradient
from the cladding material to the base material. The hardness in the cladding material increased again
after targeted heat treatment of the bearing washer. While an almost defect-free material transition
between the base material and the cladding material was achieved by upsetting, the subsequent heat
treatment allowed to achieve hardness values for the tailored forming bearings that are similar to those
of the industrial bearings, which were also measured at 60 HRC.

Figure 8. Micrographs of the joining zone: (a) After deposition welding; (b) after forming; (c) after
a quenching and tempering heat treatment; (a,c) etched with 2% nitric acid solution; (b) etched with
Beraha I reagent.
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Figure 9. Hardness profiles of the hybrid bearing washers.

The chemical composition measured by spark spectroscopy showed that the carbon content was
slightly below the values specified for AISI 52100 (0.87% instead of at least 0.93%, see EN 10132-4), c.f.
Table 1. The reduced carbon content is attributed to the welding process, as the elemental content was
slightly reduced due to the material dilution between the base material and the cladding material.

5.2. Residual Stress State

In Figure 10, the residual stress depth profiles and the corresponding peak halfwidths (full width
at half maximum, abbreviated as FWHM) depth profiles of a machined hybrid axial-bearing washer
are presented. The residual stress depth curves show that in both directions (circumference ϕ = 0◦
of the bearing washers as well as radially ϕ = 90◦) maximum compressive residual stresses occured
near the surface of the hybrid component. With increasing surface distance, a very abrupt shift in
the direction of tensile residual stresses was noticeable. A significant difference in the residual stress
profile depending on the measuring direction was not visible in the surface-near area. Only from a
surface depth of approx. 50 μm did deviations occur in the residual stress profiles between radial and
circumferential direction.

Taking a closer look at the associated FWHM in connection with the residual stress measurement,
it is clear that a relatively similar course of the profiles can be seen here as well. The differences between
the two measuring directions are not significant. It is apparent that the FWHM at the surface was
high, then decreased with further increasing surface distance and reached a minimum at approx. 4 μm
depth. With further increasing surface distance, the FWHM value increased again and reached the
value of the basic structure. The area that was influenced by the grinding process was only minimal
and lies approximately in the range between 0 and 50 μm. The FWHM was an indication of the
plastic deformation and thus of the hardening state of the surface as a result of increased or decreased
dislocation density. There was a proportional relationship between plastic deformation and FWHM,
which means that, with increasing plastic deformation, the FWHM would also increase. The grinding
process caused a softening of the material in the surface-near area. The reason for this could be the
heat transfer during grinding. In recent research projects, references were made to the high gradient in
the residual stress depth curve caused by the high temperature development during grinding of hard
materials [32–34]. This would also explain the abrupt drop of the high compressive residual stresses.

194



Metals 2020, 10, 1363

Figure 10. Residual stress and full width at half maximum (FWHM) depth profile after machining.

5.3. Microtribological Investigations

The coefficient of friction was calculated based on the performed scratch test for the cladding
material. The microtribological investigations showed a coefficient of friction (CoF) of 0.4 for the
considered hybrid bearing washer. This was in a good agreement to the CoF of industrial axial bearing
made of AISI 52100, which was investigated in [14].

Figure 11 show the plastic behavior calculated by the nano-scratch tests. Without an additional
forming and hardening of the axial bearing washer, a mean difference of 10.6 nm (standard deviation
SD = 2.46) was achieved. The mean difference of the indentation depth with additional forming and
hardening was about 9.5 nm (SD = 2.55), which corresponds to a decrease of about 11% between
bearing washer with an additional forming step and without. However, the results of the industrial
bearing washer made of AISI 52100 showed an even lower tendency to plastic deformation (8.6 nm
with SD = 3.13) than the bearing washer made by means of the tailored forming process chain after the
forming stage and a target heat treatment.

 

0 1 2 3 4 5 6 7 8 9 10 11 12
Mean difference of indention depth (Pre- to Postscan), nm

After forming and heat treatment

Before forming

Industrial bearing washer, AISI 52100 

Investigated scratch lines

AISI 52100 

AISI 1022M

Figure 11. Evaluation of the scratch test of the cladding at different stages of the process chain.
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These results indicate that the additional forming and heat treatment steps reduced the tendency
to plastic deformation of the cladding material of the bearing washer made by the tailored forming
process chain. However, industrially produced bearing washers have a lower tendency to plastic
deformation than the hybrid bearing washer, so that individual process steps in the tailored forming
process chain should be further optimized.

5.4. Optical and Acoustic Microscopy

Before fatigue testing, the washers were optically inspected. For the hybrid washers, the arithmetic
mean value of the surface roughness Ra was measured as 95 ± 7 nm. The industrial standard is
80 nm. In applications with high speeds and high loads, bearing manufacturers usually recommend
a mean roughness value of Ra < 0.2 μm for running surfaces in direct bearing arrangements,
which was exceeded.

Via acoustic sectional images in axial direction (C-scan), various welding defects could be detected,
as shown in Figure 12. At a depth between 150 and 300 μm from the surface, smaller pores are visible
as white dots in the C-scan (circled in red in Figure 12a left). They have a typical size of 10–20 μm
in diameter. The pores appeared randomly distributed. For the parameters investigated here with
an axial load of 60 kN, the maximum of the Tresca equivalent stress is at a depth of approx. 125 μm.
Since these pores occur in the zone of highest stress, they are rated as potentially critical. SAM images
with higher magnification at this depth are shown in Figure 13 (bottom). The material transition zone
between AISI 52100 and AISI 1022M lies in a depth of around 2.1 mm, which is shown in Figure 12a
right. Here, larger cavities beyond 1 mm can be seen. These are arranged along the helical welding
tracks (red arrows), which are about 10 mm apart. Concentric interference patterns are partially visible
at the cavities, as there are repetitive echoes of the ultrasound signal. In order to support these findings,
the sample was ground down layer by layer in the axial direction and compared to SAM imaging,
see Figure 12b. The region of interest, marked in Figure 12a) on the right, is a 45◦ cutout. The cavities
(circled in red in Figure 12b) open and close again in the course of 1.2 to 1.5 mm below the surface.
Accordingly, the axial elongation is > 0.3 mm. By means of SAM (Figure 12a left), a greater degree of
detail of the cavities is visible, as information was partially lost during the grinding process.

 
(a) (b) 

Figure 12. Scanning acoustic microscope images before testing: (a) Smaller pores near the surface
(left) and larger cavities in the material transition zone (right); (b) comparison of scanning acoustic
microscopy (SAM) (left) and optical microscopy after grinding (right) for different depths.
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Figure 13. Optical (top) and acoustic (bottom) microscope images after: (a) machining; (b) 400 h
runtime at 250 min−1 with surface damage; (c) test termination with 1100 h runtime at 250 min−1.

5.5. Rolling Contact Fatigue Performance

5.5.1. Screening Test

First, a hybrid bearing washer with AISI 52100 cladding was tested on the FE8 test rig with
40 kN at 250 min−1 (pH = 1.85 GPa, κ = 0.55), in accordance with previous investigations [13,14].
In these investigations, maximum running times until failure of 260 h for a cladding with a martensitic
chromium-silicon steel (AISI HNV3, 1.4718), and 332 h for a cladding with AISI 5140, were achieved.

The tailored forming washer with AISI 52100 cladding, on the other hand, ran 1100 h without a
critical damage event. After this, the test was aborted and considered passed. The test was interrupted
every 100 to 200 h to document the possible progression of the damage. The disc was extracted and
examined visually, microscopically, and by means of SAM, see Figure 13. After 400 h, a surface defect
with a maximum depth of 2.6 μm was detected.

The form of damage is unusual for damage that could have occurred during operation of the rolling
bearing. It is more likely to be associated with a scrape mark during reassembly of the test. However,
it is noticeable that this damage did not lead to the failure of the bearing. Even by means of ultrasonic
microscopic images, no damage could be detected below the surface during continuous testing.

5.5.2. Pitting Tests

In order to shorten the test time, the test conditions were changed to the standardized test
according to VW PV 1483 [35]. In the so-called pitting test, the axial load was 60 kN and was thus 50%
higher than the previously mentioned conditions. This rolling bearing fatigue test usually aims to
differentiate gear oils with regard to their pitting resistance. The test parameters are summarized in
Table 4. The main criterion is a target running time of 200 h, divided into two phases:

1. Run-in procedure for 24 h at a reduced speed of 500 min−1,
2. Fatigue test for the remaining 176 h at 750 min−1.

197



Metals 2020, 10, 1363

Table 4. Test conditions for fatigue testing of 81212 type tailored forming bearings.

Parameter Value Parameter Value

Speed n 500–750 min−1 Axial load Fax 60 kN
Viscosity at 40 ◦C ν40 68 mm2/s Load equivalent C/P 2.87
Oil temperature TOil 95 ◦C Contact load F1 3.16 kN
Viscosity ratio k 0.44 Contact pressure pmax 1.8 GPa

The fatigue life evaluation was carried out using Weibull analysis. Accordingly, the failure
probability was calculated for n = 6 samples using maximum likelihood estimation and plotted in a
double logarithmic diagram over the lifetime in Figure 14. A two-parameter Weibull distribution was
assumed. The probability of error was 10%. The shape parameter, which indicates the slope of the
regression line, was β = 3.47. The characteristic lifetime parameter indicated the lifetime at a failure
probability of 63.2% and had a value of B63 = 6.32 × 106 revolutions. The experimentally determined
nominal life, which corresponds to a 10% probability of failure, is B10 = 3.88 × 106 revolutions.
This result serves as a baseline for future research with tailored forming bearings.

(a) (b) 

Figure 14. Bearing fatigue testing results: (a) Weibull plot with 95% confidence band for AISI 52100
tailored forming washers; (b) fatigue damage analysis by laser-scanning microscopy (rolling direction:
right to left).

The theoretical rolling bearing life for conventional bearings can be calculated according to
DIN ISO 281 [36], based on the work of Ioannides and Harris [37]. Since the operating speed of
500–750 min−1 exceeds the thermally permissible speed, an adjusted reference speed of 300 min−1 was
assumed for the lifetime calculation of conventional bearings as a reference. The additional factors are
summarized in Table 5. The extended modified lifetime at a 90% survival probability was calculated to
L10m = 4.75 × 106 revolutions. The deviation of the experimentally and mathematically determined
lifetime is B10/L10m = 81.68%. Thus, the bearing failures of AISI 52100 tailored forming bearings can be
considered as premature failures due to small pores below the surface.
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Table 5. Results of the fatigue life of tailored forming bearings and comparison with the calculated life
of conventional bearings.

Variable Value

Weibull shape parameter β 3.47
Experimental life B10 3.88 × 106 revs.
Adjusted speed nref 300 min−1

Life exponent p 10/3
Life factor aISO 0.14

Modified rating life L10m 4.75 × 106 revs.
Deviation factor B10/L10m 0.82

6. Conclusions

In this study, the tailored forming technology was successfully implemented for manufacturing
of bearing components. Using plasma-transferred arc welding, classical bearing steel AISI 52100
was cladded on AISI 1022M basic steel and subsequently formed by upsetting. It served as cladding
material for a rolling bearing raceway, which was investigated in bearing fatigue tests. The following
conclusions can be drawn:

• AISI 52100 is considered as non-weldable, but it was possible to weld by means of PTA.
The challenge of reducing pores during the welding process in order to increase the bearing
fatigue life still remains.

• The forming process demonstrated a positive impact on the microstructure in the interface
zone. Besides a grain refinement in the clad material, the Widmanstätten structure was fully
recrystallized. Moreover, the porosity occurring after PTA was significantly reduced and a
defect-free material transition between the base material and the cladding material was observed.

• Hardness values similar to those of industrial bearings were achieved by the applied heat treatment
of quenching and tempering.

• Residual stress measurements demonstrated that no critical tensile residual stresses occurred at
the surface of the hybrid bearing washers like in industrial bearing washers. High compressive
residual stresses on the subsurface avoided premature failure of the bearing washers.

• By using AISI 52100 as cladding material, the load-bearing capacity of the tailored forming bearing
washers was increased compared to AISI 5140 and AISI HNV3 claddings. Eighty-two percent of
the calculated modified rating life for conventional bearings L10m was achieved. The slope of the
determined Weibull curve indicates premature damage. By means of SAM, pores and cavities
could be detected, which were probably responsible for this.

If the defects could be reduced or even completely prevented, a very high potential for improving
the performance of tailored forming components opens up. In this context, follow-up investigations
should consider in particular an optimization of the welding process by means of preheating and
adapted welding materials as well as an increase in the degree of forming.
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Abstract: It is generally accepted that severe plastic deformation (SPD) has the ability to produce
ultrafinegrained (UFG) and nanocrystalline materials in bulk. Recent developments in high pressure
torsion (HPT) processes have led to the production of bimetallic composites using copper, aluminum or
magnesium alloys. This article outlines a new approach to fabricate multilayered Ni-Ti nanocomposites
by a patented SPD technique, namely, high speed high pressure torsion (HSHPT). The multilayered
composite discs consist of Ni-Ti alloys of different composition: a shape memory alloy (SMA) Ti-rich,
whose Mf > RT, and an SMA Ni-rich, whose Af < RT. The composites were designed to have 2
to 32 layers of both alloys. The layers were arranged in different sequences to improve the shape
recovery on both heating and cooling of nickel-titanium alloys. The manufacturing process of Ni-Ti
multilayers is explained in this work. The evolution of the microstructure was traced using optical,
scanning electron and transmission electron microscopes. The effectiveness of the bonding of the
multilayered composites was investigated. The shape memory characteristics and the martensitic
transition of the nickel-titanium nanocomposites were studied by differential scanning calorimetry
(DSC). This method opens up new possibilities for designing various layered metal-matrix composites
achieving the best combination of shape memory, deformability and tensile strength.

Keywords: composites; HSHPT; nano multilayers; Ni-Ti; SPD

1. Introduction

Multilayered composites have attracted much attention in engineering design as a promising
technique to develop a novel combination of physical and mechanical properties acquired from the
individual characteristics of the incorporated materials [1–5]. Bimetallic shape memory composites are
among the most widely investigated class of composites, offering better shape memory properties for
the design of new decomplex applications [6].

Shape memory alloys are stimulus-responsive materials with two universal properties:
superelasticity and shape memory effect [7,8]. The occurrence of martensite-to-austenite and
austenite-to-martensite transitions gives rise to shape memory and superelastic responses [9,10].
Among these alloys, Ni-Ti SMAs are among the most interesting thermo-responsive SMAs that are
capable of exhibiting reliable shape memory characteristics, in addition to presenting high ductility and
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strength [11]. Research on Ni-Ti shape memory alloys has been revived by controlling the “size-effect”.
Grain size reduction to the nano range greatly increases recovery stress [12]. The nanocrystalline (NC)
or ultrafinegrained (UFG) microstructure significantly enhances the mechanical and shape memory
characteristics in comparison with the coarse grained alloy of the same composition [13]. One way
to refine the microstructure of the fabricated bulk UFG and nanostructured SMAs is severe plastic
deformation (SPD) processing [14]. Most metal-matrix composites are obtained by accumulative roll
bonding, a variant of the SPD technique, which also makes it possible to obtain multiple layers [15].
In addition, bimetallic “Ni-Ti/Ni-Ti” shape memory composites obtained by welding present large
recoverable strain on heating and cooling [16], and are potential candidates for use as thermomechanical
actuators [7,9,17]. In earlier work, the major problem of the formation of a thick brittle intermetallic
layer was encountered, in particular in high temperature bonding processes [18]. Recent developments
have led to the use of high pressure torsion (HPT) as an appropriate severe plastic deformation
technique in the manufacturing of bimetallic composites [18].

The aim of our research is to study the structure and phase transformations of smart Ni-Ti
multilayered composites obtained using the HSHPT technique. This process combines HPT and friction
stir processing, and is capable of fabricating UFG discs of about 40 mm in diameter from different types
of alloys [19–21]. In addition, a more dependable method to fabricate bulk UFG metallic composites
is HSHPT. We fabricated an “Ni-Ti/Ni-Ti” composite with 2 to 32 multilayered discs. The HSHPT
process helps achieve very good bonding, high-quality interfaces with no intermetallic layers and
ultrafine-grained microstructure from individual Ni-Ti layers.

2. Experimental Procedure

For this study, multilayered shape memory Ni50.3Ti/Ni49.6Ti composites were produced using
HSHPT severe deformation at ambient temperature. The materials used in this investigation were
cut from commercial shape memory Ni49.6Ti50.4 (at.%) sheets and superelastic Ni50.3Ti49.7 (at.%) rods.
The martensitic transformation temperature Ms for the SMA that is rich in titanium is 51 ◦C, while it is
–16.5 ◦C for Ni-rich alloy.

The details of the HSHPT procedure and the ad hoc machine used in the present work are given
in our earlier papers [19,21]. To enable microstructural refinement concurrent with bonding of layers,
the SPD process variables were chosen utilizing an EATON SVX024A1-4A1B1 frequency converter via
PLC XC 200. The speed of rotation of the upper punch was maintained at 900 rpm. Initially, a pressure
of 20 bars was applied using the bottom punch. The pressure levels monitored making use of the
Hottinger Spider 8 equipment were between 0.01 GPa and 0.68 GPa, depending on the number of
layers. The maximum torque reached was 42 Nm. The processing time lasted between 11 and 28 s.
The maximum pressure was applied for less than 5 s.

HSHPT was first applied on each Ni-rich sample (about 9.5 mm × 7.4 mm and 2.35 mm in
thickness) and Ti-rich sample (9.5 mm in diameter and ~2.35 mm in thickness) with austenitic and
martensitic structures, respectively, at room temperature. The second step involved was fabricating
the composites. To obtain two- and three-layer composites, discs with different chemical compositions
were made to overlap alternatively in different successions. In the third step, these modules were
cut in half and assembled as sandwich stacks. Four-layered composites were obtained by halving
the two-layered composite and overlapping the parts in the HSHPT machine. The same procedure
was used to obtain 8, 16 and 32 layers. Three-layered composites were obtained by overlapping the
obtained Ti-rich, Ni-rich and T-rich disks. Five-layered composites were obtained by overlapping
half of the obtained three- and two-layered composites. Six-layered composites were obtained by
overlapping the obtained three-layered composite (Ti-rich, Ni-rich and T-rich half disks) with another
three-layered composite (Ni-rich, Ti-rich and Ni-rich half disks). Nine-layered composites were
obtained by overlapping the half of obtained four- and five-layered composites. Twelve-layered
composites were obtained by overlapping the obtained 6-layered composite, and 24-layered composites
were obtained by overlapping the obtained 12-layered composite (Figure 1). The cumulative degrees
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of deformation of multilayered bimetallic composites, calculated using the formula ε = h0
h1

, (where h0

is initial thickness of the sample and h1 is the final thickness of the sample), ranged from 0.95 to 4.65.
The SPD discs produced were with d ≤ 40 mm and t = 1.5–0.15 mm.

Microstructural examinations highlighted the ability to manufacture multilayered composites and
revealed the reliable bond of layers, as well the reduction in grain diameter accomplished using the
HSHPT technique. Investigation of the multilayered Ni50,3Ti/Ni49,6Ti microstructure was done using
an OLYMPUS BX51 (manufactured by Olympus microscopes, Tokyo, Japan) optical microscope, with
the QCapture (QuickPHOTO MICRO 2.3, Prague, Czech Republic) software package, under bright
and dark field modes. The microstructure was studied using a Zeiss (ZEISS EVO MA15, manufactured
by Carl Zeiss Microscopy GmbH, Jena, Germany SEM/EDX (Scanning Electron Microscope coupled
with Energy Dispersive X-ray analyzer) to study the grain structure and the quality of the joints.

Figure 1. Processing route of Ni50.3Ti/Ni49.6Ti composite discs cut in half and assembled as sandwich
stacks with: (a) number of layers multiple of 2 and (b) number of layers multiple of 3.

An in-depth microstructural analysis was also carried out using a TEM (Transmission Electron
Microscope, Model Tecnai 20G2, FEI, Hillsboro, OR, USA), operating at a voltage of 200 kV.
The martensitic transformation temperatures were measured using a differential scanning calorimeter.
The DSC tests were run using a DSC 204 F1 Phoenix model from Netzsch (Selb, Germany). The tests
were performed between −150 ◦C and 150 ◦C using a cooling and heating rate of 10 ◦C/min, under a
protective gaseous nitrogen atmosphere. Specimens (15–20 mg) were obtained from the HSHPT discs
for 4, 16, 32 layered composites:

- one set of samples from mid-radius of the discs,
- another set from the edge and the center of each disc.

Prior to DSC, an etching solution of HF:HNO3: H20 (1:5:10 in volume) was used to remove the
oxidation of the surface layer and the regions affected by the cutting process.

3. Results and Discussion

3.1. Optical Microscopy

Figure 2 illustrates bright and dark field optical micrographs (OM) of the multilayers observed in
the Ni50.3Ti/Ni49.6Ti alloy composite, whose sample was cut as a cross-section around the middle of
the discs. The bright field micrograph of the three-layered Ni50.3Ti/Ni49.6Ti/Ni50.3Ti alloy composite is
shown in Figure 2a.
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Figure 2. Optical micrograph of Ni50.3Ti/Ni49.6Ti composite discs: (a) bright field image of three layers
and (b) dark field image of 24 layers.

This feature is consistent with the refined microstructure resulting from severe plastic deformation
by HSHPT. While some precipitate particles could be observed, the grain boundaries were not resolved,
as the size of the microstructural features was beyond the resolution range of the optical microscope.
The bonding between the sheets was discontinuous, narrow and could hardly be detected, since the
chemical compositions were almost the same. The dark field optical micrograph of the 24-layered
composite (Figure 2b) showed flowlines and waviness, as highlighted by the color contrast. This is in
good agreement with HPT findings for bi-layers in the Al/Mg composite [18]. The thickness of the
layers in this composite was about 22 μm. The interfacial layers were less obvious as the number of
layers of the composite increased. The quality of the bonding was evident.

3.2. SEM/EDX Analysis

The SEM microstructure of the 12-layered specimen demonstrates a typical SPD structure
(Figure 3a). The microstructural modification by HSHPT results from three opposing effects. In the
first stage, low pressure and high speed of the punch act together, leading to an increase in temperature
of the material to almost 800 ◦C (estimated using a temperature sensor-CT laser radiation pyrometer
T2 MHCF OPTC).

 

Figure 3. SEM image of HSHPT-processed metallic composite: (a) 12 layers, (b) 24 layers.

At this point, high pressure was exerted on the discs, leading to severe deformation. Besides
shearing, recovery and recrystallization of grains took place due to the samples attaining high
temperature. Grain refining during HSHPT should result from dynamic recrystallization that takes
place at high temperature; it could be said that rapid cooling to room temperature “freezes” the UFG
structure produced at high temperature. On the surface of the sample, only curved lines could be
observed, and not grain boundaries. The materials were welded without a detectable intermediate
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area. The adhesion of layers was noticeable. The presence of smooth interfaces between layers was
attributed to the specific condition created during HSHPT. Other methods of manufacturing the
metallic composite led to the occurrence of an intermetallic layer at the interface.

To investigate the distribution of elements in the Ni rich/Ti-rich areas, a line scan by EDX was run
on the nine layers of the disc (Supplementary material: Figure S1). The nine layers were emphasized by
the variation of the Ti (a) and Ni (b) content, respectively. Across the layers (quasi 20 μm), alternating
areas Ni-richer or Ti-richer could be identified. EDX characterization was performed in an area
comprising the nine-layers of the composite. Figure S2 of the Supplementary Materials presents the
opposing variations of Ni and Ti contents in the successive nine layers of the composite. The severity
of plastic deformation introduced by HSHPT produced rotation and plastic flow of large volumes of
material caused by upper punch rotation at high speeds [19]. The 3-D images of the surfaces (seen in
Figure S2 of Supplementary Material) suggest the arrangement of the distinct layers.

3.3. Transmission Electron Microscopy

Figure 4 illustrates a TEM micrograph (bright field) of the four-layered Ni50.3Ti/Ni49.6Ti composite.
The UFG structure with an equiaxed morphology prevailed after HSHPT. The average size of the
grains was about 200–300 nm.

 

Figure 4. TEM image of the 4 layered Ni50.3Ti/Ni49.6Ti composite.

The image highlights equiaxed subgrains isolated by dislocation cells. Between them, several
nanograins were also interspersed. These grains, with a size of under 50 nm, formed clear boundaries.
Various dislocation cell configurations, including high-density dislocations, zones of dislocation tangles
or condensed dislocation boundaries, were characteristic of the rather inhomogeneous microstructures
of the sample.

3.4. DSC

The DSC curves for samples extracted from the midradius of the discs of the Ni50.3Ti/Ni49.6Ti
composite with 4, 16 and 32 layers after HSHPT are shown in Figure 5. The equipment is capable of
measuring temperatures in the range of –150 ◦C to 150 ◦C, covering the martensite transformation
temperature range for both alloys. The thermograms of severe plastic-deformed composites revealed
two peaks upon heating and two peaks after cooling. It was possible to identify the transformation
temperatures corresponding to the Ni-rich (lower temperatures) and Ti-rich (higher temperatures)
SMAs. The peaks between 80 ◦C and 120 ◦C represented the martensite (B19’)-to-austenite (B2)
reversible transformation for the shape memory Ni49.6Ti50.4 (Ti-rich) alloy.
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Figure 5. DSC curves of the 4 (black), 16 (blue) and 32 (red) layered Ni50.3Ti/Ni49.6Ti composites
after HSHPT.

The peaks between 10 ◦C and –30 ◦C represented the austenite (B2)-to-martensite (B19’) reversible
transformation for Ni-rich Ni50.3Ti49.7 alloy. Making successive deformation to produce 4, 16, 32 layers
of composite did not significantly change the transformation temperatures. This result was obtained
despite the fact that the degrees of deformation of the multilayered bimetallic composites with 4, 16 and
32 layers ranged from 1.17, 2.41 to 4.65. Likewise, the grain size was significantly reduced, while the
cumulative degree of deformation increased. The reasonably stable transformation temperatures may
be explained by the fact that the HSHPT process imposed a complex strain due to the high pressure
concomitant with high rotational speed of the upper punch. The friction between punches and sample
heated the severely plastic-deformed disc, thereby contributing to the rearrangement and decrement of
the lattice defects. However, the intensity of the peaks was seen to decrease slightly with the increasing
number of layers.

On the other hand, the Ms temperature slightly increased in the initial state in both alloys,
as compared to the Ni-Ti SMAs that were rich in titanium and nickel. These results can be attributed to
the grain refinement brought about by severe plastic deformation.

The Ni50.3Ti/Ni49.6Ti composite showed reversible martensitic transformation subsequent to SPD.
Postdeformation annealing was not required in contrast to deformation using other severe plastic
deformation methods. The HSHPT technique combines SPD imposed on the sample at RT by HPT with
PDA caused due to the heat generated because of friction occurring between the anvils and the sample.

Another important element that could be observed was the absence of the second step of the
martensitic transformation, even in the Ni-Ti SMA that was rich in nickel. In the initial state, this alloy
showed a two-stage phase transition of B19’↔ R-phase↔ B2 (Figure S3 of Supplementary Materials).
But the DSC curves corresponding to severely plastic-deformed discs exhibited just one strong
transformation stage, namely B19’ ↔ B2. After HSHPT, the intermediate R-phase transition was
suppressed, as observed in our earlier results from research on a Ni-rich Ni-Ti alloy [22].

The DSC curves at the center and edge of the disc, which had 32 layers after processing,
are illustrated in Figure 6.
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Figure 6. DSC curves for the 32 layers of Ni50.3Ti/Ni49.6Ti composite after HSHPT. Thicker lines: center
sample; thinner lines: edge sample.

In the HSHPT condition, the DSC curves revealed two peaks upon cooling and two upon heating,
both for the edge sample and the middle sample only in the four-layered composite; for the 16-
and 32-layered samples, the DSC peaks associated with the Ni-rich layers were observed only for
the center and edge samples, respectively. The exothermic and endothermic peaks of the Ti-rich
alloy broadened, perhaps because of the increased density of the dislocations. The severe plastic
deformation of Ni-rich alloy led to a considerable broadening of the exothermic peaks which were,
however, still visible. Processing by HSHPT is complex because the imposed strain varies, both with
the rotational speed of superior punch applied to the composite and with the position within the disc.
Consequently, the thickness of the discs was slightly higher at the center where the cooling speed
would be expected to decrease. The microstructure developed more rapidly at the edge than at the
center of the disc in all plastic deformation processes by torsion at high pressure. The absence of
transformation peaks associated with the Ni-rich alloy could be related to heterogeneous deformation
of the HSHPT material [23].

4. Conclusions

In summary, a new SPD method, HSHPT, can successfully be used to manufacture bimetallic
composites with an ultrafine grained structures. The achieved shape memory multilayer composites
were composed of 2 to 32 layers of Ni50.3Ti and Ni49.6Ti alloys. The bonding of layers was achieved
mainly by the high pressure imposed and short time high temperature reached during the high speed
rotation of upper anvil. A very good joint was obtained, regardless of the number of layers or alternating
them. The microstructure of composites was uniform where the bonding of adjacent layers could not be
detected by optical microscopy and SEM. The SPD process was effective at refining both the alloys that
made up the composite. As-HSHPT processed composite discs revealed martensitic transformation
after deformation. The module diameter varied between 20 and 40mm, and was dependent on the
number of layers and the degree of deformation applied. The thickness of the layers varied from
300 μm to 20 μm. HSHPT yields multilayered, fine structures and may, in future study, be adapted
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for use for two-way SME. Future work will be also focus on the fabrication the new metallic UFG
composites by HSHPT. This technology is capable of inducing thermocompression bonding starting
from dissimilar materials. Multilayer composites with desirable mechanical, electrical, magnetic and
biocompatibility properties provide the opportunity to create effective functional applications.
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