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Kurzzusammenfassung / Abstract
Die Entwicklung von Doppelkupplungen mit immer höheren Drehmomenten bei
gleichzeitig geringerem Bauraum stellt höchste Ansprüche an deren Bauteile
und die verwendeten Werkstoffe. Beispielsweise müssen Lamellenträger eine
sehr hohe Verschleißfestigkeit aufweisen, gleichzeitig muss der Werkstoff aber
eine sehr gute Umformbarkeit besitzen, damit das Bauteil im Umformverfahren
herstellbar ist. Daher werden Lamellenträger aktuell aus hochduktilem
Feinkornbaustahl hergestellt und anschließend wärmebehandelt. Durch die
Entwicklung
eines
Herstellverfahrens
zur
Massenproduktion
von
Stahlschichtverbund-werkstoffen steht dem Automobilbau seit kurzem eine
neue Werkstoffklasse zur
Verfügung. Für die Prozessroute von
Lamellenträgern können Stahlschichtverbundwerkstoffe, bestehend aus einem
duktilem Grundmaterial und einer verschleißfesten Deckschicht, eine
kostengünstige Alternative bieten. Im Rahmen der vorliegenden Arbeit wurden
die Umformbarkeit, die Verschleißfestigkeit und die Eigenspannungen
verschiedener Stahlschichtverbundwerkstoffe betrachtet. Die Umformbarkeit
und das Versagensverhalten wurde mittels Biegeversuchen untersucht. Durch
in-Situ Biege- und Zugversuche mit anschließender digitaler Bildkorrelation
wurden die lokalen Dehnungsverteilungen ermittelt. Das Versagensverhalten
wurde anschließend mithilfe einer erweiterten Umformsimulation modelliert. Die
Verschleißfestigkeit und die Verschleißmechanismen wurden auf einem
Komponentenprüfstand
für
Lamellenträger
untersucht.
Mittels
Röntgendiffraktometrie
wurde
der
Eigenspannungstiefenverlauf
der
Stahlschichtverbundwerkstoffe ermittelt.
Die Ergebnisse zeigen, dass das Versagen von Stahlschichtverbundwerkstoffe
mit duktilem Grundmaterial und verschleißfester Deckschicht unter
Biegebelastung durch die Entstehung von Scherbändern, die Lokalisierung der
plastischen Verformung mit Einschnürung der Deckschicht und anschließend
dem Riss der Deckschicht charakterisiert wird. Durch die Erweiterung einer
konventionellen Umformsimulation durch die Implementierung lokal
unterschiedlicher Streckgrenzen im Material und einem gekoppelten
Schädigungsmodell kann das Versagensverhalten sehr genau abgebildet
werden. Im Vergleich zu S355 zeigten die Stahlschichtverbundwerkstoffe ein
deutlich besseres Verschleißverhalten, wobei der Verschleißmechanismus und
die Verschleißfestigkeit von dem Deckschichtwerkstoff und dessen
Mikrostruktur abhängig ist. Von den untersuchten Werkstoffen zeigte die
Kombination aus S355 als Grundmaterial und 100Cr6 (GKZ geglüht) als
Deckschichtwerkstoff
die
besten
Verschleißund

Umformbarkeitseigenschaften. In den untersuchten Stahlverbundwerkstoffen
wurden nur geringe Eigenspannungen festgestellt, welche auf den
Herstellprozess, nicht aber auf die Kombination unterschiedlicher Werkstoffe,
zurückzuführen sind.
The development of dual clutch transmissions, with rising maximum torque and
reduced installation space, has led to great demands on their components and
in the materials used. For example, disc carriers must have a very high wear
resistance, but at the same time the material must provide excellent formability
to enable manufacturability by forming processes. For this reason, disc carriers
are currently made from highly ductile micro-alloyed steel followed by heattreatment. The recent development of a manufacturing process for the largescale industrial production of cladded steel has made a new class of material
available to the automotive industry. In the process route of disc carriers,
cladded steels consisting of a ductile base layer and a wear-resistant clad can
offer a cost-effective alternative. During the course of the study, the formability,
wear resistance and residual stresses of cladded steel with various clad
materials were investigated. Formability and failure behavior were examined
utilizing bending tests. In-situ bending and in-situ tensile tests combined with
digital image correlation were used to determine the local strain distributions.
The failure behavior was then modeled using an enhanced forming simulation.
Wear resistance was investigated on a component test bench disc carrier. Xray diffraction was used to determine the residual stress profile of the cladded
steel.
The results show that failure during bending of cladded steel, consisting of
ductile base material and a wear-resistant clad, is characterized by the formation
of shear bands, localization of plastic deformation with necking of the clad and
subsequently, cracking of the clad layer. Failure behavior can be accurately
modeled by a forming simulation that is enhanced by a coupled ductile damage
model and a spatial flow stress distribution. Compared with S355, the
investigated cladded steel showed significantly better wear behavior, with the
wear mechanism and wear resistance depending on the clad material and its
microstructure. Of the materials investigated, the combination of S355 as a base
material and 100Cr6 (GKZ annealed) as clad material showed the best wear
and formability properties. The residual stress profile revealed only minor
residual stresses, which can be attributed to the manufacturing process and are
not caused by the layer architecture.
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1 Introduction
1.1 Motivation
The development of new gear boxes with dual-clutch transmissions is driven by
the demand to increase fuel efficiency, shifting time performance as well as a
rise in the maximum torque that has to be transmitted. At the same time, new
packaging concepts with reduced installation space have emerged [1]. The
combination of these requirements has led to the high geometrical complexity
of clutch disc carriers and high contact pressure on the tooth surface. To enable
large scale production of these complex disc carriers, excellent formability of the
material is required. In current industrial practice, highly ductile micro-alloyed
steel is employed for disc carriers. However, the great formability comes with a
reduced, and thus, only moderate wear resistance that is often insufficient due
to the high contact pressure. To increase wear resistance, the disc carriers are
heat treated after the forming process. Since it provides superior wear
resistance, plasma nitrocarburizing (PNC) is currently chosen as the most
suitable heat treatment. Unfortunately, PNC is not only very costly but also leads
to warpage of the part. This has resulted in the demand for an alternative
processing route.
Cladded steel (CS), consisting of two or more layers of different steel grades,
can generally combine contrary material properties. However, the production
and availability of such steels were limited to prototype sheets, produced on a
laboratory scale. With the new cladding process, recently developed by
thyssenkrupp Hohenlimburg GmbH, CS sheets with defined functionally graded
properties are available for mass production under the trade names duobond®
and tribond® [2]. The robust, large scale industrial production of these materials
is the key to the application of CS in the automotive industry with its need for
large quantities and consistently high quality.
CS, consisting of a ductile base material and a wear-resistant clad, are thought
to be characterized by high ductility as well as high wear resistance
simultaneously [3], which is why they are promising candidates for clutch disc
carriers, to eventually omit the otherwise needed heat treatment.

1.2 Stating the problem within the scientific context
Increasing the wear resistance of steel by adding a clad, that is applied by laser
cladding or chemical vapor deposition (CVD) after forming, is well established
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and investigated [4,5]. However, the application of cladded steel sheets as
starting material for parts subject to tribological loading is rarely mentioned in
literature and has not yet been investigated in detail. Current research on steel,
cladded by hot rolling, focuses on multilayered steel composite with superior
mechanical properties. Sheets with such properties are required for lightweight
structural applications like pillars. Most of these materials feature internal hard
layers, cladded by ductile layers on both sides, to enhance formability by
suppressing necking [6,7]. For wear-resistant applications, however, the hard
layer must be on the surface of the sheet. Some studies indicate that the
formability of hard layers can be increased, even if they are located on the
outside [8]. In most studies investigating the formability of CS sheets, the volume
fraction of the different alloys used to produce the steel composites is equal or
at least similar. For wear-resistant applications, however, a very thin clad is
sufficient. Hence, the volume fraction of the clad material can be very small,
compared to the volume fraction of the base material. Due to the different
designs of previously investigated CS, i.e. the thin hard layer at the surface
compared to hard layers cladded by ductile layers from both sides, formability
has to be analyzed carefully, since findings on formability enhancing
mechanisms cannot be simply transferred. Formability strongly depends on the
forming process and the stress states that occur during forming [9]. Thus,
formability characterization must be chosen based on the later forming process.
While a suitable and well-established formability characterization is available for
the forming of car body parts with the forming limit curve (FLC) and the Nakajima
test [10–13], no approach to characterize the formability specifically for
manufacturing of disc carriers is reported in the literature.
For parts such as disc carriers, that are produced on a large scale, robust
processes are required. It is possible to design such robust manufacturing
processes by exploiting forming simulations that can predict failure [14].
Therefore, a failure model in combination with the formability characterization is
required. For parts treated by forming processes similar to those of disc carriers,
the application of ductile damage models is reported in some studies [15,16].
However, no approach to predict failure during the forming of disc carriers has
been reported, neither for monolithic material nor for CS.
Due to the different material properties of the individual components, significant
residual stresses can be induced in CS [17]. Residual stresses have an
important impact on fatigue life and must, therefore, be evaluated to ensure safe
employment for parts suffering cyclic loading. However, investigations on
residual stresses in CS are rare. On hot rolled CS featuring thin clads, so far no
data regarding residual stress evolution has been published.
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1.3 Research question and scientific approach
Within the scope of this thesis, the question shall be answered, as to whether
CS can be used as an alternative to PNC in order to increase the wear
resistance of disc carriers. Therefore, based on the research gap described
above, the formability, the wear resistance and the residual stresses of CS need
to be investigated and compared to currently used micro-alloyed steel S355.
From this motivation, the following research questions are derived with an
emphasis on formability and wear resistance.
1. How does the formability of CS differ from currently used S355?
(a) Which formability test should be used to characterize the formability
for disc carriers?
(b) Which approach is suitable to model failure of CS during the
forming of disc carriers?
2. Can CS provide better wear resistance than S355?
3. Is the residual stress profile of the CS affected by the clad layer?
To address the highlighted research questions, Chapter 1 reviews the current
knowledge of formability analysis, wear and residual stresses in detail.
Furthermore, the current research on CS and layered metal composites is
summarized. The chapter closes with conclusions and concepts that are
devised for the scientific approach. Based on these considerations, Chapter 3
develops and describes the experimental setup. Thereby, the forming process
is analyzed in detail to derive a suitable method to characterize the formability
and finally provides the answer to Research Question 1 (a). Chapter 4 evaluates
the formability and the wear resistance of six different prototypes of CS in basic
tests. Based on these results, two CS are produced on an industrial hot rolling
mill. To answer Research Questions 1 and 2, their wear resistance and
formability are examined. To address Research Question 1 (b), a procedure for
the simulation of the failure behavior of CS during bending is developed and
evaluated. Finally, the residual stresses of the CS are analyzed to answer
Research Question 3. In all experiments, the monolithic S355 is tested as a
reference. Chapter 5 concludes with an in-depth discussion of the results of the
individual experiments and their correlations. Research Questions 1-3 are
comprehensively answered in Chapter 6. Finally, an outlook with respect to
further potential investigations is given in Chapter 7.
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2 Literature Review
In the context of this thesis, many different aspects of material science and
manufacturing engineering were considered for the evaluation of the
investigated research questions and the resulting technical interrelations.
Therefore, the fundamentals of the respective topics are presented in this
chapter. For each topic, the essential aspects for the evaluation of the results of
this thesis are presented to limit the length of this chapter. In all subchapters,
the essential sources are indicated, which present the respective topics in more
detail.

2.1 Forming and formability
Forming is a manufacturing process, where the geometry of the part is produced
by the defined plastic deformation of the material. In the classification of the DIN
8580 [18], forming is one of the five main groups of manufacturing processes
and is further divided into subgroups based on the stress state during forming.
Independent of the DIN classification, forming processes are generally
differentiated as either sheet metal forming or bulk metal forming. Sheet metal
forming is characterized by in-plane stress states and small thickness/width
ratios. The change of thickness during the processes mostly results from the
Poisson’s ratio only and therefore is small. Common sheet metal forming
processes are deep drawing, punching or bending. In bulk metal forming, the
dimensions for the workpiece are similar in all three directions in space, with the
forming process itself usually featuring three-dimensional stress states. One of
the most typical bulk metal forming processes is forging. [19] Recently, the
development of high-performance components with small and tightly tolerated
geometric features in sheet metal parts, e.g. synchronizer rings in manual
transmission drives, led to manufacturing routes where bulk metal forming
processes are applied to sheet metal parts. For such processes, the term sheetbulk metal forming (SBMF) was introduced by Merklein et al. [20].
The formability of metals is of great importance for the practical application of
forming parts, as a very cost-effective manufacturing process, since it describes
the ability of a material to undergo plastic deformation without failure. Such a
failure could be fracture of the material or, especially in sheet metal forming,
necking. In general, the formability strongly depends on the stress state and the
strain paths that the material exhibits. This causes problems for the evaluation
and quantification of a kind of generalized formability value, as well as for the
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transfer to real processes. Due to the complex matter, the different aspects of
formability will be explained in more detail.

2.1.1 Localization and necking
The process of necking can often be observed, for example during the tensile
test of ductile materials. Since materials are not perfectly homogeneous,
deformation first takes place at the weakest spot. Under tensile stress, the
material is elongated while the cross section decreases due to the Poisson’s
effect, which therefore increases the stress. This correlation reveals that the
tensile test is an unstable process. However, instead of instant necking, most
materials show a uniform elongation at the beginning of the test. The plastic
deformation induces dislocations, which increases the local strength of the
material. This is called strain hardening and suppresses necking. Since both
mechanisms, i.e. cross section reduction and strain hardening, depend on the
strain, the specimen will deform uniformly as long as the strain hardening is
greater than the geometric softening. This relation is known as the Considère
criterion [21]. Generally, the strain hardenability of metals decreases with
increasing strain, so at some point, the geometric softening will be greater than
the hardening and the material starts to neck. Every further deformation will take
place in that localized area until the remaining cross section fractures due to
ductile damage. A summary of the theoretical and practical work about plastic
localization phenomena in metals can be found in [22].

2.1.2 Ductile Damage
During the forming of metals, discontinuities arise, which grow with further
deformation and weaken the material by reducing the load-bearing area. This
process is called damage. For brittle materials, discontinuities arise as microcracks, whereas for ductile material mostly voids occur. Since this work deals
with ductile materials, only ductile damage will be further explained.
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Figure 2-1

Different stages of evolution of ductile damage (adopted from [23]).

The evolution of ductile damage is characterized by void nucleation, growth and
coalescence. Void nucleation starts at a critical plastic strain 𝜀𝑝𝐷 and usually is
initiated by hard phases or particles that do not deform to the same degree as
the matrix. Such incompatibilities cause decohesion of the matrix or particle
rupture, finally creating voids. Voids can also nucleate when dislocations pile up
at grain boundaries or other crystallographic defects that limit dislocation
movement. Nucleation is found to depend on the stress state in the material
[24,25]. With further deformation the voids grow. Similar to void nucleation, this
process is strongly determined by the stress state. For high tensile stresses,
void growth is promoted while negative hydrostatic stresses reduce void growth
and can even cause void shrinkage or closure [26]. The theoretical basics of
void growth are summarized by Needleman, Tvergaard and Hutchinson [27].
Due to the void growth, the stresses in the ligament between the pores increase,
which causes the strain to localize within this area. Void coalescence occurs by
either necking of the ligament or localized shearing between the voids [28].

2.1.3 Damage value D
The damage in a material is quantified by the scalar damage value 𝐷. For a
representative volume element (RVE) 𝐷𝑉 is defined as
𝐷𝑉 =

𝛿𝑉𝐷
𝛿𝑉

(2.1)

with 𝛿𝑉 being the volume of the RVE and 𝛿𝑉𝐷 the volume of the included voids.
However, damage is mostly assumed as homogeneous and isotropic, so often
the simplified definition of damage is used, which is based on the crosssection 𝐴 and the area of the voids 𝐴𝐷 .
𝐷=

𝐴𝐷
𝐴

(2.2)
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𝐷 can be in the interval 0 ≤ 𝐷 ≤ 1, where the material is free of damage for 𝐷 =
0 and completely separated for 𝐷 = 1. Due to the earlier mentioned plastic
instability effects (defect localization), fracture usually occurs at 𝐷 = 𝐷𝑐 < 1 with
𝐷𝑐 depending on the material [29].

2.1.4 Formability characterization
For material development and the design of robust manufacturing processes, it
is of great importance to measure and quantify the formability of different
materials. The failure strain determined by the tensile test often is used to
estimate the formability. However, the failure strain of a tensile test is strongly
influenced by the necking behavior, which is governed by the strain hardening.
The ductility is only partly affected by the strain hardening, therefore materials
can have very different formability properties, but similar failure strains. For a
more accurate formability characterization, over the years, many formability
tests have been developed. One of the first tests was the Erichsen cupping test.
The sheet to be tested is clamped between a blank holder and a matrix. A
hardened steel ball penetrates into the sheet until the material fractures. The
dome height at fracture is taken as the measure of material formability [30].
Being a simple test, the Erichsen cupping was widely used in the early years of
formability characterization. However, due to the small tool size and the difficulty
to ensure stable lubrication, the reproducibility of the Erichsen test is quite poor
showing large scattering. To overcome these difficulties, several other forming
tests with larger tool sizes were developed, including the limit dome height test
[31]. The most common test to estimate the drawability of a material is the Swift
drawing test, also known as Limiting Drawing Ratio (LDR) test. In the LDR test,
a cup is drawn with a specific cup diameter. The blank diameter is increased
until fracture occurs during drawing. The ratio between the last possible blank
diameter and the cup diameter is the LDR.
For industrial application, it is not only important to compare the formability of
different materials, but to predict the formability of actual parts. To predict failure
during sheet metal forming, the forming limit curve (FLC) plotted in the forming
limit diagram (FLD), is currently the most commonly used approach due to its
simplicity and easy implementation into forming simulations. The FLC describes
the combination of major strain 𝑒1 and minor strain 𝑒2 that a sheet can sustain
without failure, with failure being defined as the onset of localized necking.
The values of the FLC are obtained by either the Nakajima test or the Marciniak
test, which differ by the form of the punch as depicted in Figure 2-2a. To obtain
different 𝑒1 / 𝑒2 ratios, the test is carried out with different blank geometries
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(Figure 2-2b). The formability characterization by FLC is standardized in the ISO
12004 [32,33].

Figure 2-2

Tool geometries of the Marciniak test and Nakajima test (a). [34] Typical
FLC determined by Nakajima tests with different blank width (b). [35]

Marciniak and Kuczinski [36] proposed a method to estimate the failure limit
analytically, based on the assumption that necking evolves from an initial local
weakness or imperfection. Therefore, a small grove with reduced thickness is
introduced as imperfection oriented perpendicular to the direction of major
principal strain. Over the years, their model was extended and enhanced by
many authors. A review of recent developments can be found in [37].
After necking, the material exhibits large strains within the neck before fracture.
Based on damage mechanics, Atkins [38] introduced the Fracture Forming Limit
(FFL) to include the fracture strain within the FLC. Isik et al. [39] extended the
approach of the FFL by obtaining the fracture strains by Single Point Incremental
Forming (SPIF). These strains are implemented into the FLC as the Shear
Fracture Forming Limit Line (SFFL).
The drawbacks of the FLC are the sheet thickness dependency and its limit to
linear strain paths. While for simple punching operations the assumption of
linear strain paths is mostly valid, however, multi stage forming processes often
show strongly nonlinear strain paths making the FLC inapplicable. To overcome
this issue, the Forming Limit Stress Diagram (FLSD) was introduced by Arrieaux
et al. [40] and Stoughton et al. [41]. In the FLSD, instead of the major and minor
strains, the calculated principal stresses at necking are plotted. Many studies,
e.g. [42], show that the FLSD is much less strain path-dependent than the FLD.
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2.1.5 Ductile Damage models
While FLC indicate the onset of necking, damage models can predict failure as
a result of local fracture. Different criteria were developed where fracture occurs
when the accumulated plastic strain, weighted by the stress state, reaches a
critical value. Such uncoupled damage models usually have the form of
𝜀̅

(2.3)

∫0 𝑓 𝑓 (𝜎)𝑑𝜀̅ = 𝐶

where 𝐶 is a material constant, 𝑓 is a weighing function depending on the stress
state, 𝜀̅ is the equivalent plastic strain and 𝜀̅𝑓 the equivalent plastic strain at
fracture. Models belonging to this group are Cockcroft-Latham [43], JohnsonCook [44], Oyane [45] and Bai-Wierzbicki [46].
Coupled damage models are more sophisticated and account for the effect of
damage on the plastic flow. They can be further differentiated between
micromechanical models and phenomenological models. Micromechanical
models, like the Gurson-Tvergaard-Needleman (GTN) model [47,48], describe
the mechanisms of void nucleation, growth and coalescence.
Phenomenological models, also known as Continuum Damage Mechanics
(CDM), are based on the effective stress concept. The effective stress 𝜎𝑒𝑓𝑓 is
calculated by the nominal stress 𝜎 and the damage value D.
𝜎
1−𝐷

𝜎𝑒𝑓𝑓 =

(2.4)

Among this group the Lemaitre model [49] is the most established one. The
damage 𝐷 is calculated by
𝐷 = ∫ 𝐷̇ 𝑑𝑡

(2.5)

with
𝐷̇ = 𝜀̅̇ ⟨

𝑌 − 𝑌0 𝑚
1
⟩
[1 − 𝐷 ]𝛽
𝑆

(2.6)

where 𝜀̅̇ is the von Mises strain rate, 𝑆, 𝑚, 𝛽 and 𝑌0 are material parameters. 𝑌
is calculated by
𝑌=

1
4𝜇

2𝜇

[[𝜎1 2 + 𝜎2 2 +𝜎3 2 ] + [

𝜅

− 3] 𝑝2 ]

(2.7)

where 𝜇 is the shear modulus and 𝜅 is the bulk modulus of the material, 𝜎1 , 𝜎2 , 𝜎3
are the principle stresses and 𝑝 the hydrostatic stress which is defined as
𝑝=

𝜎1 + 𝜎2 + 𝜎3
3

(2.8)
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The derivation is based on thermodynamically irreversible processes and is
explained in detail in [49]. The basic model can be enhanced by an additional
parameter ℎ to account for the effect of negative hydraulic stresses on damage
evolution [49].
𝑌=

1
4𝜇

2𝜇

[[⟨𝜎1 ⟩2 + ⟨𝜎2 ⟩2 +⟨𝜎3 ⟩2 ] + [

⟩2

⟨−𝜎2 +⟨−𝜎3

⟩2 ]

2𝜇

+[

𝜅

𝜅

− 3] ⟨𝑝⟩2 ] +

ℎ
4𝜇

[[⟨−𝜎1 ⟩2 +

⟩2

(2.9)

− 3] ⟨−𝑝 ]

ℎ is called the crack closure parameter and ranges from ℎ ∈ [0,1] where for ℎ =
1 the original Lemaitre model is obtained and for ℎ = 0 no damage evolution
takes place under negative hydraulic stresses.
Recent studies [46,50–52] show that the damage evolution also depends on the
shear stress state, which is why damage models should take this into account.
Therefore, the Lemaitre model was further enhanced by Soyarslan et al. [53] by
multiplying equation (2.6) with term (2.10) to,
2𝜏𝑚𝑎𝑥 𝛿
[
]
𝜎𝑣𝑀𝑖𝑠𝑒𝑠

(2.10)

where 𝜎𝑣𝑀𝑖𝑠𝑒𝑠 is the von Mises stress, 𝜏𝑚𝑎𝑥 the maximum shear stress and 𝛿 the
material-dependent shear stress parameter.
As previously mentioned, ductile damage evolution depends on the stress state.
The stress state can be expressed by the stress triaxiality 𝜂 and the Lode angle
parameter 𝜃̅. The stress triaxiality is defined by the ratio of hydraulic stress 𝜎ℎ𝑦𝑑
and the von Mises stress 𝜎𝑣𝑀𝑖𝑠𝑒𝑠 .
𝜂=

𝜎ℎ𝑦𝑑
1 𝜎1 + 𝜎2 + 𝜎3
∙
=
3
𝜎𝑣𝑀𝑖𝑠𝑒𝑠
𝜎𝑣𝑀𝑖𝑠𝑒𝑠

(2.11)

The Lode angle parameter 𝜃̅ indicates the amount of shear stress and is defined
as
2
𝜃̅ = 1 − cos −1 𝜉
𝜋

(2.12)

with
𝜉=

27 𝐽3
2 𝜎𝑣𝑀𝑖𝑠𝑒𝑠 3

(2.13)

where 𝐽3 is the third invariant of the stress tensor.
In order to properly identify the material parameters of damage models that
incorporate the influence of the stress state, the material must be tested under
various combinations of triaxiality and Lode angle parameter. This can be
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achieved using specific specimen geometries and loading setups as depicted in
Figure 2-3.

Figure 2-3

Characteristic stress states of different specimen geometries and
formability tests. [54]

2.1.6 Bending
According to the DIN 8586 [55], bending is a forming process of a solid body,
where the plastic deformation largely is induced by bending stresses. During
bending, the material at the inner radius is compressed, while the material at the
outer radius exhibits tensile strain. Instability, as known from the tensile test,
with necking over the whole sheet thickness, cannot occur during bending.
Therefore, failure is not initiated by necking and formability values based on
such a failure criterion are not valid for bending processes. Over the years,
several models and tests have been derived for bending and the bendability of
materials. The first simple bending model describing stresses and strains during
bending was developed by Ludwik [56]. Many more advanced models were
derived by several authors to account for strain hardening and anisotropic
material properties. A detailed summary of the development of bending theory
is presented by Govindasamy [57]. To quantify bendability, Datsko and Yang
[58] estimated the minimum bend radius by correlating the strain at the outer
tensile fiber with the area reduction of a tensile rod at failure, based on
experimental tests. Leu [59] derived a model for the minimum bending radius
using the maximum bending moment as criterium for necking at the outer tensile
fiber. In his model, Leu accounts for strain hardening as well as for anisotropy
and sheet thickness. For stretch bending operations, Wu et al. [60] developed a
bending modified forming limit curve (bFLC). The bendability of current
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commercial sheets often is identified by the bending test as defined by the DIN
ISO 7438 [61], which determines the minimum bending radius required to bend
a specimen to 180° without failure.
The failure mechanisms during bending differ from other sheet metal forming
processes. Akeret [62] was the first to describe the failure mechanisms during
bending of aluminum. Due to different grain orientations, imperfections and
precipitations metals like aluminum are not perfectly homogeneous. During
bending, the inhomogeneity of the materials cause the evolution of shear bands.
With increasing bend angle, the shear bands intensify and the strain is severely
localized within these bands. Where the shear bands reach the outer surface,
undulations and ridges develop. With further bending, grains at the outer
bending radius close to the ridges start to neck and initiate cracks. The failure
mechanism has been described for other aluminum alloys by different authors,
for example for AA5754 by Sarkar et al. [63] and for AA 6016 by Mattei et al.
[64]. For high strength steel, the same failure mechanisms during bending as
for aluminum were found by Suppan et al. [65]. A detailed study of the
relationship between surface roughness, microstructure and surface
microstrains was done by Raabe et al. [66] using AA6022. Davidkov et al. [67]
investigated the strain localization and the damage development during bending
of AA5754, using in situ bending tests in combination with digital image
correlation (DIC). Kauper and Merklein [68] developed a new evaluation
procedure of the bendability that addresses the specific failure behavior. The
strain at the outer surface is observed in-situ, using an optical strain
measurement system. Using this setup, the bendability of the material can be
characterized by the localization behavior on the outer surface.

Figure 2-4

Phases describing the failure mechanism of AHSS according to Kauper
and Merklein [68] top view (a) and cross-section (b).
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2.1.7 Simulation of failure based on shear bands
The evolution of shear bands and strain localization as initiation of failure causes
problems for modeling by classic FE simulation. Due to initially perfect
homogenous material properties and geometries, in the simulation shear band
evolution and strain localization do not occur. Therefore, the failure mechanisms
during bending cannot be modeled as shown by Suppan et al. [65].
It is possible to overcome this issue by utilizing the crystal plasticity finite
element method (CPFEM). The constitutive models of CPFEM incorporate local
material properties, for example grain orientations and slip systems. The spatial
inhomogeneity of the material enables shear band evolution, and thus, correct
modeling of the failure mechanism. The development of shear bands during
pure bending was studied by Triantafyllidis et al. [69] by utilizing the J2 corner
theory and implementing initial thickness imperfection. Becker [70] studied the
effects of strain localization on the surface roughening during sheet forming by
incorporating the crystal lattice rotation and crystallographic slip. Dao and Li [71]
showed that shear bands in bending of aluminum are related to crystallographic
slip using CPFEM in combination with an analytical approach. The influence of
strain hardening and random precipitation distribution was also analyzed in their
study. Raabe et al. [66] showed that different grain orientations can cause strain
localization due to the deformation mismatch. Muhammad et al. [72] utilized
CPFEM in combination with EBSD mapping to precisely model the failure
behavior and crack path evolution during bending of aluminum.
An alternative approach to model shear banding and strain localization was
presented by Mattei et al. [73]. The authors modeled bending of AA6016 with
the grains being represented by hexagonal elements, where sizes were similar
to the grain size. The flow curve was modeled by a Voce law with a randomly
assigned yield stress, based on a specific yield stress distribution. Their
simulation models showed, that such a spatial yield stress distribution is very
effective for incorporating material inhomogeneities which will trigger strain
localization. A similar approach was used by Gori et al. [74] to model the bending
test of layered aluminum sheets. The authors used a FE mesh that is based on
a representative Voronoi pattern, converted into quad elements, to account for
different grain sizes of the different layers. The yield curves are randomly
distributed, within the range of 10% of the measured yield curve, to implement
the inhomogeneity of the microstructure.
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2.1.8 Manufacture of disc carriers
Disc carriers are manufactured by multi-stage progressive forming processes,
that include deep drawing, forming of the tooth by special rolling stages and
several cutting operations. In the rolling stages, the deep drawn cup is pressed
in an axial direction through radially aligned rolls using a punch, with recesses
in which the material is formed. Deep drawing and rolling usually are the critical
forming processes concerning cracking. The individual forming stages of the
disc carrier considered in this study are depicted in Figure 2-5. Due to the high
plastic strains and small geometric features, that have to be produced during
the process, the material being employed requires a very high formability. The
manufacturing process of disc carriers is highly specialized and is only done by
a few companies, thereby, resulting in a considerable lack of literature on this
topic.
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Forming stages of manufacturing a disc carrier. The blank cut (a) is deepdrawn in the forming stage ‘OP20’ (b) and guiding holes are cut into the
cup in ‘OP30’ (c). The teeth are formed in the cup wall over three stages
(d-f). The inner diameter is cut in ‘OP70’ (g). Trimming in combination
with cutting of the elongated holes in the root diameter is done in ‘OP80’
and ‘OP90’ (h+i). Elongated holes in the tip diameter are cut in ’OP100’
(j) and ‘OP110’ (k). In ‘OP120’, the oil embankment is embossed in the
tip diameter (l). In the last stage’, the part is calibrated to ensure the
required geometric accuracy (m).

2.2 Tribology
Tribology is the science of the interaction of surfaces in relative motion, and
includes the topics of friction, wear and lubrication. A tribology system is
characterized by the two mating bodies, the intervening material and the
surrounding medium. The tribological behavior of a tribosystem, including wear
resistance and friction depends not only on the materials involved but also on
load, sliding velocity, temperature, geometry and time. The properties of a
tribosystem like wear resistance and friction, therefore are not material
properties but system properties. Thus, the wear resistance of two identical
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material combinations will be different for different contact geometries, loads or
lubrications. In this chapter, the relevant aspects of tribology will be explained.

2.2.1 Friction
Friction is the resistance against relative motion between two bodies. The
friction force is the resistive tangential force acting in the direct opposite direction
of the motion. Friction occurring at the initiation of relative motion between two
bodies is called static friction and differentiates from the kinetic friction, which
occurs during maintaining relative motion. [75,76]
The friction coefficient 𝜇𝑓 is determined by the quotient of the friction force 𝐹𝐹
and the normal load 𝐹𝑁 .
𝜇𝑓 =

𝐹𝐹
𝐹𝑁

(2.14)

Several models have been developed to explain the origin of friction. Bowden
and Tabor [77] established a friction theory based on the assumption that friction
has two independent components, the adhesive component 𝜇𝑎 and the plowing
component 𝜇𝑝 .
𝜇 𝑓 = 𝜇𝑎 + 𝜇𝑝

(2.15)

Technical surfaces are not perfectly flat but will have a certain surface
roughness. Only the tips of the asperities are in contact with the wear partner,
therefore the real contact area is only a small fraction of the nominal area of
contact. At this real contact area, adhesive junctions are formed between the
tips of the asperities. When the surfaces are moved relative to each other, a
lateral force is required to shear the adhesive bond, resulting in the adhesive
component of friction. For the plowing component, it is assumed that the
asperities are hard and penetrate the softer surface. Relative motion between
the surfaces will cause the asperities to plastically deform the mating surface
and create grooves. The force required for the plastic deformation is the
resulting plowing component of the friction. [75,76] The mechanical geometrical
theory, also known as ratchet mechanism, assumes geometric interlocking of
the asperities. To maintain sliding, a lateral force proportional to the slope of the
asperities is required. [75,78] Energetic theories are based on the assumption
that the mechanical energy of the friction is dissipated into different forms of
energy like heat. To calculate the friction energy 𝑊𝐹 that is dissipated during
friction, the mean friction force is integrated over the sliding distance 𝑠𝐹 [79].
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(2.16)

Friction can be reduced by establishing a fluid film separating the two surfaces
from each other. The Stribeck curve [80] shows the relation between the friction
coefficient of a lubricated system and the fluid film-thickness to roughness ratio
𝜆. The fluid film thickness depends on the sliding velocity, fluid viscosity and
normal load. As shown in Figure 2-6, the friction coefficient is highest in the
regime of boundary friction (𝜆 < 1) and has a minimum in the mixed friction
regime (1 < 𝜆 < 3). In the regime of fluid friction (𝜆 > 3), the friction coefficient
increases with sliding velocity and fluid viscosity.

Figure 2-6

Schematic Stribeck curve with the three friction regimes boundary
friction (I), mixed friction (II) and fluid friction regime (III). Adopted from
[81]

2.2.2 Wear
Wear can be defined as “the progressive loss of substance from the surface of
a body brought about by mechanical action” [82]. Depending on the geometry
of the part, either the wear length, wear surface or wear volume is used to
directly quantify wear. Based on the Archard’s wear model the wear rate 𝑘 is
defined as
𝑘=

𝑊𝑉
𝐹𝑁 ∙ 𝑠𝐹

(2.17)

with the wear volume 𝑊𝑉 and the sliding distance 𝑠𝐹 .
The wear mechanisms can be derived from the friction mechanisms. Many
authors differentiate between four different main wear mechanisms [76,78,83].
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In most tribosystems, a combination of at least two different wear mechanisms
occurs.
Adhesive wear
When two surfaces slide against each other and form strong adhesive junctions,
the motion causes shear stresses. When the formed interface is stronger than
the mating surfaces, the fracture may not occur at the interface, but within the
softer material. Material particles are transferred onto the harder material and
may detach with further sliding, resulting in loose wear debris. Generally,
adhesive wear of ductile materials can be reduced by either increasing the
hardness or choosing a dissimilar material combination with lower adhesive
potential. [75,76,78,84,85]
In ductile materials, the shear stress can also cause plastic deformation under
the surface. Due to the high plastic strain dislocations pile up at hart particles
and voids nucleate. Based on ductile damage mechanisms (see chapter 2.1.3),
the voids grow with further deformation. When the voids reach a critical length,
materials parts are sheared out of the surface and wear particles are produced.
This wear mechanism is often referred to as delamination theory, which was
developed by Suh [86]. Since the process is based on repeated plastic
deformation, delamination wear can be related to low-cycle fatigue (LCF) [87].

Figure 2-7

Formation of wear particles by shear deformation of voids according to
the delamination theory. [86]

Abrasive wear
There are two types of abrasive wear, two-body and three-body abrasive wear.
For two-body abrasive wear, the asperities of the harder material penetrate the
softer material and act as a cutting tool when moved relative to the softer
material. The asperity can plow a groove in the softer material and create a
wedge or cut a groove and remove the material. In three-body abrasive wear,
surrounding hard particles, like wear debris, act as cutting material between
the two surfaces. [75,76,78]
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Corrosive wear
Corrosive wear can occur under a corrosive environment. This also can be the
case with air as the surrounding medium. The oxygen reacts with the surfaces,
creating thin and hard oxide films. Sliding of the surfaces breaks the oxide layer
from which typical wear debris develops. On the cleaned surface, the chemical
reaction can start again and a new oxide layer forms. The oxidation is enhanced
at the wear surface due to increased temperatures and lattice defects resulting
from sliding. [75,76,84]
Surface fatigue
Surface fatigue is a common wear mechanism for Hertzian contacts with cyclic
loadings, like roller bearings. The normal and tangential stresses induce stress
maxima below the surface. Under cyclic loading, these stresses cause fatigue
cracks which propagate with further cycling. When the cracks reach the surface,
material particles break out. While for most mechanisms wear increases
gradually, for wear caused by surface fatigue an incubation time can be
observed with limited to zero wear, followed by a rapid increase of wear. The
incubation time corresponds to the fatigue strength and can be explained by the
number of loading cycles that is required for crack nucleation and propagation.
[76,78,85]
Wear processes
Wear processes can be distinguished according to Straffelini [76] based on the
type and geometry of relative motion between two bodies. Wear processes with
linear motion are called sliding wear, when one body is rolled over the other, the
process is called rolling wear. Fretting wear occurs under oscillating motion with
small sliding distances. Erosion occurs when hard solid particles impact on a
surface. Which wear mechanism is predominant strongly depends on the wear
process.
For fretting wear, three regimes can be distinguished depending on the
oscillation amplitude. In the stick regime, the amplitudes are lower than 2-4µm
and no relative motion occurs between the surfaces. The relative motion
between the bodies is compensated by elastic deformation only. In the partial
slip regime, with amplitudes between 5-20 µm, parts of the contact area undergo
micro slip while some areas are in the stick regime. For the gross slip regime,
where amplitudes usually are greater than 20 µm, the whole area of nominal
contact undergoes sliding. [76]
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Run-In and steady-state of tribosystems
Many tribosystems with boundary friction and repeated sliding show run-in and
steady-state behavior. Typical curves for the friction coefficient and wear volume
dependency on the sliding distance have been published by Czichos [78] to
illustrate this behavior (Figure 2-8). Typical testing conditions to result in such
behavior are boundary friction, low normal loads, medium sliding speeds and
loading at room temperature. For the friction coefficient, four regimes can be
identified. At the start of the wear test, the friction is mostly governed by dirt
particles on the surfaces and therefore usually material independent in regime
I. The friction coefficient increases as the cleaned surface that can go into
adhesive contact becomes larger. Additionally, plastic deformation of asperities
increases along with the embedding of wear debris, if present. Regime II is
characterized by a maximum of the friction coefficient, due to the maximum
effect of the three factors. In regime III, a reduction of the friction can occur due
to a reduction of plowing and the forming of protective oxide layers. The regimes
I-III are governed by run-in effects taking place, while regime IV describes the
steady-state with nearly constant friction coefficient. [78] The wear volume over
time (Figure 2-8b) also shows the run-in regime (I) with the increased wear rate
and the steady-state regime (II) often being characterized by a constant wear
rate and thus, a linear dependency between wear volume and time. Besides
run-in and steady-state, Czichos describes a third regime (III) where the wear
rate becomes proportional to the wear volume resulting in an exponential
increase of wear, which eventually leads to failure of the tribosystem.

Figure 2-8

Friction coefficient (a) and wear volume (b) over time or sliding distance
typical for steel/steel combinations with boundary friction, low normal
loads medium sliding speeds loaded at room temperature. Adopted from
[78]

Literature Review

21

2.2.3 Wear testing
Wear tests can be categorized according to the level of abstraction and
simplification of the tribosystem. The operating trial (category I) is designed to
test the whole system in a real environment and with original load spectrum. In
the test bench trial (category II), the system is tested on a test rig, with loads
similar to those under real conditions. In category III, individual units of a
complete system are tested on a test rig. In the component test (category IV),
only individual components of a unit are tested. In the simplified component test
(category V), the geometry of the tested specimen is reduced down to the
relevant tribological contact. In a model test, model geometries are used instead
of original parts. A typical model test is for example, the pin-on-disc or pin-onplate test. In category I-III, the complete tribosystem is tested, while the loads
are simplified. From category IV to category VI, the system structure changes
more and more. This can reduce the transferability of the results to the complete
system that is being modeled. The advantages of these categories are lower
costs and lower testing times, as well as better access to the actual tribology
contact. Furthermore, the environment and the system parameters can be better
controlled so that it is easier to investigate the wear behavior [78].
Table 2.1

Overview of the tribology test categories. Adopted from [78]

Category

I
II
III
IV
V
VI

Measuring and testing technology
Operating tests
with original units
or parts,
representing the
original
tribosystem with
simplification of
the load
spectrum
Model structure
of the
tribosystem with
simplified load

System,
model

unit,

Operating trail
Test bench trail
Unit tests
Component test
Simplified
component test
Model test

2.2.4 Wear of clutch disc carriers
In wet multi-disc clutches, the torque between disc and disc carrier is positively
transmitted by a straight tooth splined shaft-hub connection. The maximum
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torque 𝑇 to be transmitted by the clutch is determined by the applied axial force
𝐹𝑎 on the disc pack, the friction coefficient 𝜇 between steel disc and friction disc,
the number of friction surfaces 𝑧 and the mean friction radius 𝑟𝑀 .
𝑇 = 𝐹𝑎 ∙ 𝜇 ∙ 𝑧 ∙ 𝑟𝑀

(2.18)

The discs are axially shifted on the disc carrier, during closing of the clutch, to
close the clearing between the discs. After contact, the discs will further shift on
the disc carrier with increasing axial force due to the elastic stiffness of the disc
pack. The design and functional principle of multi-disc clutches are explained in
more detail in [88]. Modern wet multi-disc clutches operate with a speed
difference between friction discs and steel discs. The speed difference is
controlled by adjusting the axial force to the current torque to be transmitted.
Since the torque is under constant change during driving, the discs are
constantly shifted under load, resulting in wear between the flanks of the disc
carrier and the disc.
To evaluate the wear of the tribosystem disc-disc carrier in a multi-disc clutch,
an experimental setup as shown in Figure 2-9 was designed by Kohlmann et al.
[89] as a component test. The setup consisted of two main components. The
first being a disc pack mounted on a piston that applied the axial displacement
of the lifting cylinder. In the disc pack, three steel discs were clamped together
using friction discs as spacing. The axial clamp force prevented slipping of the
steel discs. The second main component was the shaft to apply a dynamic
torque. On the shaft, the disc carrier to be tested was mounted. Discs and disc
carrier were running in an oil bath.

Figure 2-9

Experimental setup for a component test of the tribosystem disc-disc
carrier for wet multi-disc clutches. [89]
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To model the wear load, a sinusoidal axial displacement was applied with an
amplitude of 0.75 mm at a frequency of 8 Hz. The torque was applied sinusoidal,
synchronized with the axial displacement. While the maximum torque depended
on the load setup, a minimum torque of 20 Nm was used to prevent loss of
contact between disc and disc carrier. The wear process was repeatedly
interrupted by a procedure to analyze the friction energy, and weighing of the
specimen, to measure mass loss resulting from wear. To analyze the friction
energy, force and displacement data were recorded while oscillating with 1 Hz,
an axial displacement of 0.75 mm and a constant torque for 100 Cycles. The
mean friction energy was determined by numeric integration of the force and
displacement data using equation (2.19). To exclude run in effects, only the
cycles 20 to 80 were included in the evaluation.
80−1

1
𝐸𝐹 = ∑ (| (𝐹𝑎,𝑖 + 𝐹𝑎,𝑖+1 )| ∙ |𝑠𝐹,𝑖 − 𝑠𝐹,𝑖+1 |)
2

(2.19)

𝑖=20

Using this setup, Kohlmann et al. investigated the influence of the manufacturing
process of the discs on the wear behavior of the tribosystem with different load
scenarios. It was found that the geometry of the surface being in contact with
the disc carrier and the microstructure in that area, are strongly affected by the
manufacturing process, resulting in different wear behavior and wear
mechanisms.

2.3 Residual stresses
2.3.1 Definition of residual stresses
Stresses existing in a part with the absence of any external loading are called
residual stresses. Forces resulting from internal residual stresses are balanced
over the part. Macherauch et al. [90] classified residual stresses into three types:
-

-

Type I: Residual stresses are homogeneous over a larger area (multiple
grains). Any change in the equilibrium of Type I residual stress will result
in a change in macroscopic dimensions.
Type II: Residual stresses within small areas in the size of a single grain.
The residual stresses are in equilibrium within this area.
Type III: Residuals stresses resulting from small lattice defects, for
example dislocations.
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The locally effective residual stress is composed of the three types of residual
stresses.
𝑅𝑆
𝜎 𝑅𝑆 = 𝜎𝐼𝑅𝑆 + 𝜎𝐼𝐼𝑅𝑆 + 𝜎𝐼𝐼𝐼

(2.20)

2.3.2 Origins and applications
Residual stresses play an important role in the fatigue life and application
possibilities of parts. The stress that the material must withstand is the sum of
the residual stresses and the external loading. While residual stresses can
cause premature failure of components [91], they also can be exploited to
enhance fatigue properties. In gear shafts, for example, compressive stresses
are induced by shot peening, to increase their fatigue life [92]. Residual stresses
can be induced by plastic deformation or phase transformation. For example,
heat treatment that includes quenching, usually induces residual stresses.
During quenching of material without phase transformation, the outer layer of
the part contracts due to the decrease in temperature (based on the effects of
thermal expansion). The resulting tensile stresses in the outer layer exceed the
yield strength and cause plastic elongation. While the core is cooling down and
shrinking, the elongated outer layer is compressed elastically, inducing
compressive residual stresses. A comprehensive overview of the origin of
residual stresses is given in [91].
One of the many manufacturing processes, where residual stresses can be
induced, is rolling. In hot rolling, the plastic deformation of the rolling process is
less important for the generation of residual stresses since the rolling
temperatures are higher than the recrystallization temperatures of the material.
More relevant to the generation of residual stresses are the subsequent cooling
processes. Only a few studies are available in the literature, reporting on the
generation of residual stresses during the process route of hot rolling. Wang et
al. [93] predicted the residual stresses, emerging at the run-out table cooling
using FEM analysis. They showed that the flatness of steel strip develop to edge
wave during the run-out table cooling procedure based on transversal thermal
and microstructural behavior differences. Based on their results, the control
strategy of the strip shape compensation was improved in actual production.
Numeric analysis of residual stress evolution during cooling of coils was carried
out by Milenin et al. [94]. With their analysis, the authors predicted compressive
residual stresses, even for small strip thicknesses, and tensile residual stresses
inside the volume of the central part of the strip. Actual measurements of the
residual stresses in hot rolled stripes were done for micro-alloyed steel by
Hidvéghy et al. [95]. Their results showed that the residual stresses on the
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surface are dependent on the position within the coil, with the highest residual
stresses in rolling direction in the middle of the sheet and in the body of the coil.

2.3.3 Measurement of residual stresses
The methods of measuring residual stresses are grouped into non-destructive,
semi-destructive and destructive techniques. Destructive and semi-destructive
methods measure the macroscopic deformation of the material, when residual
stresses are released by cutting the part. Therefore, the stresses that can be
measured using these methods, are restricted to residual stresses of type I. The
most commonly used method, utilizing the stress relief principle, is the hole
drilling strain gage method. With the non-destructive method, residual stresses
are mostly measured using X-Ray diffraction (XRD). Stress causes an elastic
distortion of the lattice, which can be measured. By irradiating the material with
monochromic radiation of known wavelength and measuring the diffraction
angle 𝜃, the lattice distance 𝑑 can be determined using Bragg’s law.
𝑛𝜆 = 2𝑑 ∙ sin 𝜃

(2.21)

The measured lattice distance is compared to the lattice distance of an
unstressed sample, to calculate the lattice strain. The lattice strain depends on
the orientation of the lattice and the stress tensor. With the assumption of a
stress-free surface (plane stress), the sin² 𝜓 method can be used to measure
the residual stresses of a polycrystal. Therefore, the lattice strain has to be
measured under different tilt angles 𝜓. The residual stresses are then calculated
utilizing Hook’s law. A detailed description of the sin²𝜓 method is given in [96].
Using X-Rays, the depths from which lattice information is gained are around
10-20 µm. To get a depth curve of the residual stresses, the surface is
incrementally removed after each measurement. To prevent generating new
residual stresses, layer removal is done by electrolytic polishing.

2.3.4 Residual stresses after bending
After bending of shafts or bars, a characteristic residual stresses profile evolves
with three zero crossings, compressive stresses at the outer bending radius and
tensile stresses at the inner bending radius. The residual stress profile can
easily be analytically derived from the stresses and strains when the plastic
strain in the outer fiber is limited [97]. While the basic considerations for the
evolution of residual stresses are similar for bending of sheet metal with small
curvature radius, the shift of the neutral axis and the nonlinear strain distribution
require a more complex analysis [98]. Such an analysis in combination with
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experimental validation was done by Tan et al. [98] and is shown in Figure 2-10.
Residual stresses after bending of sheet metal are mostly investigated in the
context of springback prediction [99].

Figure 2-10 Comparison of analytically analyzed and measured residual stresses
after bending of cold rolled steel SS1147 (a) and hot rolled mild steel
Domex350 (b). [98]

2.4 Layered metal composites
Layered metal composites (LMC) have been used since antiquity. While the
oldest known layered metal composites are dated back to 2750 BC, arguably
the most known LMC is Damascus steel, which is still used today. An overview
of the history of LMC is given by Wadsworth and Lesuer [100]. Modern LMC
usually are sheets consisting of multiple different metallic layers [101]. The
motivation to use LMC is manifold. In many applications, the possibility to
combine contrary material properties such as ductility and strength, or stiffness
and low density, is the main driving force. By utilizing an intelligent layer
architecture, it is possible to obtain an LMC with material properties that are
higher than its monolithic constituents [6,102]. Furthermore, this class of
materials enables the manufacture of process-reliable, defined functionally
graded material properties. LMC can also offer economic advantages, for
example in the chemical industry, where tanks are manufactured using LMC
consisting of a low cost fine-grained mild steel as base material and a thin
stainless steel layer to prevent corrosion [103].
LMC can be divided into three groups, based on their number of layers. Twolayer laminates (2LL), three-layer laminates (3LL) and multilayer laminates
(MLL). It should be mentioned that, even though the three-layer laminates as
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well as the multilayer laminates, consist of multiple layers, in most cases only
two different constituent layer materials are used.
Two-layer laminates can be differentiated as sheets, where both components
have a similar volume or layer thickness ratio [8,104], and sheets, where one of
the layers is considerably thinner than the other layer [105–107]. While for 2LL
with similar layer thickness ratio improved mechanical properties are targeted,
sheets with a thinner layer usually require special surface properties like
corrosion or wear resistance, which is met by the thin layer.
For three-layer laminates, motivations and applications are much more
heterogeneous. One typical design consists of a high strength, but brittle layer
which is cladded with ductile layers. This design aims to either increase the
fracture strain of the high strength core material to increase the crash
performance of body parts [108], or to enable the manufacturing of those high
strength steels [109–111]. For light-weight applications, steel is used for the
outer layers, while the core consists of aluminum or magnesium alloys to
produce very specific stiffness and strength [112]. Thin outer layers consisting
of stainless steel can be used as cost-effective corrosion protection. For press
hardened steel, such layers can also substitute currently used aluminum-silicon
coatings. 2LL and 3LL with thin layers on a base material are often referred to
as cladded steel.
The design target for MLL is primarily superior mechanical properties. The
outstanding combination of ductility and strength of MLL, consisting of high
strength martensitic and ductile austenitic steel, were investigated in detail by
Koseki, Inoue, Nambu and colleagues [6,7,113–119]. Such MLL are
characterized by a very high energy absorption during deformation, making
them particularly suitable for body parts. In addition, properly designed MLL can
exhibit very high fracture toughness. The layer thickness of MLL can vary
between 20 nm and several 100 µm [3,120].

2.4.1 Manufacturing of layered metal composites
The two most typical processes for manufacturing LMC are explosive welding
and roll bonding. Other processes to produce LMC are casting [121], infiltration
[122], ultrasonic welding or laser cladding [123,124]. To manufacture LMC by
explosive welding, the sheet to be cladded, also called flyer plate, is blasted
onto the base plate using explosives that are ignited on top of the flyer plate.
Upon impact extremely high deformation rates on the surfaces cause the
materials to create a strong interface. During the process, a vortex is formed

28

Literature Review

between the two plates which cleans the surface. A major advantage of this
process is the ability to weld dissimilar metals. Furthermore, no change in
microstructure nor a heat-affected zone occurs [125–127]. LMC manufactured
by explosive welding are mostly used in the chemical industry as well as for
ships, where carbon steel is cladded with stainless steel to achieve costeffective corrosion resistance and good mechanical properties [126–128]. While
with explosive welding usually 2LL are produced, 3LL and MLL are possible too.
To combine layers by roll bonding, the layers are passed through a pair of flat
rollers under sufficient thickness reduction. To obtain a strong interface, it is
important to clean the surfaces of any contamination. Roll bonding can be
differentiated as hot rolling and cold rolling depending on the temperature. For
cold rolling, oxide layers are broken up due to the large plastic deformation and
the layers form a solid-state bond without considerable diffusion. Accumulative
roll bonding (ARB) is based on cold rolling. An LMC manufactured by ARB is
reduced in thickness by several rolling passes. The slaps are cut in half after
one or more passes, stacked and roll bonded again. Using this method the
layers exhibit severe plastic deformation, which can be used to gain ultrafinegrained microstructure [129]. Depending on the layer design, at a critical layer
thickness, the individual layers begin to neck, inhibiting further thickness
reduction [130,131]. To manufacture LMC using hot rolling, a slab packet is built
up by stacking the different layers and welding them together under vacuum at
the outer edge. The vacuum is needed to prevent oxidation at the interfaces
during the process [132]. The slab packet is then heated up and rolled at
temperatures above the recrystallization temperature. The high temperature
reduces the yield strength and, thus, the required rolling forces. Furthermore,
the temperature enables diffusion at the interface, which has a significant
influence on the bonding strength. Using hot rolling, 2LL, 3LL, as well as MLL,
can be produced. With hot rolling, industrial-sized slap packets can also be
processed, which enables the usage of LMC for large scale industrial application
[2,133]. While aluminum and copper alloys are roll bonded using cold rolling,
steel alloys are usually hot rolled due to their higher yield stress. Cold rolling
after hot rolling is also possible to improve surface quality and thickness
accuracy [108,113]. A detailed discussion that outlines the differences between
cladding by cold rolling, hot rolling and press welding is given by Wu et al. [134].
To produce LMC by casting, two methods are mostly used. Using the so-called
‘Novelis Fusion’ method, different aluminum alloys can be combined by a
modified direct chill ingot casting process [135]. The second method is a roll
casting process, where the melt is poured onto a sheet and is then rolled by two
rollers. The melt solidifies on the sheet, whereby the two materials are bonded
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together. It is possible to produce 2LL or 3LL, depending on whether one or two
sheets are fed in. Using this method, not only laminates consisting of different
light metal alloys can be produced, but also laminates consisting of steel and
light metal alloys, when steel is used as sheet material [121,136–138].
In addition to the methods mentioned, LMC can be produced by laser cladding
or coating by CVD or PVD. However, besides laboratory scale tests [139], these
methods are usually used to clad or coat individual parts, but not to produce
LMC as starting material.

2.4.2 Properties of layered metal composites
Mechanical properties
The first detailed studies on the mechanical properties of LMC were conducted
by Semiatin and Piehler in 1979 [140–142]. The authors showed that the stressstrain curve of the investigated LMC can be calculated by the volumetric
weighted average of the stress-strain curves of the constituents. While yield
strength and tensile strength can be predicted by this rule of mixture, uniform
elongation and fracture strain do not follow this relationship. Semiatin and
Piehler used a maximum force criterion to estimate the uniform elongation of a
3LL. Since the fracture strain is an important criterion for energy absorption as
well as ductility, many studies were conducted focusing on the localization and
fracture behavior of LMC.
To explain the underlying mechanisms of LMC under tensile strain, an MLL
consisting of alternating layers of brittle, high strength steel and softer, ductile
steel is considered. The deformation can be divided into three stages. Firstly,
both layer materials are strained purely elastic. As soon as the stress exceeds
the yield strength of the softer material, the soft layers will deform plastically,
while the high strength layers are still deformed elastically. From this stage on,
the stress is distributed unequally. Since the yield strength of the softer materials
limits the stress that it can support, the stress is transferred into the high strength
material. In the third stage, both materials are deformed plastically. [115] While
the total strain of the different layers is equal, the elastic part of the high strength
steel is higher, due to its higher tensile stress. Thus, the plastic strain differs
between the two materials [143]. It is assumed, that this leads to geometrically
necessary dislocations (GND) at the interface [116,143]. Kim et al. [143]
assumed that those GND suppress serrated flow in a TWIP steel that is cladded
by low carbon steel from both sides.
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Failure of LMC is initiated by failure of the brittle layers. However, those layers
can be strained beyond their monolithic fracture strain without necking, as long
as the interface with the neighboring layers is strong enough [113]. At the onset
of necking, the neighboring ductile layers induce compressive stresses in the
hard layer that inhibit necking [117]. When the interface is not strong enough,
the layers will delaminate. The ductile layer is no longer able to inhibit necking,
and the strong layer will fail due to its low fracture strain, as it would as a
monolithic material (Figure 2-11 (a)). The resulting requirement of a strong
interface for increasing the uniform elongation of LMC was shown by Nambu et
al. [114]. Koseki et al. [6] proposed to use the condition for the propagation of
an H-crack, known from other laminates, as a criterion for the delamination of
the layers in LMC. The propagation of such a crack depends on the interface
toughness, stress, layer thickness and the Young’s modulus of the hard layer
[144].

Figure 2-11 Typical failure modes of the brittle layer in LMC with brittle and ductile
layers: Delamination with crack (a) and crack without delamination (b).
[6]

Cracking of the brittle layer without prior delamination is called tunnel cracking
(Figure 2-11 (b)). Tunnel cracking is affected by the fracture toughness and the
thickness of the brittle layer [7]. The results of Inoue et al. [7] show that tunnel
cracking can be delayed by thinner layers, which will increase the ductility and
the fracture strain of the LMC. This effect can also be seen in the results of Syn
et al. [145].
The ductility enhancing effects described above similarly applies to 3LL, when
the laminate is designed with a brittle layer between two ductile layers [114,143].
For 2LL, not all toughening concepts apply, since the hard layer is not protected
by a ductile layer from both sides. However, Bouaziz et. al [8] show that
martensitic steel in a two-layer laminate with a ductile layer of similar thickness,
exhibits significantly higher strains before fracture, compared to the monolithic
configuration. These results imply that necking of the hard layer can be delayed
to a certain degree even in two-layer laminates. However, detailed
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investigations regarding the toughening mechanisms, as done for the MLC, are
not present in the open literature.
Fracture toughness and crack growth
The fracture toughness of LMC is highly anisotropic and depends on the
orientation of the notch towards the orientation of the layer structure [146]. The
orientation modes are categorized into crack divider, crack arrester and crack
splitter as depicted in Figure 2-12. For fracture toughness, crack growth and
fatigue of LMC considered in this study, only the crack arrester configuration
and the crack divider configuration are relevant. The crack splitter does not
occur since sheets usually do not exhibit tensile stresses in thickness direction.
In the crack arrester configuration, LMC can show higher fracture toughness
than its monolithic constituents.

Figure 2-12 Notch orientations of cracks in LMC. Adopted from [146]

The outstanding fracture toughness of LMC, consisting of ultrahigh carbon steel
(UHCS) and bronze, as determined by the Charpy impact test in crack arrester
configuration has been shown by several authors [147–149]. The fracture
toughness of UHCS and low carbon steel (LCS) was studied in detail by Pozuelo
and colleagues [150–153]. It was found that delamination, crack blunting, crack
bridging and crack initiation within the LMC requires high energy, resulting in
increased fracture toughness. For the fracture toughness, the interfacial
bonding strength plays an important role. While a strong interface is important
to increase the fracture strain upon tensile stressing, a strong interface also can
prevent delamination during the impact test, which reduces the required energy
for fracture and, thus, drastically lowering the fracture toughness [150,152]. A
detailed overview of the different mechanisms to increase fracture toughness in
LMC is given by Lesuer et al. [101] and depicted in Figure 2-13.
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Figure 2-13 Relevant mechanisms to increase the fracture toughness of LMC. [101]

For the crack arrester configuration in an LMC, consisting of layers with different
mechanical properties, the crack growth direction is important. When the crack
propagates from the soft layer into a hard layer the growth rate decreases. On
the contrary, when the crack propagates from a hard layer into a soft layer the
growth rate increases significantly [154,155].
Fatigue
The fatigue behavior of LMC has been rarely investigated. Initial studies were
done by Wittenauer and Sherby [156] for LMC consisting of ultrahigh carbon
steel and copper interlayers. They found that the LMC is characterized by
increased fatigue life compared to monolithic ultrahigh carbon steel since
delamination and crack blunting slowed the crack propagation. Recent
investigations are limited to LMC produced by ARB, with alternating layers of
different aluminum alloys or [157–159] aluminum and mild steel layers [160].
These studies show that for lower stress amplitudes, fatigue is determined by
crack initiation, therefore the strength of the outer layer determines the HCF life.
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Additionally, it has been shown, that the fatigue life of aluminum LMC can be
increased by interlayers consisting of mild steel. Besides the positive effect of
the hardness gradient between the layers, different Young’s modulus causes an
unequal stress distribution, where the steel layers bear higher stresses than the
aluminum layers. While these studies give initial insights into the fatigue
properties of LMC, the investigated LMC were strongly affected by the
characteristic behavior of ultrafine-grained (UFG) microstructures, developed
during the ARB process. The UFG microstructure suffers grain coarsening
during fatigue load causing softening, which is mainly determining the crack
growth within the individual layers.
Wear
Increasing the wear resistance of parts, by applying a wear resistant layer in a
subsequent process e.g. by laser cladding, spray coating or CVD, is wellestablished [4,5]. However, the application of LMC as starting material for wear
resistant applications is rarely discussed in literature. Embury and Bouaziz [3]
state improved wear resistance as one of the driving forces for the development
of steel-based composites. In the published patent application [161], rotational
parts and pipes consisting of cladded steels with improved wear resistance are
described. The actual wear properties of LMC, or components consisting of such
materials, however, have not yet been investigated.
Residual stresses
Thermally induced residual stresses can occur during cooling after hot rolling or
press welding, due to different thermal expansion coefficients and are thought
to influence the delamination of the layers [145]. However, only a few studies on
residual stresses of LMC are available. Semiatin and Piehler [140] characterized
the residual stresses of 3LL tensile specimens consisting of aluminum and
austenitic steel after deformation. They found compressive residual stresses in
the softer aluminum layer and tensile stresses in the harder stainless steel layer.
Ravichandran [17] analyzed analytically the thermal residual stresses that arise
during the cooling of a functionally graded material consisting of Al2O3 and Ni.
He found that low residual stresses after high temperature processing can be
achieved by either a linear gradation of the constituents or by employing a
multilayered material with a large number of layers that have a constant
composition and thickness.
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2.4.3 Formability of layered metal composites
In the early years, initial studies on the formability of LMC were done by Semiatin
and Piehler [142], who investigated the formability of 2LL consisting of stainless
steel and aluminum, using Nakajima tests. They found that for biaxial tension
(stretch forming) failure is initiated by a diffuse instability. Similar to monolithic
material, for drawing conditions final failure is controlled by the onset of a local
instability. With the increasing emergence of LMC, also the evaluation of their
formability increased. Due to their simplicity, bending tests are often utilized to
assess the formability of LMC. Yilamu [162] investigated the springback of 2LL
consisting of stainless steel and aluminum by V-Bending. They found that the
position of the strong and the soft layer has a great influence on bending
behavior. The thickness reduction of the bend is greater for the hard layer being
at the inside of the bending radius, while the bending radius and the bending
angle becomes smaller compared to the reversed sheet-set condition. VBending together with hat bending and hemming was used by Yanagimoto et
al. [117] to show that the formability of brittle materials like the martensitic
stainless steel SS420 can be enhanced when they are combined with ductile
layers in MLL. While monolithic sheets of the martensitic stainless steel failed at
the onset of V-Bending, the MLL could be bend without failure up to an angle of
150°. V-Bending and hemming were also used by Oya et al. [163] to analyze
and compare the formability of different MLL. The authors showed that MLL with
brittle layers can withstand severe bending without failure of the outer layers.
Jeong et al. [164] analyzed the interaction between the ductile and the brittle
layer of MLL and their fracture behavior during V-bending. The brittle layer can
be deformed beyond the fracture limit of the monolithic material as the ductile
layer induces stresses that suppresses necking. Eventually, necking and
fracture occur in the brittle layer, causing stress concentration in the ductile
layer. The stress concentration finally leads to total fracture of the specimen. To
describe the mechanical behavior during pure bending, Govindasamy [57]
developed an analytical model for 2LL and 3LL, validated by experiments with
monolithic aluminum and 2LL consisting of steel and aluminum. Gorji et al. [74]
investigated the formability and failure behavior of MLL consisting of aluminum
alloys, using Nakajima and the bending test. Additionally, the bending test was
modeled using the simulation software LS-Dyna. With the chosen experimental
setup and simulation model, the authors were able to show the advantages of
the considered MLL during bending.
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2.5 Concluding remarks
The literature review on layered steel sheets reveals that the properties of such
steels mainly depend on the layer design, the volume fraction and the
constituent layers. The main focus of current research is on multilayer materials
and layered steel sheets with a similar volume fraction of the constituent
materials. Materials with the desired design (hot rolled steel sheets with ductile
base material and thin clad layer) have not yet been investigated in detail.
Therefore, literature offers limited knowledge for the proper design and choice
of the layer materials for cladded steels for clutch disc carriers. Thus, it is
important, to consider several different material combinations. The focus for the
material choice has to be on the clad layer. First of all, the clad layer is
responsible for wear resistance. Secondly, the clad layer probably is the one
with lower formability. Besides the different designs of formerly tested CS, their
results suggest that the formability of the CS is still strongly determined by the
layer with the lowest level of ductility.
Regarding Research Question 1 (a), e.g. choosing a suitable test for formability
characterization, it is apparent, that the formability test needs to be determined
based on the stress state. The stress state, under which the specimen is
deformed during the formability test, should be equal to the stress states
occurring during the forming process of the part. However, during the forming of
complex parts as disc carrier, the stress states can be very different. Since
plastic strain is the major influence factor for the ductile damage evolution, the
stress state that prevails during the process step being characterized by highest
plastic deformation should be used as a reference for the forming process.
Therefore, an analysis of the stresses and strains occurring during the forming
process must be conducted. For the comparison of the stress state in the
context of formability, the stress state should be expressed in terms of triaxiality
and lode angle.
For the general formability of sheet metals, the necking behavior is of
fundamental importance. To be able to completely answer Research Question
1, i.e. the differences between the forming behavior of CS and S355, the necking
behavior cannot be neglected.
Regarding research question 1 (b), e.g. modeling the failure behavior of CS,
forming simulations utilizing ductile damage mechanics are capable of modeling
the damage processes of complex forming processes with large strains and
nonlinear strain paths. However, it is not possible to model the evolution of shear
bands in such simulations and, thus, failure mechanisms that are initiated by
shear localization cannot be modeled. Shear band evolution in FEM simulations
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can be initiated by implementing inhomogeneities into the material, for example
by using spatially different yield stresses. Hence, a combination of the ductile
damage mechanics with the implementation of spatially different yield stresses
should be investigated as a suitable approach to model failure of CS during the
forming of disc carriers.
To answer Research Question 2, the wear resistance of disc carriers consisting
of different materials must be evaluated. For this, the component test, developed
by Kohlmann, is well suited. However, since actual parts are required and the
test durations are relatively long, for a first evaluation of the wear resistance of
different cladded steels, a wear test with a higher level of abstraction should be
used. In addition, such a simplified test should be designed in a way that the
important influence of the steel discs´ manufacturing process is not neglected.
Since no solid knowledge on residual stresses in hot rolled cladded steel is
available in literature, initial measurements of the RS after hot rolling (‘as
received’) should be conducted using established measuring techniques like Xray diffraction to gain first insights into the prevailing stress profile and to answer
Research Question 3.
Based on these considerations, the experimental setup is derived and presented
in the following chapter.
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3 Experimental setup
This chapter describes the investigated materials and testing setups that were
implemented specifically for this work, along with specific methodological
aspects. The standard testing methods e.g. the tensile test, are not presented
in detail. However, the relevant sources and standards are indicated for the used
testing methods.
The wear resistance, the formability and the residual stresses of CS with
different clad materials on S355 as base material were examined in this study.
Since the studied materials are not employed commercially, sample sheets were
not available and therefore, were produced specifically for this study.
Firstly, CS with six different clad materials were produced on a small-scale hot
rolling mill for prototype steel sheets, by thyssenkrupp Steel Europe AG in
Dortmund, to evaluate the general wear resistance and formability properties.
Since only a few sheets were required for the first tests, sheet manufacturing on
a hot rolling mill for prototype steels was a cost-effective way to produce sheet
samples of different grades, with the intended microstructure and apt
mechanical properties. However, the surface quality was not sufficient for
forming parts with high geometrical tolerances and surface quality specified for
disc carriers. Therefore, two CS variants were produced on an industrial hot
rolling mill by thyssenkrupp Hohenlimburg GmbH in Hagen, to obtain the surface
properties required for industrial production. An overview on the different CS
used in this study is given in Section 4.1.1 with a detailed description of their
constituents.
In the first step, the mechanical properties and the microstructure of the
produced CS were characterized. The manufacturing route of the disc carrier
was then analyzed to select a formability test with similar stress and strain paths,
to eventually characterize the formability of the CS. Based on considerations
detailed later, bending tests were chosen for formability characterization. Thus,
in the pre-testing phase, the formability of the CS was tested conducting threepoint bending tests. To evaluate the wear behavior, pin-on-plate tests were
utilized, which were designed as a simplified component test, with the pin being
a tooth, cut out from an actual steel disc. Thus, the important influence of the
manufacturing process of the steel disc was taken into account.
With the two steel variants produced on the industrial hot rolling mill, the
formability was further investigated by in-situ bending. To investigate the
necking behavior, in-situ tensile tests were conducted. The Research Question
1b was addressed by setting up a forming simulation, that included a coupled
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ductile damage model as well as spatially different flow stresses. The bending
test, which was used to characterize the formability, was simulated with this
setup. Finally, actual disc carriers were manufactured on the standard
production tool to validate sufficient formability of the CS. The wear resistance
was tested on a test component level, using disc carriers produced by the series
tool and steel discs as wear partner. Additionally, residual stresses were
evaluated in “as received” condition and after bending.
For all experiments, the currently used monolithic steel for the disc carrier, S355
hot rolled on an industrial hot rolling mill, was tested as reference material.

3.1 Materials
The materials investigated in this study are presented in this section. Besides
the CS, their constituent materials were characterized for comparison, using
monolithic sheets. For simple and unambiguous referencing, abbreviations are
used for each material. The subscripted letter is referencing the condition, which
is either monolithic sheet (M), CS manufactured as prototype sheet (P) or CS
produced on an industrial hot rolling mill and coiled (C). An overview of the used
materials and their abbreviations is given in Table 3.1.
Table 3.1

Overview of the investigated materials and the abbreviations used in this
work.

Abbreviation
S355
HBS
H-Mn
DP600
42CrMo4
37MnB4
18-10
100Cr6

Clad material

Base
Monolithic Prototype
material
(M)
(P)
S355MC
x
HBS1000
S355MC
X
x
X40MnCrAl19- S355MC
X
x
2
DP600
S355MC
X
x
42CrMo4
S355MC
X
x
37MnB4
S355MC
X
x
X5CrNi18-10
S355MC
X
x
1
100Cr6
S355MC
X

Coil (C)

x

x

The monolithic sheets were provided by thyssenkrupp Hohenlimburg GmbH.
The microstructure was investigated by optical microscopy. The samples were

As detailed later, the S355MC of 100Cr6C is actually an annealed S55MC and thus,
differs from the S355MC used for the other CS.
1
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prepared using standard polishing techniques, followed by etching with 3%
alcoholic nitric acid. For 18-10P+M, iron(III) chloride was used for etching. The
mechanical properties were obtained by tensile tests, conducted on a Z250 test
rig (Zwick Roell AG, Ulm, Germany), with the specimen being laser-cut
(TrueLaser Cell 8030, Trumpf GmbH & Co. KG, Ditzingen, Germany)
longitudinal to the rolling direction of the sheets. The heat affected zones were
removed using a Zwick 7120 specimen grinding machine (Zwick Roell AG, Ulm,
Germany), to ensure that the testing results are not influenced by the cutting
process. Testing conditions were set according to DIN EN ISO 6892-1, with a
stress-controlled crosshead speed of 30 N/mm² within the elastic region, and
strain-controlled speed within the plastic region, with a quasi-static nominal
strain rate of 0.0025 1/s. The strain was measured using an extensometer (BZ2EXC55000A.1AMR, Zwick Roell AG, Ulm, Germany) with a gauge length of
80 mm. The tensile test was repeated three times for each material. The stressstrain curves are shown in Figure 3-2. The Vickers hardness as shown in Figure
3-3 was evaluated using a Q10A+ hardness tester (Qness Gmbh, Golling,
Austria). Testing parameters were set according to [165] with a loading time of
10 seconds. The surfaces were prepared using the earlier mentioned standard
polishing techniques. Different hardness forces were used which are indicated
by the Hardness symbol in the results. The hardness values were determined
from five indentations for each measurement.
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Figure 3-1
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Microstructure of the monolithic sheets HBSM (a), H-MnM (b), DP600M (c),
42CrMo4M (d), 37MnB4M (e) 18-10M (f), 100Cr6M (g) and S355M (h).

The HBS1000 is a novel complex phase steel with a microstructure consisting
of lower bainite (Figure 3-1 (a)). The yield strength (Rp0.2) is 730 MPa and the
tensile strength 1030 MPa with a fracture strain of 8%. The high hardness is
expected to provide good wear resistance, while the decent fracture strain was
assumed to indicate sufficient formability.
The X40MnCrAl19-2 is an austenitic twinning-induced plasticity (TWIP) steel
with a yield strength of 400 MPa, a tensile strength of 850 MPa and a fracture
strain of 54%. The very high fracture strain in combination with the high strength
is possible due to the unique deformation behavior of TWIP steels. The low
stacking fault energy enables the evolution of deformation twins triggered by
plastic deformation, which causes excessive strain hardening of the material.
The high strain hardening coefficient resulting from this mechanism prevents
necking and allows for the high fracture strain [166]. The high strain hardening
is expected to be beneficial for wear resistance [167]. The combination of
potentially good wear resistance and high formability makes the HMnP a
promising candidate.
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DP600 is a dual phase steel, belonging to the group of advanced high strength
steel (AHSS), and is used for novel car body applications. The mechanical
properties of the DP600 are characterized by a yield strength of 430 MPa, a
tensile strength of 650 MPa and a fracture strain of 21%. The microstructure
consists of martensitic phases in a ferritic matrix (Figure 3-1 (c)). The hard
martensitic phases can provide enhanced wear resistance [168]. Since for
DP600 no sample sheets were available, images of the microstructure and
tensile test data were provided by thyssenkrupp Hohenlimburg GmbH. The
hardness data were extracted from [169], who used DP600 from the same
manufacturer, i.e. thyssenkrupp Steel Europe AG, in their study.
42CrMo4 is a typical quenched and tempered steel (Q+T), with a yield strength
of 470 MPa, a tensile strength of 800 MPa and a fracture strain of 15%. The
37MnB4 is a boron alloyed Q+T steel featuring a yield strength of 450 MPa, a
tensile strength of 675 MPa and a fracture strain of 20%. While the
microstructure of both materials is ferritic perlitic, the 42CrMo4 has a higher
volume fraction of perlite, due to the higher amount of carbon. With the 42CrMo4
and the 37MnB4, two widely used Q+T steels were tested for their suitability as
clad material.
The X5CrNi18-10 is an austenitic stainless steel, which is widely used due to its
excellent corrosive resistance and superior formability. While the fcc lattice is
generally more prone to adhesive wear, due to the higher number of slip planes,
the different lattice structure compared to the bcc lattice of the DC01 steel disc
was assumed to promote an overall reduced potential for adhesive wear. The
18-10M used in this study as reference was received in cold rolled condition.
Therefore, the mechanical properties are characterized by a yield and tensile
strength of 650 MPa and 750 MPa respectively and a fracture strain of 24%.
100Cr6 is a hardenable tool steel used for roller and ball bearings. The 100Cr6
used in this study is received in spheroidized condition with granular cementite
embedded in a ferritic matrix (Figure 3-1 (g)). The yield strength is 350 MPa, the
tensile strength 610 MPa and the fracture strain 27%. The concept of hard
phases (cementite) embedded in a soft matrix (ferrite) can be beneficial for wear
resistance. In addition, the soft matrix enables good formability.
The reference material S355 is a high strength low alloy (HSLA) steel, which is
characterized by a fine grained ferritic microstructure (Figure 3-1 (h)). Its yield
and tensile strength are 410 MPa and 450 MPa, respectively. The fracture strain
is 25%.
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Figure 3-2

Stress-strain curves of the monolithic materials in the as-received
conditions detailed before

Figure 3-3

Hardness of the monolithic sheets. The hardness data of DP600M were
extracted from [169].

As shown in Table 3.1, six CS were produced as prototype sheets with their clad
layers consisting of HBS, H-Mn, DP600, 42CrMo4, 37MnB4 and 18-10,
respectively. For the base layer, S355 was used for every CSP variant. 100Cr6C
and DP600C were chosen to be industrially produced. Prototype sheets of a CS
with 100Cr6 (100Cr6P) were considered for the study as well, but could not be
acquired with the desired microstructure and, thus, were only available in “c”
condition.
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The prototype cladded steels were hot rolled on a small scale hot rolling mill,
using a small slap stack consisting of the base material and clad material with a
thickness ratio of 95/5. The slap stack was rolled in several passes down to a
sheet thickness of 2 mm. Process parameters of the thermomechanical rolling
were chosen to meet the requirements for the microstructure of the clad
material, e.g. to obtain a microstructure in the clad that corresponds to the
microstructure of its monolithic counterpart. Except for 18-10P, the prototype
sheets were received in a sandblasted condition. The sandblasting was required
to remove the scale originating from the hot rolling process. For the 18-10P,
pickling was used to remove the scale.
For the cladded steels, produced on the industrial hot rolling mill, a slap stack
with the size of conventional slaps was used. The thickness ratio of base and
clad material was 95/5. The material underwent the standard hot rolling process
route including subsequent pickling. The two CSC materials were received as a
coil.
To obtain the 100Cr6 clad layer in spheriodized condition, annealing of the coil
was required after hot rolling. Since the strength of the high strength microalloyed base layer is reduced during annealing, S550 was used as base layer
for the stacked slap. After annealing, the properties met those of S355. While
100Cr6C was chosen to be produced on the industrial hot rolling mill since it
could not be obtained as prototype sheet, DP600C was chosen based on the
pretesting results. To be able to produce DP600C, hot rolling parameters had to
be selected as a compromise between S355 and DP600. Sample sheets of the
CSC were cut out after decoiling and straightening. The reference material
S355C was produced on the same industrial hot rolling mill as the CSC.
The microstructure and the mechanical properties of the CS were studied using
the same procedure as for the monolithic sheets. The chemical composition,
obtained by optical emission spectrometry (model MAXx LMM16, SPECTRO
Analytical Instruments GmbH, Kleve, Germany) can be found in the Appendix
(Table A.1, Table A.2). The characterization of the CS was done in the asreceived state, as detailed above.

3.2 Test component characterization
To choose a suitable formability test, the stress states and strain paths have to
be analyzed. However, for forming and manufacturing evaluation, only the areas
most critical for cracking during forming are relevant. To identify these areas, a
part was manufactured, employing a CS consisting of S550 as base material
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and a brittle sorbitic2 100Cr6 clad (100Cr6B)3. The brittle clad was specifically
chosen to ensure fracture at areas most prone to failure. As shown in Figure 3-4
(a), after forming two areas were identified in which the clad had fractured.
Firstly, during deep drawing, fracture occurred in the outer cup radius in the
tangential direction. Secondly, during the first rolling stage, fracture of the clad
occurred in the flange of the tooth, in an axial rolling direction. For later stress
evaluation, the exact moment in which the clad fractures, was identified by
interrupting the process after forming half of the teeth length. The stress states
of the critical areas were analyzed to eventually select a formability test with
similar triaxiality and lode angle parameter. For the cup radius, bending stresses
prevail during deep drawing as shown by Valberg [170]. To identify the stress
states of the flange area, the forming process of the disc carrier was modeled
using the simulation software simufact.forming (Version 15, build v15.0.0.60847
x86, Simufact engineering GmbH, Hamburg, Germany). To reduce calculation
time the 3D model was set up as rotationally symmetric with a modeled section
of 12°, representing one tooth. The tool geometries were defined as rigid bodies.
For the material the hardening law for S355, as detailed in section 3.4.3, with
the respective parameters was used. The material properties were assumed to
be homogeneous. The influence of damage evolution was neglected. The part
was meshed using Sheetmesh with a mesh size of 0.53 mm. The stress states
of the critical area of the tooth were extracted at the point of fracture initiation
(Figure 3-4 (b)) and depicted in the triaxiality-lode angle parameter diagram. The
triaxiality identified in the simulation is 0.57 and the lode angle parameter is
between -0.1 and 0.25, which corresponds to plain strain tension (triaxiality of
0.57 and lode angle parameter of 0). Therefore, both critical areas fail under
plain strain tension. This stress state is the same as in a bending test at the
outer radius. Based on these considerations, the bending test was chosen as
formability test.

When martensite is tempered a very fine lamellar perlitic microstructure evolves,
which is called sorbate.
3
The sample sheets of 100Cr6B were taken from the 100Cr6C Coil after hot rolling and
before annealing.
2
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Figure 3-4

Identification of critical forming areas (a), extraction of stress states using
forming simulation (b).

Figure 3-5

Stress states occurring in the critical flange area during rolling of the
tooth. The color indicates the amount of plastic strain that the material
endured during the increment. The triaxiality and lode parameter of
important stress states are shown in black.
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3.3 Pretesting
3.3.1 Bending test (non-in-situ)
A 3-point-bending test as shown in Figure 3-8 a) was used to evaluate the
bendability of the prototype material. Specimens of 50x20x2 mm³ in size were
used. To eliminate effects of surface roughness, the surface of the bending area
was carefully ground and polished to a mirror finish. The flatness imperfection
of the prototype material, in combination with the thin surface layer, required
manual grinding (grid 2000) and polishing. For every material, specimens were
bent to 60°, 90°,120° and 150° with an accuracy of +-2°. After the experiment,
the specimens were cut centered transversal to the bending line, to examine the
plane strain area by optical microscopy. The specimens were prepared for
optical microscopy utilizing standard polishing technics and were etched with
3% alcoholic nitric acid. The individual stages of specimen preparation are
shown in Figure 3-6.

Figure 3-6

The four steps of preparing the bending specimen: laser cut specimen
(a), specimen with ground and polished clad surface (b), bend specimen
with the line indicating the cutting line (c), cross sections of bend
specimen embedded and prepared for optical microscopy (d).

3.3.2 Pin-on-plate test
To evaluate the wear behavior of the different cladded steels, pin-on-plate tests
were conducted. For the plate, 15x15 mm² samples were cut out from the steel
sheets. To ensure equal surface conditions, the samples were carefully ground
(grid 2000) and polished. A single tooth cut out from an actual steel disc by
electric discharge machining (EDM) was used as the pin for each test. The disc
consisted of DC01 with a nominal hardness of 150 HV0.05. Due to the strain
hardening during the fine blanking manufacturing process, the hardness at the
surface of the tooth flank increased to 320 HV0.05. By using a tooth of a disc,
the influence of the manufacturing process of the disc can be taken into account
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and the wear behavior is much better represented as if a simplified pin geometry
had been used.

Figure 3-7

Setup of the pin-on-plate test. The pin is aligned with the tooth flank being
parallel to the plate surface (a). The setup in the tribometer is shown in
(b).

The pin-on-plate tests were carried out on a tribometer (SRV-3, Optimol
Instruments Prüftechnik GmbH, Munich, Germany) using a specially designed
sample mount as shown in Figure 3-7. The pin movement was linear with an
amplitude of 1000 µm and an oscillation frequency of 10 Hz. A normal load of
150N was applied. A large drop of Fuchs Titan EG52529 oil was applied as
lubricant on the plate before the test. The test duration was 8 h resulting in
288,000 loading cycles and a total sliding distance of 1152 meters. To determine
the mass loss, pin and plate were weighed before and after the test on a
Sartorius RC 210 S precision balance with an accuracy of 0.01 mg. Based on
the weighed mass loss, the wear rate was calculated using equation (2.17). The
surfaces of the plates were analyzed after the experiments using an Alicona
InfiniteFocus surface measurement system (InfiniteFocus, Alicona Imaging
GmbH, Graz, Austria). The topography data were then processed using the
software µsurf analysis. Each experiment was repeated three times.

3.4 Formability
3.4.1 In-situ bending test
For the in-situ bending tests, specimens of the size of 20x4x2 mm³ were used.
Every bending surface was prepared identically to those for the 3-point bending
test. To create the speckle pattern required for DIC, the front surface was
polished and etched.
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Figure 3-8
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Bending setup for the three point bending test (a) and the in-situ bending
test (b).

The in-situ bending test was conducted in a miniature test module (Kammrath
& Weiß GmbH, Dortmund, Germany), with a custom made punch and
counterhold as shown in Figure 3-8 b), under a digital microscope (VHX Series,
Keyence, Osaka, Japan) with Z-100 lens and at 500x magnification (Figure 3-9).
The displacement speed was set to 10 µm/s. The bending test was interrupted
for image capturing. Since the punch and counterhold were both moved in
synchronization, the stage had to be slightly repositioned after each step. This
ensured that the outer radius was always captured at the same position.

Figure 3-9

Experimental setup of the bending test with the punch and counterhold
mounted on a Kammrath & Weiß test module. The test module is placed
on the stage of a digital microscope.

After the bending test, digital image correlation (DIC) was used to calculate the
strains (engineering) on the observed surface. The commercial software VIC2D
(Version 6.2.0 build 1321, Correlated Solutions Inc., Irmo, USA) was utilized for
DIC. The DIC data were assessed with Matlab (R2019 Update 5 build
9.7.0.1319299, The Mathworks Inc., Natick, USA). Depending on the image
quality, the subset size was chosen between 31 and 41, and the used step size
was between 7 and 10. During the experiment, at some point undulations
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evolving on the surface due to the plastic deformation made the original speckle
pattern unrecognizable. However, the evolving undulations could be used as a
pattern. Therefore, incremental image correlation was used, which is an
established approach to overcome the difficulty of changing patterns in this kind
of experiment [67]. It should be noted that the observed surface was under plane
stress condition, rather than plane strain. Even though the nominal strain values
cannot be quantitatively compared to the results of the plain strain state, the
strains give a qualitative insight into the deformation mechanism.

3.4.2 In-situ tensile test
The in-situ tensile tests were conducted utilizing the aforementioned Kammrath
& Weiß test module. Tensile specimens with 10 mm radius and a gauge length
of 6 mm were used. The specimens were mounted in the tensile test module
with the cross-section facing upwards and the thickness direction facing in an
horizontal direction. To establish this rotated orientation of the specimens,
custom made mounts were used which feature a groove of the shape of the
tensile specimen. The setup is shown in Figure 3-10. The specimens were wire
cut from the sheets and ground at every surface (grid 4000), to prevent surface
effects. A speckle pattern was created by etching with 3% alcoholic nitric acid.

Figure 3-10 Experimental setup of the in-situ tensile test.

During the experiment images were taking using a digital microscope (VHX
Series, Keyence, Osaka, Japan) with Z-20 lens and at 100x magnification. For
image capturing, the experiments were interrupted every 5 µm, 25 µm, 50 µm
or 100 µm, depending on the state of deformation. The strain rate was initially
set to 10 µm/s. After severe necking, the strain rate was reduced to 1 µm/s to
be able to adopt the framing rate. After the experiments, DIC (VIC2D, Version
6.2.0 build 1321, Correlated Solutions Inc., Irmo, USA) was used to visualize
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the engineering strains at the surface. Subset sizes between 31 and 41 in
combination with step sizes between 5 and 10 were used.

3.4.3 Modeling of bending test
To provide an approach for modeling failure of cladded steels during forming, a
conventional forming simulation was enhanced by implementing a ductile
damage model and by introducing local inhomogeneities based on the approach
of a spatial flow stress distribution (SFSD) as utilized by Mattei et al. [73] and
Gorji et al. [74]. While SFSD was utilized to possibly initiate shear band
evolution, the ductile damage model was implemented to be able to model crack
initiation and clad failure. To evaluate the capabilities of the proposed simulation
framework, the three-point bending test as described in Section 3.3.1 was
simulated and the results were compared with the results of the physical
experiment.
The three-point bending test was modeled in 2D plain strain condition using the
forming simulation tool simufact.forming (Version 15, build v15.0.0.60847 x86,
Simufact engineering GmbH, Hamburg, Germany), which utilizes a modified
MSC marc solver. The same geometries as in the bending test were used for
the model setup. The two rolls and punch were defined as rigid bodies. To model
the cladded steel, the 1.9 mm thick base material and 70 µm thick clad layer
were implemented as individual deformable bodies, whose contact behavior
was defined as “glued”. The mesh size was set to 0.4 mm for the base material
and 25 µm for the clad. In the bending area, the mesh size was refined to 25 µm
and 6.25 µm respectively. The simulation model with the respective mesh sizes
is depicted in Figure 3-11.
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Figure 3-11 The simulation model for the bending simulation with the mesh size of
the base and clad layer within the area relevant for deformation during
bending.

The flow stress 𝜎 is calculated for both materials by
𝜎 = (𝜎ℎ (𝜀̅) + ∆𝜎)(1 − 𝐷)

(3.1)

where 𝜎ℎ (𝜀̅) describes the hardening law and 𝐷 the scalar damage value. ∆𝜎 is
a random value, implementing the SFSD. ∆𝜎 is calculated for each element
individually. A random nominal distribution with 10000 values between -1 and 1
was saved in an external file. At the initial increment of the simulation, a random
value between 0-10000 is assigned to each element. The assigned value is
identical for each element for every simulation run, as long as the same mesh
is used. Depending on the assigned number, the corresponding random value
between -1 and 1 is read from the external file and multiplied with the materialdependent distribution width (e.g. 50 MPa) resulting in the actual value of ∆𝜎.
Using this elaborate approach, it is possible to compare simulation runs with
different parameters but identical SFSD. To vary the SFSD, files with different
random distributions were used.
The hardening behavior of the clad material was described by a Swift type
isotropic hardening law [171].
𝜎ℎ,𝑐𝑙𝑎𝑑 (𝜀̅) = 𝐾 ∙ (𝜀0 + 𝜀̅)𝑛

(3.2)

The model of the hardening behavior of the S355 is more complex. For strains
from 𝜀̅ < 0.015 linear hardening with very moderate slope is assumed, to
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account for the yield point phenomenon. At a strain 𝜀̅ ≥ 0.015 Ludwik strain
hardening law [56] is used. For strains 𝜀̅ ≥ 0.4831 a linear term is added for
extra hardening at high strains. The later explained fitting procedure showed
that the extra hardening is required to accurately model the material response.
𝑚1 ⋅ 𝜀̅ + 𝑚2
𝛼 + 𝐾 ∙ 𝜀̅ 𝑛
𝜎ℎ,𝑆355 (𝜀̅) = {
𝛼 + 𝐾 ∙ 𝜀̅ 𝑛 + (𝜀̅ − 0.4831)𝑚3

𝜀̅ < 0.015
0.015 ≤ 𝜀̅ < 0.4831
𝜀̅ ≥ 0.4831

(3.3)

The material parameters for the hardening law were determined by the least
square method based on bulge test data.
The Lemaitre model enhanced by Soyarslan [53], as described in Section 2.1.5,
was used for ductile damage modeling. The parameters of the damage model
for the individual materials were determined by inverse techniques. Therefore,
the difference between force-displacement curves of physically tested and
virtually simulated tensile tests with three different specimen geometries, was
assessed as the minimal target for an optimization algorithm. For parameter
optimization, Optimus (Version 2018, Noesis Solutions, Leuven, Belgium) was
used, utilizing a differential evolution algorithm.
To model crack initiation and rupture, the element deactivation routine
“UACTIVE” provided by the MARC solver was used. Elements were deactivated
when the damage value 𝐷 of exceeded the critical damage value 𝐷𝑐𝑟𝑖𝑡 . Even
though, the elements are only deactivated, this procedure is often referred to as
element deletion. The parameters for 𝐷𝑐𝑟𝑖𝑡 and ∆𝜎 were chosen as “fitting
parameters” to fit the simulation results with the physical bending tests.
A summary of the parameters used in this study can be found in Table 3.2.
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Parameters of the simulation model for S355 and HBS.

Damage

Flow curve
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𝐾, MPa
𝑛, 𝜀0 , 𝛼, 𝑚1 , MPa
𝑚2 , MPa
𝑚3 , MPa
∆𝜎, MPa
𝜇, GPa
𝜅, GPa
𝑆, MPa
𝑌0 , MPa
𝛽, 𝛿, 𝑚, ℎ, 𝐷𝑐𝑟𝑖𝑡 , -

S355
472.6
0.3819
300.4
441.3
410
84.75
50
80.77
175
8.4
0.33
2.6
0.15
1.39
0.57
0.25

HBSP
1372
0.0903
0.002
50
80.77
175
4
3
1.6
0.15
1.38
0.1
0.28

3.4.4 Manufacturing disc carriers employing CSC
To finally validate manufacturability as well as provide specimens for the wear
test, disc carriers made of the two industrial manufactured cladded steels
100Cr6C and DP600C were produced using the standard production tool. The
critical areas were investigated for cracks by optical microscopy of crosssections that are cut out of the disc carriers as indicated in Figure 3-12. To
visualize the clad layer, the specimens were etched with 3% alcoholic nitric acid
after utilizing standard polishing techniques.

Figure 3-12 Cross sections to examine the critical areas for cracks or clad failure.
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3.5 Wear resistance
The wear behavior of the disc carriers made of industrial manufactured CS, i.e.
100Cr6C and DP600C, were tested on a component level. A component test
represent the actual wear behavior of the tribosystem disc / disc carrier much
better than the pin-on-plate test due to the reduced level of abstraction. The
actual contact situation of the disc’s teeth on the disc carrier is better
represented compared to the pin-on-plate test. The differences are explained in
more detail in Section 4.3.3.
For the component test the experimental setup proposed by Kohlmann et al.
[89] on a biaxial test bench (model POWER FLOW, SincoTec, ClausthalZellerfeld, Germany) was used. The setup is depicted in Figure 2-9. The lifting
cylinder was equipped with a force sensor (1010, Interface Inc., Scottsdale, AZ,
Unites States,) and displacement sensor (WLH100, Messotron GmbH & Co KG,
Seeheim-Jugenheim, Germany). A torque sensor (T200, SincoTec, ClausthalZellerfeld, Germany) and rotation angle sensor (0603-000, TransTec Inc.,
Ellington, Connecticut, Unites States) were installed on the torsion shaft.
The steel discs were made of DC01 with a thickness of 2.15 mm and produced
by fine blanking. The specimens ran in an oil bath with Fuchs Titan EG 52529,
constantly heated to 90°C during the experiment.
The experimental procedure was adopted from Kohlmann et al. [89]. To
determine the wear mass, the discs and disc carrier were weighed before and
after the experiment. To determine the initial mean friction, the experiment was
started with the analysis sequences A and B. The analysis sequences were
followed by the wear sequence. After the wear sequence, the mean friction
energy was determined with the analysis sequences A and B and the wear
sequence was started again. This procedure was repeated until 2 million wear
cycles had been reached. A process diagram of the component test is shown in
Figure 3-13. An analysis of the oil cleanliness for the proposed component test
was not suitable due to inconclusive results as shown by Kohlmann et al. [89].

Figure 3-13 Experimental procedure of the biaxial wear experiments.
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The weighing was done on a Sartorius LA310S precision balance with an
accuracy of 0.1 mg. Before weighing, the parts were subjected to an elaborate
cleaning procedure, which included 15 min cleansing in an industrial part
washing machine, 15 min cleansing in an ultrasonic cleaner with alkaline
solution, 2 min cleansing in an ultrasonic cleaner with white spirit and rinsing
with ethanol. To minimize measuring inaccuracy, caused by magnetic effects on
the balance, the parts were degaussed and placed on a 3D-printed plastic
distance with a height of 150 mm for weighing. The repeatability using this setup
was found to be 0.5 mg for the discs and 0.3 mg for the disc carriers. The stated
weights are the mean value of three separate weighings.

Figure 3-14 Axial force and displacement of the lifting cylinder during one cycle of
the analysis sequence A. The area of the hysteresis equals the
dissipated friction energy during one analysis cycle.

The friction energy was determined using the procedure described in Section
2.2.4. Force and displacement data were recorded with a sample rate of
1000 Hz while oscillating with 1 Hz, an axial displacement of 0.75 mm and a
constant torque for 100 Cycles. The data were smoothed using a floating filter
over five values. The mean friction energy was determined by numeric
integration of the force and displacement data using term (2.19). To exclude run
in effects, only the cycles 20 to 80 were included in the evaluation. In Figure
3-14 the axial force and the displacement of the lifting cylinder are shown for
one cycle of the analysis sequence A. The area of the hysteresis equals the
dissipated friction energy. In analysis sequence A, a constant torque of 300 Nm
was used for all experiments. In analysis sequence B, the maximum torque of
the wear sequence (320 Nm and 520 Nm, respectively) was applied as constant
torque.
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In the wear sequences, displacement and torque were synchronously oscillated
sinusoidal with 8 Hz. The amplitude of the displacement was 0.75 mm. The
torque was oscillated between a minimum value of 20 Nm and a maximum value
of 320 Nm or 520 Nm, depending on the load case. The number of cycles for
each wear sequence is shown in Table 3.3. It should be noted, that the friction
energy measured during the analysis sequences, does not exactly equal the
actual energy that is brought into the tribosystem during the wear sequences.
The reasons are the lower frequency and constant load (instead of sinusoidal)
used in the analysis sequences. However, the first experiments showed that the
energies, directly obtained during the wear blocks are not suitable to be
correlated with the wear behavior, due to too many dynamic effects that
negatively affect the measurement of the axial force. Kohlmann et al. [89]
showed in their work, that despite the aforementioned differences, the approach
of analysis sequences is well suited to correlate the friction energy with the wear.
Table 3.3

Number of loading cycles for each loading step and resulting total
number.

Wear
sequence
1
2
3
4
5
6
7
8
9
10

Number of
loading cycles
5,000
5,000
5,000
5,000
30,000
50,000
100,000
300,000
500,000
1,000,000

Total number of
loading cycles
5,000
10,000
15,000
20,000
50,000
100,000
200,000
500,000
1,000,000
2,000,000

In the biaxial wear test, disc carriers consisting of S355M, 100Cr6C and DP600C
were tested with two surface pressures, 25 N/mm² and 40 N/mm² as shown in
Table 3.4. Following Kohlmann et al. [89] the 25 N/mm² load level represents
the maximum surface pressure that could occur in the tribosystem, with 40
N/mm² being chosen to investigate the case of an overload.
Every material-load combination was repeated three times, resulting in a total
of 18 experiments.
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Material-load combinations used to evaluate the wear behavior.

Disc carrier
S355M
S355M
100Cr6C
100Cr6C
DP600C
DP600C

Nominal Torque/
Surface pressure
320 Nm / 25 N/mm²
520 Nm / 40 N/mm²
320 Nm / 25 N/mm²
520 Nm / 40 N/mm²
320 Nm / 25 N/mm²
520 Nm / 40 N/mm²

Repetitions
3
3
3
3
3
3

After the experiment, the wear surfaces of the disc carriers were analyzed.
Therefore, from each tested disc carrier, the two teeth with the most distinctive
and representative wear marks were cut out and characterized. For
measurement, the 3D surface measurement system µSurf custom (nanofocus
AG, Germany) was used, which utilizes confocal multi-pinhole technology [172].
The 800XS lens used had a 20x magnification and a numerical aperture of 0.6.
The step size in the Z direction was 0.9 µm. Representative wear marks were
further analyzed using scanning electron microscopy (SEM).

3.6 Residual stresses
The residual stresses of 100Cr6C, DP600C and S355M were determined to
compare their stress profile. For each material, six samples with the dimensions
50x50 mm² where cut out from the middle of the hot rolled strips. Three samples
were characterized in ‘as received’ condition, which is described in Section 3.1.
The other three samples were bent to 90° with the outer radius being the clad
layer. The bending line was perpendicular to the rolling direction. To bend the
samples, the bending setup described in Section 3.3.1 was used. The residual
stresses were measured using XRD in combination with the sin²𝜓 method. The
measurements were done on a Huber2 with monochromatic CoKa radiation and
a 1 mm pinhole collimator. At the detector, a Fe-collimator was used. Eleven psi
angles between -45° and 45° were measured. The residual stresses were
determined longitudinal and transversal to the rolling direction. To determine the
depth stress profile, the material was stepwise removed by electro polishing.
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4 Results
In the following chapter, the results of the conducted experiments and
simulations are presented. In the first subchapter, the results of the pretesting
phase, including the material characterization, are presented. The following
three subchapters report on the results of the formability, the wear resistance as
tested in the component test and the residual stresses.

4.1 Pretesting
In the pretesting phase, the microstructure and the mechanical properties of all
CS were characterized. Furthermore, an initial evaluation of the formability and
the wear resistance was conducted, utilizing bending tests and pin-on-plate
tests.

4.1.1 Material characterization
In the prepared cross-sections of the CSP, good bonding without major defects
between the clad layer and base layer is found for all sheets (Figure 4-1). A
distinct interface between the layers with small undulations can be seen. Due to
sand blasting, the surfaces of the clad layers show a high roughness. Even
some plastic deformation is evident, e.g. in the clad layer of DP600P and
37MnB4P. The clad thickness differs depending on the clad material. The clad
thicknesses of H-MnP and 18-10P are 120 µm and 140 µm, respectively and
thus, higher than the targeted 100µm. For HBSP and 37MnB4P, the clad
thicknesses are 80 µm and 90 µm, which is lower than 100 µm. The clad
thicknesses of DP600P and 42CrMo4P are found to be 100 µm and 115 µm,
respectively.
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Microstructure of the different cladded steels: HBSP (a), H-MnP (b),
DP600P (c), 42CrMo4P (d), 37MnB4P (e), 18-10P (f), 100Cr6C (g) and
DP600C (h).

The microstructure of the clad layer is equal to those of the respective monolithic
sheets for HBSP, H-MnP and 18-10P. The H-MnP clad features a segregation line
at about 1/3 of its thickness, as well as some rectangular orange colored
precipitations up to 10 µm in size. Using energy dispersive X-ray spectroscopy,
these precipitations were identified as TiN precipitations. 18-10P shows a much
stronger etching effect close to the interface, especially at the grain boundaries.
The hardness of the clad of H-MnP is 270 HV0.05, i.e.15 % higher than the
hardness of H-MnM (Figure 4-2). For HBSP and 18-10P, the hardness of the clad
layer is very similar to that of the respective monolithic sheets. The clad layer of
DP600P is characterized by a dual phase microstructure consisting of ferrite and
a minor fraction of perlite. This dual phase microstructure differs from DP600M
with its martensitic phases. Consequently, the hardness of the clad is lower than
DP600M. The microstructure of 42CrMo4 and 37MnB4 is ferritic-perlitic with
signs of decarburization at the clad surface, which is evident due to a significant
decrease of perlite phases. The hardness of the 42CrMo4P clad is similar to the
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hardness of 42CrMo4M. The hardness of the 37MnB4P clad, however, is found
to be 250 HV0.05, i.e. 25% higher than that found in the monolithic material.
For all CSP, the base material is ferritic, only H-MnP shows carbon diffusion from
the clad layer into the first 50 µm of the base material with minor fraction of
perlite. The hardness of the base material of the CSP is 120-140 HV0.05, which
is lower than the hardness of S355M, which is 150 HV0.05.

Figure 4-2

Hardness of the base and clad layer of the investigated CS. The
hardness of S355M is included as reference.

The mechanical behavior of the investigated CSP is in general very similar to
S355M (Figure 4-3). However, the tensile strength of DP600P, 42CrMo4P,
37MnB4P and 18-10P is 390-410 MPa, which is less than that of the S355M at
450 MPa. The fracture strain of 37MnB4P is 26%, and for DP600P and 18-10P it
is 28% in each case, which is slightly higher, than the fracture strain of
42CrMo4P and S355M at 24%. The tensile strength of HBSP and H-MnP is 450
MPa and 460 MPa, respectively, which is equal to the tensile strength of S355M.
However, their fracture strains are 19% and 22% respectively, i.e. lower than
the fracture strain of S355M.
The surfaces of 100Cr6C and DP600C are significantly smoother compared to
the CSP. The clad of 100Cr6C with a thickness of 95 µm has a ferritic matrix with
spheriodized cementite. Between the ferritic-perlitic base material and the clad
layer, an interface layer of 20 µm thickness is observed. The hardness of the
clad and base layer are 180 HV0.05 and 160 HV10, respectively. While the yield
strength is equal to S355M, the tensile strength of 520 MPa is significantly higher.
The microstructure of the 80 µm thick clad of DP600C is ferritic with perlitic
phases. Compared to DP600P, the microstructure of the clad is finer. The
hardness of the base material equals the hardness of S355M, while the clad
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layer is 160 HV0.05, i.e. softer than DP600M and DP600P. The mechanical
properties are very similar to S355M.

Figure 4-3

Stress-strain curves of the investigated CS. The stress-strain curve of
S355M is included as a reference.

4.1.2 Bending test (non-in-situ)
The results of the bending tests are presented in this chapter. The results of
HBSP are shown in detail since its failure behavior is representative for most of
the investigated materials. For the other materials, an overview of the cross
section after bending to 150° is given. Figures with images of the cross-sections
for each bending angle of the materials not shown here can be found in the
Appendix.
The cross-sections of the bend specimens of HBSP are shown in Figure 4-4. For
each specimen, the clad area that was most significanty damaged is shown.
The specimen with a bend of 60° shows an intact clad being characterized by
smooth curvature and a mostly constant thickness (Figure 4-4a). The clad of the
specimen bent to 90° also shows no rupture or cracks (Figure 4-4b). However,
some small undulations on the surface are observed. The clad itself shows
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minor thickness variations, appearing slightly wavy with a distance between
thinner areas of about 40-100 µm.

Figure 4-4

Cross section of the bent specimen with bainitic clad layer after bending
to 60° (a), 90° (b), 120° (c) and 150° (d). The arrows in the insets showing
overview micrographs highlight the area of the high-resolution
micrographs.

In the specimen bent to 120°, multiple areas are found where the clad shows
necking. Some of these areas are characterized by crack initiation at the clad
surface as shown by the arrows in Figure 4-5. In the necked areas, shear bands
that are oriented at 40-50° from the surface can be seen in the microstructure.
Coalesced voids and micro-cracks that have emerged from void coalesces can
be found within the shear bands as shown in Figure 4-6. The interface is still
intact with the base material being bulged by the necked clad towards the outer
radius. In the examined cross-section, two areas are found where the clad has
ruptured. One of these areas is depicted in Figure 4-4 (c). The dimension of the
clad, close to the site of rupture, is significantly reduced in thickness. No
decohesion can be found between the clad and base material. The crack
propagates into the bulged base material. Two shear bands with intense strain
localization are clearly visible in the base material that are oriented about 4050° to the surface and intersect at the crack. After bending to 150°, the clad
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shows multiple ruptures with cracks propagating into the base material (Figure
4-4 (d)). Within the area of the crack, intense strain localization and deformation
of the grains can be found. In addition, decohesion of the ruptured clad is found
as indicated by the black arrow.

Figure 4-5

Necked clad after bending to 120°. Sites of crack initiation at the
surface are indicated by the arrows. The microstructure of the right
crack shows two shear bands that are oriented 40-50° to the surface.

Figure 4-6

Coalesced voids and micro-cracks caused by ductile damage along a
shear band within the clad initiate clad rupture after bending to 110°.

To compare the different materials, an overview of the cross-sections after
bending to 150° is shown in Figure 4-7. For the CS HBSP, H-MnP, 37MnB4P and
18-10P, rupture of the clad was found after bending to 120°. The other materials
could be bent up to 150° without rupture of the clad. For H-MnP, the segregation
has a strong influence on failure behavior and the bendability. The layer above
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the segregation line appears to neck and rupture, before the crack propagates
through the whole thickness of the clad. Hard TiN precipitations found in the
microstructure of the TWIP steel clad, are not able to undergo the same degree
of plastic deformation as the matrix. The precipitates break and detach from the
matrix, which results in formation of large voids (Figure 4-8 (a)).

Figure 4-7

Overview of the cross sections of the different materials after bending to
150°. The arrows in the insets that are showing overview micrographs
highlight the respective areas of the high-resolution micrographs.

The DP600C shows quite pronounced undulations and inhomogeneous
thickness even after bending to 90° (Figure A-7 (a)). With further bending the
height of the undulations increase, however, no cracks or ruptures are found in
the clad. The bent specimens of 42CrMo4P also show larger undulations,
especially after bending to 120° and 150° (Figure A-3 (c) + (d)). Crack initiations
at the surface can be found after bending to 150° (Figure A-3 (d)). The 37MnB4P
shows multiple ruptures of the clad after bending to 120° (Figure A-4 (c)). The
clad thickness is reduced in the area showing cracks, but otherwise rather
uniform.
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H-MnP specimen bent to 150°. Breakage and decohesion of TiN
precipitations lead to evolution of large voids in the matrix. Above the
segregation line the layer necked and ruptured, while the clad is still intact
below the segregation line. A shear band can be seen aligned towards
the rupture. (a) Crack initiation at the interface and crack propagation
towards the outer radius for a 18-10P specimen after bending to 120°.

The observed failure behavior of 18-10 differs from the other tested materials.
Cracks are not initiated on the outside surface, but at the interface between the
base material and the clad. From there, the crack propagates through the clad
towards the outer surface (Figure 4-8 (b)). Necking of the whole clad, as found
in the other materials, is not observed and thus, no significant bulging of the
base material is seen. The S355M has a smooth surface at all stages of bending
(Figure A-8). Only after bending to 150°, small undulations can be found at the
surface. The 100Cr6C is in general homogenously deformed after bending up to
90° with a rather smooth surface. After bending to 120°, small ridges can be
found at the surface. After bending to 150°, shear bands are visible in the
microstructure of the clad and first cracks initiate from the surface (Figure A-2
(d)). Similar to DP600P, DP600C shows undulations at the surface after bending
to 90°, which become deeper with further bending (Figure A-7). However, the
undulations are significantly smaller than those observed in DP600P.

4.1.3 Pin-on-plate test
To evaluate the general wear behavior of CS and S355M, pin-on-plate tests were
conducted. In Figure 4-9, for each material, the mean wear rate of three
experiments is shown with error bars indicating the minimum and maximum
values. While the pin material is DC01 for all experiments, the plate material is
denoted on the x-axis. During some experiments, fretting occurred with a
soaring increase of the friction coefficient. When the friction coefficient exceeded
0.45, the experiment was automatically stopped. Fretting usually occurred
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shortly before the end of the experiment. Since the wear rate is calculated using
the actual sliding distance, even prematurely stopped experiments provided
valid results. Therefore, these experiments are included in the presented data.
Only for 18-10P, one repetition of the test stopped directly after the start. These
results are not included.

Figure 4-9

Wear rates of pin and plate samples. The bars show the mean value of
three experiments and the error bars indicate the minimum and maximum
value.

Out of the eight material pairings tested, DC01/S355M is the only pairing, where
the wear rate of the pin is significantly lower than the wear rate of the plate. On
the surface of the pin and the plate, mostly abrasive wear marks are found. For
the plate materials DP600P, 37MnB4P and 100Cr6C, the wear rates of the pins
are slightly higher than the wear rates of the plates. For HBSP, H-MnP and 1810P, the wear rates of the pins are about an order of magnitude higher than the
wear rate of the plate. For these material pairings, signs of adhesive wear were
found at the pins. Their wear surfaces are characterized by massive material
break-out. For the pairing DC01 / 42CrMo4P, the wear rate of the pin and the
plate are similar. Images of the wear marks can be found in the Appendix for the
pairing DC01/S355M and DC01/100Cr6C.

4.2 Formability
For a deeper understanding of the forming behavior in-situ tests were conducted
with the CS that were produced on the industrial hot rolling mill, e.g. 100Cr6C
and DP600C, as well as S355M as a reference. Additionally, H-MnP is tested due
to the extraordinary strain hardening potential of the TWIP steel clad. A detailed
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understanding of the forming behavior is required to answer the Research
Question 1 which regards the differences in forming behavior of S355 and CS.
In Section 4.2.3 the simulation results of the bending test are presented,
addressing Research Question 1 (b), i.e. finding an approach that is able to
model the failure behavior of CS. The final assessment of the formability for disc
carriers by manufacturing parts on the standard production tool is presented in
Section 4.2.4.

4.2.1 In-situ bending test
The specimens were bent until a punch displacement of 3000 µm was reached,
which corresponds to a bending angle of approximately 90°. The von Mises
strain evolution during bending is representatively shown for 100Cr6C in Figure
4-10. Characteristically for bending, the strain increases with increasing bending
angle and with the strain increasing from the neutral axis towards the outer
bending radius. With increasing bending angle, shear bands become clearly
visible (Figure 4-10 (b-g)). When the strain is displayed, with the range of the
color bar adjusted for each stage individually (Figure 4-10 (h-m)), it can be seen
that the shear bands are already evolving at the very beginning of deformation.
With further bending, the local strain differences increase and the shear bands
intensify. The shear bands are oriented about 45° to the surface and have a
spacing distance of 40-100 µm. The highest absolute strains can be found,
where shear bands cross each other.
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Figure 4-10 Strain evolution during in-situ bending of 100Cr6C. (a) shows the
specimen before bending. In (a-g) the calculated strain is superimposed
onto the image, with the color bar ranging from 0 to 1. (h-m) show the
same images as (a-g), but with the range of the color bar being adjusted
for each picture individually.

In Figure 4-11, the strain evolution is shown for six representative points
revealing the minimum and maximum strain at the clad after a punch
displacement of 3000µm. The graph also indicates that differences in strain are
already present after yielding. Over the entire course of the bending test, the
slope of the strain-displacement relation is steeper for the points with maximum
strain than for the points with minimum strain.

Figure 4-11 Strain evolution of six representative points at the outer radius. The
position of the points is indicated in Figure 4-12 (b).
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The qualitative behavior of strain evolution, as shown for 100Cr6C, was very
similar for the other two CS investigated by the in-situ bending test (DP600C and
H-MnP) as well as for S355M, as depicted in Figure 4-12. All four materials clearly
show the evolution of shear bands.

Figure 4-12 Surfaces of the specimens with superimposed von Mises strains after a
punch displacement of 3000 µm for S355M (a), 100Cr6C (b), DP600C (c)
and H-MnP (d). In (b) the points of which the evolution of the strain
distribution is shown in Figure 4-11 are marked in red. The black lines in
(b) show the position of the five sections chosen for the strain analysis
using box-whisker-plots in Figure 4-13.

To quantitatively compare the four materials, the strain along five lines with
different distances to the outer radius is shown in the box-whisker-plots for
representative specimens in Figure 4-13. The position of the lines are indicated
in Figure 4-12 (b). For S355M, the mean strain is 0.95 and 0.75 at a distance to
the outer radius of 25µm and 425µm, respectively. The mean strain at a distance
of 25µm is slightly lower for DP600C, i.e. 0.91, and significantly lower for
100Cr6C and H-MnP at 0.86 and 0.77, respectively. The interquartile range was
found to be between 0.2 and 1.2. However, considering the number of
repetitions and scattering within one material variant, and a significant
dependency of the interquartile range on the material or distance could not be
identified.
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Figure 4-13 The strains of five sections are depicted using box-whisker-plots to
quantify the strain distribution, which as expected depends on the
distance to the outer radius. The position of the five sections on the
surface of the specimens is highlighted in Figure 4-12 (b) as an example.

To gain a better understanding of the failure mechanism, the aim was to observe
crack initiation and rupture during the in-situ bending test. However, the strain
and bending angle required for crack initiation, could not be obtained with the
in-situ bending rig. The major reason for this is that the plane stress state of the
observed surface leads to reduced strains, compared to those occurring in the
middle of the bending specimens that are under plane strain. To still gather
information on the failure behavior during and after clad failure, the in-situ
bending test was repeated with a less ductile material. 100Cr6B, which had
already been utilized to identify critical areas during the forming of the disc
carriers (Section 3.2), was used. The strain evolution during the in-situ bending
of 100Cr6B is shown in Figure 4-14. At the beginning of the experiment, shear
bands are found (Figure 4-14 (h)), similar to those identified in the previous insitu bending experiments. In the middle of the clad, an area of increased strain
is already visible. After a punch displacement of 1000 µm, the strain is
significantly increased at this position (Figure 4-14 (i)). The first signs of a crack
in the clad are seen in the microstructure, after a punch displacement of
1500 µm. Pronounced strain localization within the clad can be seen around the
crack (Figure 4-14 (j+k)). After a displacement of 2500 µm, the clad is
completely ruptured and the strain is strongly localized in the base material, at
an angle of -45° and 45° (Figure 4-14 (l)). The crack then propagates into the
base material, along the zone of maximum strain (Figure 4-14 (m)). Upon
rupture of the clad, areas of the clad close to the rupture, do not show any
increase in strain (Figure 4-14 (f+g)). The underlying effects are explained in
Section 5.2.1.
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Figure 4-14 Strain evolution during the in-situ bending of brittle 100Cr6B. (a) shows
the specimen before bending. In (a-g) the calculated strain is
superimposed onto the image, with the color bar ranging from 0 to 1. (hm) show the same images as (a-g), but with the range of the color bar
being adjusted for each picture individually.

4.2.2 In-situ tensile test
The in-situ tensile tests were conducted to analyze the necking behavior under
tensile strain, which is important for sheet metal forming. The results are
summarized in Figure 4-15. In the first row (Figure 4-15 (a-d)), the probed area
of the specimens before deformation is shown. Furthermore, three deformation
stages are depicted, where the strains calculated by DIC are superimposed onto
the image (Figure 4-15 (e-p)). The first stage shows the specimens during
yielding, in order to visualize their yield behavior (Figure 4-15 (e-h)). The second
stage shows the deformation after 2850 µm, to compare their necking behavior
(Figure 4-15 (i-l)). In the last row, the last image taken before failure is shown
(Figure 4-15 (m-p)). While S355M, 100Cr6C and DP600C failed as expected with
sudden rupture, in the case of H-MnP failure was caused by stable crack growth.
Thus, for H-MnP, the last image before crack initiation is shown (Figure 4-15 (p)).
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Figure 4-15 Probed area before deformation of S355M (a), 100Cr6C (b), DP600C (c)
and H-MnP (d). The clad of the CS is located at the bottom. In (e-h), the
plastic strains during initial yielding are shown. (i-l) show the strains after
a displacement of 2850 µm. In (m-o) the strain distribution in the last
stage before rupture is shown. For H-MnP at a displacement of 3325 µm
the stage before crack initiation is shown (p). The location of the clad
layer is schematically shown at the top of the figure.

During yielding of S355M, many narrow shear bands emerge (Figure 4-15 (e)).
These shear bands are oriented at 45° and -45° towards the tensile direction
and form a fishbone like pattern. The deformation front travels by the evolution
of new narrow shear bands. In case of H-MnP, only two parallel shear bands are
observed, spreading in the tensile direction (Figure 4-15 (h)). Yielding of
100Cr6C is similar to H-MnP, however, within the deformation front, individual
narrow shear bands can be seen (Figure 4-15 (f)). Yielding of DP600C is more
similar to S355M, with the emergence of narrow shear bands oriented in 45
and -45°. The shear bands form arrow patterns, but not a distinctive fishbone
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form, as seen for S355M (Figure 4-15 (g)). After a displacement of 2850 µm,
S355M, 100Cr6C and DP600C show pronounced necking (Figure 4-15 (i-k)),
while the H-MnP specimen is just at the onset of necking (Figure 4-15 (l)). This
is also evident by the strain within the neck, which is much lower for H-MnP
compared to the other three materials. The strain seen for 100Cr6 is slightly
lower than the strain of S355M and DP600C. Before rupture, S355M, 100Cr6C
and DP600C show very strong necking with symmetrical strain distribution and
very high strains within the neck (Figure 4-15 (m-o)). At a displacement of
3325 µm, progress in terms of neck formation is rather moderate for H-MnP
compared to the other materials (Figure 4-15 (p)). The strain distribution is not
symmetrical, i.e. the center of the localization is shifted towards the clad. In
addition, the strain at the clad is higher than at the opposite side of the neck.
After a displacement of 3350 µm and 3375 µm, respectively, two cracks initiate
in the clad, located within the middle of the neck (Figure 4-16 (a+b)). At the
second crack, necking of the clad can also be seen (Figure 4-16 (c)). The first
crack grows until rupture of the clad (Figure 4-16 (g)). The strain localization,
caused by necking, is shifted further towards the clad (Figure 4-16 (e-f)). Close
to the ruptured clad, the base material is massively sheared and the crack
propagates into the base material (Figure 4-15 (h)). The macroscopic crack in
the base material is in the beginning oriented at about 45° to the tensile direction
(Figure 4-15 (j)). With further propagation, the crack is deflected towards the
middle of the neck (Figure 4-15 (k)). After a displacement of 3525 µm, the crack
is propagated through the whole neck and the specimen is completely ruptured
(Figure 4-15 (l)).
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Figure 4-16 Failure behavior of H-MnP with a crack growth during the in-situ tensile
test. The area of the clad is enlarged for better visibility. Cracks initiate in
the clad (a-c) and propagate into the base material (g-i). For the stages
after displacement of 3475 µm, 3500 µm and 3525 µm the strain is
additionally shown in (d-f). With further displacement the crack
propagates through the whole thickness of the base material (j-k) until
the specimen is completely ruptured (l).
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4.2.3 Modeling of bending test
The bending test was modeled for the CS HBSP, since HBSP showed a
distinctive and representative failure behavior in the bending tests (Figure 4-4).
The simulation results for the equivalent plastic strain (von Mises) at a bending
angle of 110° are presented in Figure 4-17. Figure 4-17 (a) shows the
conventional model without SFSD and without coupled ductile damage. The
deformation behavior is homogenous, with the highest plastic strain at the vertex
of the outer fiber, and with a uniform clad thickness. When coupled ductile
damage is added to the conventional model, i.e. the flow strength of the material
is reduced by ductile damage, the strain distribution is still homogenous (Figure
4-17 (b)) and the strain distribution does not changed significantly. In Figure
4-17 (c), the SFSD is implemented without ductile damage coupling for both
materials. Shear bands evolve throughout the whole specimen at 40-50° to the
surface with a spacing distance of approx. 50 µm between the shear bands. In
the clad, the shear bands are finer and lower spacing distances are found (~20
µm). The shear bands eventually lead to strain localization and irregular clad
thickness, i.e. surface undulations. Where shear bands cross each other, the
strains are significantly higher. When the SFSD is only implemented for the base
material, as shown in Figure 4-17 (e), shear bands can be seen not only in the
base material, but also in the clad. Strain localization and a reduced thickness
is observed in the clad. Shear bands and strain localization can also be
observed if SFSD is only implemented in the clad material (Figure 4-17 (f)).
However, the shear bands are only visible in the clad and in the adjacent base
material. If ductile damage is added to the model with SFSD implemented for
base material and clad, strain localization is significantly intensified and necking
of the clad can be seen in multiple areas (Figure 4-17 (d)).
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Figure 4-17 Simulation results after bending to 110°. The convex surface with the clad
is magnified for better visibility. The conventional simulation model
without SFSD and damage model is shown in (a). In (b) the ductile
damage is added. (c) shows the strain evolution with SFSD for base and
clad material. In (d) SFSD is activated for base and clad material together
with ductile damage. (e) and (f) shows the strain distribution when SFSD
is only activated for the base material and clad, respectively.
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The effect of element deletion is depicted in Figure 4-18. After bending to an
angle of 109°, elements were deleted within the zones of the two necked areas
of the clad (Figure 4-18 (d)). In both cases all elements in the clad within the
respective shear bands were deleted, resulting in a rupture of the clad. When
the bending angle in the simulation is increased afterwards, the strain is strongly
localized in the base material close to the ruptured clad (Figure 4-18 (f)). While
a pronounced strain localization is visible in the simulation without element
deletion (Figure 4-18 (e)), the effect is much stronger, when the clad is
completely ruptured. At a bend angle of 118°, in addition to the elements in the
rupture zone, elements of the clad layer located at the interface to the base
material are also deleted (Figure 4-18 (f)). As a result of this, the clad layer
appears delaminated.
A comparison of results also shows the effect of severe strain localization in the
base material after clad rupture. The depicted section in Figure 4-18 includes
two areas where pronounced necking has occurred, that are close to each other.
For the simulation without element deletion, the shear bands in the base
material that are pointing to the necked areas intensify with increasing bend
angle. Necking in both areas increases (Figure 4-18 (e)). For the simulation with
element deletion, however, the necked spot on the right-hand side ruptured (due
to element deletion) and further strain is localized within the adjacent base
material (Figure 4-18 (f)). After rupturing, the strain in the neighboring neck does
not increase. Thus, the rupture of the clad prevents further necking or rupture in
the neighboring area.

Figure 4-18 Evolution of plastic strain shown for three bending angles, with element
deletion (right) and without element deletion (left).
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4.2.4 Manufacturing disc carriers employing CSC
For a final assessment of sufficient formability for disc carriers, actual parts were
produced using the standard manufacturing tool. Afterwards, the parts were
examined with respect to forming related failure of the material. No cracks were
found by visual inspection. The cross-sections of the critical areas (see Figure
3-12 in Section 3.4.4) are displayed in Figure 4-19. In all sections, the clads of
100Cr6C and DP600C are free of cracks and without signs of clad necking. The
clad thickness is uniformly reduced in part sections of reduced wall thickness.
No interface failure, like delamination, is found between the clad and the base
material. DP600C shows some undulations in the cross section S2, however,
similar undulations are found in S355M. In the other sections, the surfaces are
absolutely smooth.

Figure 4-19 Cross-sections of critical areas for S355M, 100Cr6C and DP600C.

4.3 Component test focusing on wear resistance
While the pin-on-plate test provides initial information on the wear behavior of
the material combination, the actual wear behavior of the tribosystem disc / disc
carrier is much better represented by a component test due to the reduced level
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of abstraction. For the three materials produced on the industrial hot rolling mill,
e.g. 100Cr6C, DP600C, and S355M, disc carriers were manufactured and then
the component test was applied.

4.3.1 Mass loss
The mass losses determined by weighing the parts before and after the
component tests are summarized in Figure 4-20. The total mass loss, i.e. the
sum of the mass loss of the three steel discs and the mass loss of the disc
carrier, is depicted in Figure 4-21. For better readability, the test variant is
referred to using the abbreviation of the material, from which the disc carrier is
produced. At a surface pressure of 25 N/mm², S355M shows moderate wear with
a total mass loss of 30 mg4. The mass loss of the disc carrier is 20 mg, which is
higher than the 10 mg mass loss of the steel discs. Scattering within the
repetitions of the test is low. For the higher surface pressure of 40 N/mm², wear
is massively increased, with total mass losses between 320 mg and 840 mg.
Here, the mass losses of the disc carrier and the steel discs are similar. At a
surface pressure of 25 N/mm², mass loss of 100Cr6C (of the disc carrier) is 3
mg, which is significantly lower in comparison to S355M. However, with 23 mg,
the mass loss of the discs is somewhat higher. At the higher surface pressure
of 40 N/mm², the mass loss of the disc carrier increased slightly, while the mass
loss of the discs is much higher. Compared to the lower surface pressure,
scattering within the test repetitions is higher. For DP600C, mass loss of the disc
and disc carrier are similar for both load cases. In addition, the scattering is
rather low. Compared to a surface pressure of 25 N/mm², the mass loss at the
higher surface pressure is only moderately higher.

It should be noted, that the discs and disc carriers in currently produced dual clutches
are heat treated (PNC) as mentioned earlier. Due to the heat treatment the wear
resistance of both, discs and disc carriers are significantly increased. Thus, the wear
resistance of the tested condition of S355M does not correspond to the wear resistance
of the discs and disc carriers used in currently produced dual clutches.
4
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Figure 4-20 Weighed mass losses of discs and disc carrier after wear testing. For a
better readability the y axis ranges only to 100 mg. Thus, some data
points for S355M and a surface pressure of 40 N/mm² are missing. They
can be found in Figure A-12, where the same diagram is shown with the
y axis ranging to 400 mg.

Figure 4-21 Weighed total mass loss after the component test.

4.3.2 Friction energy
The friction energies determined during the analysis sequence A are
summarized in
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Figure 4-22. S355M at a surface pressure of 25 N/mm² displays a characteristic
course of the curve, i.e. an increase of friction energy in the beginning of the
experiment to a maximum after 20,000 cycles. The friction energy then
decreases with an asymptotic course to a value of 2.1 J/cycle. All three
repetitions of the test show an identical behavior. Only at the beginning of the
test can some scattering in the energy level be found.
For a surface pressure of 40 N/mm², the level of friction energy is much higher.
At the beginning, an increase in friction energy can be seen, similar to the curve
for a surface pressure of 25 N/mm². However, the graphs of the three test
repetitions show a very different curvature after 100,000 cycles. While No. 1 and
No. 3 show a continuous decrease in friction energy, the friction energy of No.
2 increases during the whole experimental time. Asymptotic behavior is not
shown in any of the three graphs.

Figure 4-22 Friction energies determined during the analysis sequence A for S355M
(a), 100Cr6C (b) and DP600C (c).

The course of the friction energy curve for 100Cr6 at a surface pressure of 25
N/mm² is similar to S355M. The constant level of friction is reached faster, and
at 2 J/cycle is slightly lower. While the curves of No. 1 and No. 2 are almost
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identical, the energy of No. 3 is a little higher and shows an increase in energy
after 1,000,000 cycles. At a surface pressure of 40 N/mm², the increase of
energy at the beginning of the experiment is much higher. After maximum
friction is reached, the three test repetitions show different behavior. The friction
energy of No. 3 declines and displays an asymptotic course with constant
energy, after about 500,000 cycles. No. 1 also declines but has a significantly
increased friction energy at 1,000,000 cycles. No. 2 shows a linear decrease of
friction energy until 1,000,000 cycles. After 2,000,000 cycles the friction energy
is increased again. DP600C shows a higher friction energy at the start of the
experiment than S355M and 100Cr6C. The energy decreases rapidly to 2,05
J/cycle after 200,000 cycles. Thus, the course does not show a characteristic
increase with a maximum after 20,000 cycles. The energy only decreases very
slightly even after 500,000 cycles, while for S355M and 100Cr6C, the friction
energy stays mostly constant. At a surface pressure of 40 N/mm², the course of
the curve is similar to the load case of 25 N/mm². However, the initial friction is
much higher. For both load cases, the scattering between repetitions is very low.

4.3.3 Wear marks
To analyze the active wear mechanisms for each tested disc carrier, the wear
marks of two teeth were further analyzed. Due to the pitch error, not all teeth
carry the same load. While for some teeth, the load can be higher than the
nominal surface pressure, for others, the surface pressure might even be zero.
For material combinations with high wear, the surface pressure equalizes with
progressing wear since the material removal, especially at the discs, eventually
reduces the pitch error. Thus, the individual wear marks found at one part are
similar for material combinations with high wear. For material combinations with
rather low wear, the surface pressure is not completely equalized. This was the
case especially for 100Cr6C and DP600C. While some teeth show very
distinctive wear marks, others do not feature any wear marks at all. To be able
to identify the major wear mechanisms, only the teeth with the most distinctive
(but still representative) wear marks were chosen for further analysis (as
explained in the experimental setup). However, the procedure chosen must be
considered for the interpretation of the wear surfaces. For every combination of
material and surface pressure, a representative wear mark is shown in Figure
4-23. For better visualization, the topography is scaled in the Z-direction. The
topography is color-coded with the scale indicated by the color bar at the bottom
of the figure.
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Figure 4-23 Topography of representative wear marks on the teeth of the disc carriers
for each material and load case. For better visualization, the z-direction
is scaled. The color indicates the z-height. Due to the much deeper wear
mark, a different scaling factor and color scale was applied for S355M
with a surface pressure of 40 N/mm².

For S355M and a surface pressure of 25 N/mm, abrasive wear marks are found
characterized by quite uniform scratching and plowing. In addition to the

84

Results

abrasive wear marks, a few pits can be identified. In the surface shown in Figure
4-23 (a), the depth of the wear mark extends down to 30 µm, with an increase
in depth in the direction of increasing pressure. Strong plastic deformation with
protuberances can be seen at the run out. To highlight the characteristic scratch
marks, SEM Images of another wear mark are shown in Figure 4-24
characterized by regular scratch marks induced by abrasive plowing (Figure
4-24 (c+d)).
The surface of S355M, with a surface pressure of 40 N/mm², shows massive
wear (Figure 4-23 (b)) . The wear marks have depths of up to 300 µm. Since
these wear marks are much deeper, a different scale for the z-direction is
required for displaying. The wear mark itself shows deep grooves and furrows,
as well as pronounced plastic deformation. While the wear marks of the
specimens that run at 25 N/mm² were quite uniform perpendicular to the sliding
direction, the wear marks of the specimen that run at 40 N/mm² are
characterized by both, areas with very deep grooves as well as areas where
most material remained.

Figure 4-24 Overview image of a wear mark of S355M after testing with a surface
pressure of 25 N/mm² obtained by SEM (a). For comparison, the z-scaled
topography view is shown in (b). The black rectangle in the overview (a)
and the arrow in the overview (b) indicate the area, that is shown at higher
magnification in (c) and (d).
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The wear marks found on the disc carrier consisting of 100Cr6C are very similar
for 25 N/mm² and 40 N/mm² (Figure 4-23 (c+d)). Both show individual scratch
marks in the sliding direction, as well as several small pits. However, the scratch
marks are slightly deeper and more pronounced for the higher surface pressure.
In Figure 4-25 (c+d), SEM images of one of the pits found on the wear surface,
are shown. The surfaces of the pits are rather smooth and fine without sharp
edges. From the 3D measurement and SEM image it can be assumed that the
depth of the shown pit is about 10 µm. In the pit, flake-like wear debris is found
of about 2-5 µm in size.

Figure 4-25 Overview image taken by SEM of a wear mark of the CS consisting of
100Cr6C after testing with a surface pressure of 40 N/mm² (a). For
comparison, the z-scaled topography view is shown in (b). The black
arrows in the overview images (a) and (b) indicate the area that is shown
at a higher magnification in (c) and (d). In (d) flake-like wear debris can
be seen in the pit, as pointed out by black arrows.

For both load cases, the worn surfaces of DP600C are characterized by deep
individual scratches, grooves and furrows, as well as multiple deep pits with
diameters of up to 300 µm. In Figure 4-26 (c+d) the SEM images of such a pit
are shown. While the surface is smooth on the left side of the pit, the material of
the bottom area seems to have a layered structure, which appears slate-like. It
looks as if the material has broken away layer by layer. Break outs of flake-like
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material, of up to 20 µm in size, are also found in the pit. Next to the pit, lumps
of material are smeared on the surface, forming a larger protuberance.

Figure 4-26 Overview image taken by SEM of a wear mark on the disc carrier
consisting of DP600C after testing with a surface pressure of 25 N/mm²
SEM (a). For comparison, the z-scaled topography view is shown in (b).
(c) shows a magnified section from (a). A further magnified section of (c)
is shown in (d). (d) shows a thin flake-like delaminated wear particle.

Wear marks of the steel discs are shown in Figure A-13 for every material and
load case. Due to the earlier mentioned differences in local surface pressure, a
large scattering between the wear marks of one part is equally found for the
steel disc teeth. Independent of the disc carrier, severe plastic deformation is
found at the teeth being characterized by strong wear. The plastic deformation
formed burrs that enlarge the surface of the teeth. Teeth with minor wear do not
show wear marks over the whole surface, but only at one side of the flank.
However, the wear marks also stretched onto the front side of the teeth. Some
of the teeth showed signs of molten material.

4.4 Residual stresses
To evaluate the residual stresses of the CSC, XRD measurements were
performed in the ‘as received’ state and after bending. In the ‘as-received’ state,
S355M and DP600C show compressive residual stresses at the surface,
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between -40 MPa and -80 MPa in the rolling direction (Figure 4-27). For both
materials, the residual stresses slowly decrease in the depth direction. At a
depth of 300 µm, the residuals stresses are about zero. Specimen 1 of S355M
shows an outlier at a depth of between 100-120µm. 100Cr6C shows tensile
stresses on the surface between 20 MPa and 60 MPa. A slight increase of the
tensile stresses up to 80 MPa can be seen at a depth of 100-120µm. With
increased depth, the residual stresses decrease slightly. Neither for DP600C nor
for 100Cr6C can jumps or conspicuous features in the depth course of the curve
be seen. Transversal to the rolling direction all three materials show minor
compressive residual stresses approx. between -20 and -80 MPa (Figure 4-28).
For the depth range between 0 and 140 µm, the scattering of DP600C within
each measurement is more pronounced than for the other materials. This
applies to the measurements in the rolling direction as well as perpendicular to
the rolling direction.

Figure 4-27 Residual stresses in rolling direction of the specimens in ‘as received’
condition.
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Figure 4-28 Residual stresses transversal to the rolling direction of the specimens in
‘as received’ condition.

Figure 4-29 shows the residual stresses in the rolling direction after bending. All
materials feature compressive stresses. The residual stresses of S355M are
between -80 and -120 MPa at the surface and decrease down to 0 MPa at a
depth of 300 µm. DP600C shows residual stresses between -20 and -80 MPa,
which decrease slightly to -20 MPa at a depth of 300 µm. At the surface of
100Cr6C, compressive residual stresses between -40 MPa and -60 MPa are
found. They increase up to -120 MPa at a depth of 80 µm. With increased depth,
they decrease down to values between -60 MPa and -80 MPa. Transversal to
the rolling direction, all materials show very similar curves with tensile stresses
between 40 MPa and 80 MPa, which are almost constant in direction of
thickness (Figure 4-30).
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Figure 4-29 Residual stresses in the rolling direction of the specimens after bending
to 90°.

Figure 4-30 Residual stresses transversal to the rolling direction of the specimens
after bending to 90°.
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5 Discussion
In this chapter, the presented results of the material characterization, formability,
wear resistance and residual stresses of the investigated materials are
discussed in detail. Based on the discussion, a conclusive answer on the initially
stated research questions will then be given in the conclusion (Chapter 6).

5.1 Material properties
The OM investigations reveal that for most CS, the desired microstructure of the
clad, i.e. the microstructure of the respective monolithic material, could be
obtained. Only for DP600P and DP600C, the characteristic dual-phase
microstructure, consisting of ferrite and martensite, could not be generated. The
microstructure and the low hardness clearly show that perlite is established
instead of the desired martensite phase. The different microstructure is probably
related to insufficient cooling after hot rolling. While with DP600P and DP600C,
although still promising results were obtained, it is not possible to correlate the
findings of the two CS with the properties of DP600 reported in the literature.
Besides DP600P and DP600C, 37MnB4P showed some differences in
microstructure. The 37MnB4P is characterized by a non-uniform perlite
distribution across the clad thickness, instead of the uniform ferrite/perlite
banding of 37MnB4M. While the origin of the non-uniform perlite distribution is
thought to be the manufacturing process, the detailed process parameters were
not available. A different batch of 37MnB4P (produced on the same prototype
hot rolling mill) featured a clad that was characterized by a microstructure
identical to the microstructure of 37MnB4M. Due to insufficient surface quality,
however, the sheets of that batch could not be used for the experiments of the
pretesting phase.
The clad of 100Cr6C features the desired microstructure of spheroidized
cementite in a ferritic matrix. However, the perlite phases in the base material,
and the reduced carbon content in the clad indicate carbon diffusion from the
clad into the base material during annealing. The ferritic interlayer between clad
and base material cannot be explained yet and requires further investigation.
The different clad thicknesses are expected to be affected by the different hightemperature strength (HTS) of base and clad material. When the slap stack is
hot rolled, the deformation will be more severe in the softer material. Hence, if
the HTS of the clad is higher than the HTS of the base material, thickness
reduction during hot rolling will be higher in the base material than in the clad
material and vice versa. Elements that increase the HTS are Chromium and
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Molybdenum [173]. Thus, the CSP with clads consisting of high alloyed steels
(H-Mn, 18-10) and the 42CrMo4, which is alloyed with Chromium and
Molybdenum, have a significantly thicker clad than the other CS.
As mentioned in Section 2.4.2, the yield and tensile strength of LMC can be
estimated by the rule of mixture [140]. Since the base material accounts for
~95% of the volume fraction, it primarily determines the mechanical properties.
Thus, the yield and tensile strength of the investigated CS are similar to S355M.
The reduced strength of some of the CS can be explained by the reduced
strength of the base material, as evident in the hardness measurements. The
reduced strength is probably caused by the process parameters of hot rolling,
which were optimized for the clad material, not for the base material. The base
material of 100Cr6C has a slightly higher strength since its starting material and
processing route is different. In contrast to the other CS, S550 was used for the
base which have a slightly different chemical composition than S355 resulting
in a higher strength after hot rolling. However, due to the annealing of the coil
the strength of the S550 base material is reduced to the level of S355. In
addition, during annealing carbon diffused from the clad into the base material.
While the chemical composition changed slightly, the content of the individual
elements are still within the defined ranges for S355. Thus, 100Cr6C and the
other CS feature a base material that is by definition S355, but the different
processing route leads to slightly different mechanical properties.
The rule of mixture is not suitable to estimate the uniform elongation or the
fracture strain [140], which is also reflected in the results. Generally, the fracture
strain is subject to stronger scattering. Detailed investigations on their origins,
however, would exceed the scope of this study.

5.2 Formability
The most reliable way to determine if a material has sufficient processability for
a specific process is to process the material in the actual manufacturing route.
This was done for CS by manufacturing the disc carriers with 100Cr6C and
DP600C using the standard production tool. Since no indication of any material
failure was found at the critical areas, it is concluded that the formability of the
investigated CS generally is sufficient to produce disc carriers. However, to be
able to answer the question, how the formability of CS differs as compared to
S355 (Research Question 1), further experiments on the formability were
conducted.
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Based on the bending and in-situ bending tests the general forming behavior
and dominating failure mechanisms during bending of CS with a single thin clad
layer are identified and explained in Section 5.2.1. Additionally, the failure
mechanism of S355 is described and compared with the failure mechanism of
CS. Section 5.2.2 follows with an evaluation of the formability of the tested
materials based on the bending test. In Section 5.2.3 the capabilities and
limitations of the proposed simulation framework for modeling the failure
behavior described in Section 5.2.1 are discussed. Finally, the influence of the
clad material on the necking behavior is discussed, based on the results of the
in-situ tensile test.

5.2.1 Failure mechanism during bending
Shear band evolution and clad thickness
The in-situ bending tests showed that bending leads to the pronounced
evolution of shear bands (Figure 4-10). Shear bands evolve as a result of
inhomogeneities in the material. Such inhomogeneities can be for example,
different grain orientations and local texture [174] or precipitations [175]. Those
material inhomogeneities are randomly distributed, which is why the distribution
of the shear bands and their spacing within the material is not perfectly uniform
(Figure 4-10 and Figure 4-12). The angle of shear band in relation to the bending
surface of 40-50° is caused by the highest Schmid-factor. Whether the evolution
of shear bands is dictated by the base material or by the clad material cannot
be determined based on the present data. However, possible interaction
between the shear band evolution of the clad and the base material are further
discussed in Section 5.2.3. However, the shear bands are expected to cause
the variations of the clad thickness, being present in the cross-sections of the
bend specimens (e.g. Figure 4-4 (b), Figure A-4 (a) and Figure A-6 (c)). Due to
the plain strain tension, the thickness is reduced by the tensile strain in the clad.
The shear bands induce locally different amounts of strain into the clad, resulting
in reduced thickness in areas characterized by higher strains. The highest
strains, and thus, the strongest thickness reduction are found where shear
bands cross each other (Figure 4-12 + Figure 4-5). The presented theory on the
correlation of shear band evolution and clad thickness reduction is further
supported by the similar spacing of thickness reduction, i.e. undulations, and
shear bands. Since shear bands intensify with increasing bend angle, the
variations in thickness become more pronounced as well. The non-uniform clad
thickness causes an uneven and wavy surface (Figure A-7 (d)).
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Necking of the clad
In areas with a very high strain, the clad necks and ductile damage processes,
as seen in Figure 4-6, set in. Necking and the damage process amplify each
other. While ductile damage promotes strain localization due to the softening of
the material, necking will cause higher strains, eventually intensifying damage
evolution. Hence, the CS with a ductile clad like DP600 show many necked
areas after being bent to a certain angle (Figure A-2 (d) and Figure A-7 (d)). As
outlined in Section 2.1.1, the onset of necking is strongly affected by strain
hardening. Thus, the necking observed in the bending test is expected to
correlate with strain hardening capability. Unfortunately, data for strain
hardening at high strains (>0.5), as they occur at the outer layer during bending,
are very difficult to obtain. The strain hardening data of flow curves used in
forming simulations are usually extrapolated for high strains, however, with
limited accuracy. The lack of data makes an exact correlation of the observed
necking with the differing strain hardening behavior of the investigated clad
materials very difficult.
Due to necking, thickness reduction, and thus, surface undulations also strongly
intensify (Figure 4-5). Uneven surfaces are well known from bending of
aluminum alloys, where this effect is described as ridging or roping. The texture
of the material in combination with the anisotropic properties of the individual
aluminum grains causes different surface strains, which result in ridges and
surface undulations [66,176]. Thus, for both, aluminum and the investigated
cladded steels, the shear bands are the reason for surface undulations.
However, when necking of the clad occurs and surface undulations intensify,
the similarity to monolithic aluminum disappears since undulations are then
strongly determined by the necking behavior of the clad.
Necking geometries and shear band alignment
When the necked areas of the clad are investigated in more detail, the
occurrence of different neck shapes can be observed (Figure 5-1 (i-l)). The
shape of the neck is visualized by the contour of the outer surface and the
interface between clad and base material. It is assumed that the different shapes
are independent of the material, but occur as a result of different shear band
alignments. Plastic deformation is strongly localized within the shear bands and
deformation mostly occurs due to shear along the shear bands. To illustrate the
effect of different shear band alignments, the geometric changes of an
elongated rectangle (as simple geometry representing the clad layer) that is
deformed by pure shear along one or two shear bands, are shown in Figure 5-1.
Depending on how the shear bands are aligned, a specific form of the clad
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results. In this study four different alignment modes are considered (Figure 5-1
(a-d)). In Mode I, deformation occurs at one shear band. When the rectangle is
sheared along a line under 45° the contour lines form a characteristic ‘Z’ shape
(Figure 5-1 (a+e)). A similar shape is found in the bend specimen, where the
microstructure indicates a shear formation along only one shear band (Figure
5-1 (i)). In Mode II, two shear bands cross each other close to the surface (Figure
5-1 (b)). The resulting contour at the bottom is trapezoid-shaped (Figure 5-1 (f)).
In Mode III, two shear bands cross each other close to the interface. Here, the
top contour is trapezoid-shaped (Figure 5-1 (g)). In Mode IV, the shear bands
cross each other in the middle of the clad (Figure 5-1 (d)). This formation is
similar to tensile specimens, where after necking, the strain is localized in two
shear bands crossed under 90°.

Figure 5-1

Shear band alignment model. Depending on the alignment of the shear
bands (a-d) an idealized contour evolves when shear deformation along
the shear bands is assumed (e-h). In the cross-sections of the bent
specimens very similar necking shapes were found. The shear bands
seen in the microstructure are indicated by red lines (i-l).

The simplified model describes the extreme case of pure shear along the shear
bands. In reality, deformation is not completely restricted to the shear bands,
and bending will cause additional rotation. Furthermore, in the model either pure
shear deformation along only one shear band (Mode I) is assumed or equal
shear deformation along two shear bands crossing each other (Mode II-IV). A
perfect distribution of the shear usually does not take place in real material.
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However, the model can explain the different shapes of necks. In the areas of
reduced thickness, the microstructure often reveals shear bands and a specific
alignment. The seen contours of the clad correlate very well with the contours
predicted by the model of shear band alignment as seen in Figure 5-1 (i-l). The
fact that different modes of shear band alignment occur, is related to the earlier
mentioned statistical nature of material inhomogeneities.
Rupture of the clad
Since the developed shear band alignment model assumes pronounced plastic
shear deformation without immediate rupture, it is only valid for ductile clad
material. However, after severe necking, the clad eventually ruptures upon a
further increase of the bend angle (e.g. Figure 4-4 (c)).
For many applications, it is beneficial to easily predict the moment of rupture
since clad failure generally characterizes the formability limit of CS. Correlating
the thickness reduction of the clad with the reduction of area determined during
tensile test (Figure 5-2 (a)), as proposed by Datsko and Yang [58] for the
bendability of monolithic sheets, can be one approach to predict the moment of
rupture based on the material properties. Alternatively, rupture of the clad could
be correlated with fracture thickness determined during the Nakajima tests
(Figure 5-2 (b)) using the ‘thinning method’ as proposed by Gorji [177]. Using
this method the authors showed that a soft thin clad layer on an aluminum 2LL
can improve the formability compared to monolithic material. To verify this
assumption, however, further tests are required.

Figure 5-2

Tensile test specimen used by Datsko and Yang [58] to correlate the
bendability of monolithic sheets with the reduction of area (a), cross
section of ruptured Nakajima specimen to determine the fracture
thickness for the ‘thinning method’ as proposed by Gorji [177] (b).

The effect of clad rupture on deformation behavior is shown by the in-situ
bending test using the brittle 100Cr6B (Figure 4-14) as well as the bending test
results of HBSP and 37MnB4P (Figure 4-4 (c+d) and Figure 4-7 (e)). The rupture
of the clad causes strong strain localization in the base material, which is
expected to be based on the notch effect. The strain localization forces the crack
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to propagate into the base material. Considering that the clad ruptures through
its complete thickness, the size of the resulting notch is directly linked to the clad
thickness. Thus, it is expected that after clad rupture, the strain localization will
be stronger for thicker clads. Besides causing crack propagation into the base
material, strain localization also has a shielding effect on the neighboring clad
material as seen in Figure 4-18 (f). Since the strain is localized around the notch,
the neighboring clad is not strained any further.
While the in-situ tests with 100Cr6B show crack initiation and propagation along
with shear bands (Figure 4-14), necking behavior as predicted by the shear
band alignment model (SBAM) was not observed. Since the 100Cr6B clad is
very brittle, crack initiation occurs without severe necking, therefore the SBAM
cannot be applied in this case.
Delamination
Until rupture the interfaces between clad and base material stayed intact for all
the investigated CS (e.g. Figure 4-4 (c)). Even when the clad necked, the
interface transferred the stress from the clad into the base material, resulting in
bulging of the base material. Thus, the interface of the investigated CS is strong
enough for forming and interface failure is not relevant for clad failure. After clad
rupture, stresses at the interface increase so that eventually delamination
occurs (Figure 4-4 (d)). However, since for most applications the clad is required
to stay intact during the forming processes, when the clad has failed interface
failure is irrelevant. For other applications, however, it can be beneficial, since
delamination requires energy and thus, decreases crack propagation as shown
in [101].
The failure mechanism during bending of CS is summarized schematically in
Figure 5-3, with the stages of shear band evolution, necking, rupture and
delamination.

Figure 5-3

The different stages of failure during bending of CS: Initial state (a),
shear band evolution (b), necking of the clad (c), rupture (d) and
delamination (e).
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Failure of S355M
In the bending tests, no severe failure of S355M was found (Figure A-8). Thus,
any distinct statements on the failure mechanism of S355M are not possible.
However, the shear bands found in the in-situ experiments (Figure 4-12 (a)) and
small surface undulations (Figure A-8 (d)) strongly imply that the failure behavior
of S355M is very similar to the failure during the bending of monolithic aluminum
[62,63] or monolithic high strength steel [65]. However, compared to these
materials S355M is characterized by higher formability, which prolongs the failure
process during bending.
Differences between S355 and CS during bending
In case of bending, failure is initiated by shear bands. Evolution is based on
material inhomogeneities. Since the clad materials have different
microstructures as compared to S355M, they are likely to promote shear bands
with different spacing and intensity, i.e. strain gradient, and thus, significantly
influence failure behavior. This is in accordance with the findings of Muhammad
et al. [178], who showed that the bendability of an aluminum alloy can be
improved when it is cladded with a layer of an alloy, that is more resistant to
shear band evolution. A comparison with other materials is not possible since
similar studies with other materials, e.g. steel based composited, have yet to be
published. For the steels investigated in this study, detailed quantitative insights
on the influence of the clad on shear band evolution could not be determined.
Due to the statistical nature of the shear band evolution, a large number of
experiments would have been required for reliable statements. Furthermore, the
base material of the CS is not completely identical to S355M, due to differences
in manufacturing routes. In future investigations, this issue could be solved by
comparing the bendability of CS with samples where the clad has been
removed. Thereby, the CS can be compared with monolithic material that is
identical to the base material of the CS.
Due to the presence of a thin clad, the failure mechanism of CS feature necking
and rupture as described in detail above. Necking and rupture of the clad are a
decisive difference to the failure mechanism of S355M.
Besides the changes in failure behavior, the clad also influences the
macroscopic strain distribution as seen in the results of the in-situ bending test
(Figure 4-13). When sheet metal is bent with a small bend radius, the neutral
axis shifts towards the inner radius [179]. Li et al. [180] showed for 2LL, that a
hard clad on a softer base material will reduce the shift of the neutral axis. The
more the neutral axis shifts towards the inner radius during bending, the higher
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will be the strain at the outer radius. In addition to this effect, strain hardening
forces the plastic flow to shift from the bend axis towards the legs of the bent
specimen. A higher strain hardening capacity will result in a more pronounced
shift of plastic flow. In the conducted in-situ bending tests, the probed area
focused on the tip of the bend specimen (Figure 3-8 (b)), hence the described
shift of plastic flow will result in reduced strain. The combination of both effects,
i.e. reduced shift of the neutral fiber, and stronger shift of the plastic flow towards
the legs, provides a rationale for the different mean strains of the outer layer.
Accordingly, the strain at the outer radius of S355 is the highest for all
investigated materials, followed by DP600. H-MnP has the clad layer with the
highest strength and strain hardening, resulting in the lowest strains at the outer
radius.

5.2.2 Evaluation of the formability during bending
No failure was found after bending to 150° for DP600P, DP600C, 42CrMo4P,
100Cr6c and S355M (Figure 4-7). According to the bending test, four CS have a
very high formability, however, the stronger surface undulations and even crack
initiation at these CS (Figure 4-7 (h)) suggest that the formability of S355M is
superior. While steel cladded with DP600 generally did not show rupture of the
clad, DP600P (Figure 4-7 (c)) had stronger surface undulations compared to
DP600C (Figure 4-7 (i)). These are possibly related to the coarser microstructure
(Figure 4-1 (c+h), which induces more pronounced shear bands.
In the examined cross-sections, the different failure behavior of H-MnP and 1810P is remarkable (Figure 4-8). For H-MnP, the segregation acts as a weak
interlayer. Due to that weak interlayer, the material above the segregation and
the material below act as individual ‘sub’-layers. In contrast to the other tested
CS, the H-Mn layer does not neck as a whole, but the sub-layers do neck
individually (Figure 4-8 (a)). Probably, the segregation also intensifies the strain
localization in the outer sub layer, eventually causing earlier necking. That the
segregation has such a great influence on the forming behavior could be related
to the fact that its dimensions are relatively large in comparison to the clad
thickness. This size relation is similar for the TiN particles, which also negatively
influence formability by enhancing strain localization and necking of the sub
layers. Thus, compared to H-MnM , H-MnP is characterized by significantly lower
formability.
The relatively low formability of 18-10P in combination with crack initiation at the
interface (Figure 5-4 (a)) was unexpected. Initial bending tests that were
conducted 18 months earlier than the tests shown in this study, suggest very
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high formability without formation of cracks starting from the interface (Figure
5-4 (b)). More investigations into the origin of this anomaly are beyond the scope
of this thesis. For future work, however, the long-time span between the initial
and the presented bending tests, and the different corrosion potential, reveal
corrosion effects are a well suited starting point for further investigations.

Figure 5-4

Clad failure of 18-10P after bending to 150° (a), no clad failure of 18-10P
specimen bent to 180° at initial bending tests that where conducted 18
month earlier than the tests shown in this study (b).

5.2.3 Simulation model for bending of cladded steels
Accurate modeling of the failure behavior
The different simulation runs, presented in Figure 4-17, clearly show the
influence of a coupled ductile damage model, SFSD (spatial flow stress
distribution) in clad and base material, as well as the combination of both. As
previously reported by other authors [65] shear bands cannot evolve, in a
conventional forming simulation due to the perfectly homogeneous material
properties. Simply adding a coupled ductile damage model (reducing the flow
stress based on the damage condition) is not sufficient to enable such shear
band evolution. By implementing SFSD, however, shear bands evolve due to
the locally inhomogeneous material properties [181]. The simulation, where
SFSD is only activated for the clad, shows that the shear bands propagate into
the adjacent material that has no SFSD. However, the propagation distance is
limited and material further away from the inhomogeneous material is unaffected
by the shear bands. Since the clad is very thin, shear band initiation in the base
material is sufficient for shear bands to propagate through the whole clad
thickness and cause strain localization in the clad. When SFSD is activated for
both materials, shear band evolution in the clad as well as in the adjacent base
material is determined not only by the constituent material but also by the
neighboring material.
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While SFSD enables shear band evolution, it is not sufficient to model the failure
behavior of CS. Only the combination with a coupled ductile damage model
allows the modelling of the complete failure mechanism during the bending of
CS. The results presented in Section 4.2.3 show that the forming and failure
behavior of HBSP is very well represented by the proposed simulation model.
All features of the failure process described in Section 5.2.1 are found in the
simulation. The softening effects related to void nucleation and growth (Figure
4-6) are accounted for by the Lemaitre damage model. The thickness reduction
found in the cross-sections of the bending tests also appears in the simulation
model. Moreover, the simulation verifies that thickness reduction is indeed
caused by higher strains in the clad (Figure 4-17 (c+d)), as discussed earlier.
The different neck shapes, which are dependent on the shear band alignment,
can also be found as depicted in Figure 5-5. To obtain different shear band
alignments, simulation runs with identical parameter set, but different sets of
random values, were conducted.
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Shear band alignments according to the SBAM found in the simulation
(a-d) and corresponding clad shapes found in bent HBSP specimen (eh).

Due to element deletion based on a critical damage value, rupture of the clad
could be modeled (Figure 4-18). In addition, the following strain localization in
the base material found in the simulation is verified by the in-situ bending test
with 100Cr6B (Figure 4-14 (f+g)). The fact that all the characteristic features of
the failure mechanism are modeled by the proposed simulation framework
demonstrates its good suitability for modeling the failure of CS during bending.
Besides correctly modeling the failure mechanism, the implementation of
random values allows the materials to be modeled statistically. As shown in
Figure 5-5, the different distributions of the yield stress result in different shear
band orientations. Thus, strain localization and necking occur at different
positons in the clad and with a different necking shape. Modeling materials
statistically usually is not possible based on FEM simulations, since they always
yield the same results for identical parameters.
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When the simulation is set up with the same parameters for S355M (with the
material properties of S355M being assigned to the base and clad body), the
simulation results are in accordance with the actual bending test of S355M, as
shown in Figure 5-6. At the outer layer increased strains related to shear bands
cause minor surface undulation. Strong necking or crack initiation does not
occur. It is probable that a finer mesh in the simulation could lead to an even
higher match of the surface contours.

Figure 5-6

Comparison of bent specimen (a) and simulation (b) for S355M at a bend
angle of 150°.

Simulations parameters and their influence
Strain localization is determined by the ductile damage evolution as well as the
local flow stress difference, which in this case is governed by the distribution
width ∆𝜎 of the SFSD, e.g. the difference between the minimum and maximum
possible yield strength. Stronger or earlier necking of the clad can be achieved
by either stronger damage evolutions (e.g. by decreasing the parameters 𝑆 or
𝑌0 ) or by a wider distribution width ∆𝜎. Using the distribution width of the yield
stress to influence shear band evolution was also suggested by Mattei et al.
[73]. The fracture behavior can be adjusted by the critical damage value 𝐷𝑐𝑟𝑖𝑡 .
Brittle behavior is modeled by using lower critical damage values, while ductile
behavior can be modeled using higher values. The distance of the shear bands
is governed by the resolution of the SFSD. Since every element is assigned a
different flow stress offset, the resolution of the SFSD is directly linked to the
mesh size. Thus, the mesh size dictates the shear band distance.
Limitations
While the relatively high number of parameters makes the proposed approach
very flexible eventually allowing for excellent accuracy, parameter identification
is complex. Another drawback to be considered is the dependency of the shear
band spacing on the mesh size: Since the shear band spacing, as well as the
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shear bands themselves, usually are very small, very fine mesh sizes have to
be used to properly model the deformation behavior. This results in large
numbers of elements, even for small parts. With current calculation power, only
2D simulation models are feasible for quick results. The complex forming
process of disc carriers requires 3D modeling with many more elements, hence
the high calculation times are not compatible with the short development times
in the industry. However, with the continuous increase of available calculation
power, quick calculation of 3D simulations with accurately modeled clad will be
possible in the near future.
Further validation of the simulation model
To validate the simulation model with a second CS, parameter identification was
also done for 100Cr6. However, with the flow curve being extrapolated by a
Swift-Voce hardening model, the force-displacement curves in the simulation
equaled those determined from the tensile tests without the implementation of
ductile damage. In the bending tests, however, clear signs of ductile damage
evolution are found for 100Cr6. Thus, ductile damage plays an important role in
the material. Hence, parameter identification implicating zero damage evolution
cannot be correct. Therefore, either the hardening for higher strains is
underestimated by the Swift-Voce model or other hardening effects, such as
strain rate hardening (rate sensitivity), have such a significant influence on
100Cr6 that they cannot be dismissed. The rate sensitivity has a strong
influence on the post uniform behavior of sheet tensile test as shown among
others by Chung and Wagoner [182]. Since the post uniform behavior is very
important for the inverse identification of damage parameters, it is likely that
lacking rate sensitivity in the hardening model is the reason why inverse
parameter identification yield unfeasible damage parameters.
In the simulation with HBSP, failure occurred between a bending angle of 105°
and 110°. This is in accordance with the results of the bending test, where the
clad was intact after bending to 90° and showed rupture after 120°. However,
the two results can only estimate the actual angle for rupture to an angle range
of 30°, which is insufficient for a proper statement on quantitative accuracy.

5.2.4 Necking behavior under tensile strain
During yielding in the tensile tests, the different investigated materials showed
differently emerging shear bands, which was unexpected. Generally, the
Portevin-Le Chatelier effect (PLC) can be influenced by layering of different
materials, as shown by Kurtovic et al. [183] for aluminum based MLL. Based on
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the available data, however, a clear correlation of the different yield behavior
with the clad material is not possible. The serrated flow during yielding is
influenced by many other parameters, for example the processing history.
Processing was slightly different for all materials. H-MnP was processed on a
prototype hot rolling mill, DP600C was hot rolled with different parameters than
S355M and 100Cr6C underwent heat treatment after hot rolling. Hence, a clear
differentiation between the influence of the clad material and the influence of the
processing history is not possible.
The different necking behavior seen in the in-situ tests is much clearer. The
macroscopic necking behavior of DP600C and 100Cr6C is similar to the necking
behavior of S355M. Despite their unsymmetrical design with a clad on one side,
necking is symmetrical. Thus, necking of these materials is governed by the
base material. This can be explained by the rather similar tensile response of
monolithic DP600 and 100Cr6 compared to S355, and the low clad volume
fraction of 5%.
H-MnM is characterized by very high uniform elongation since the TWIP effect
enables extraordinary strain hardening potential which inhibits necking. The
pronounced strain hardening seems to be sufficient to delay necking of H-MnP,
despite the fact that the clad only accounts for 5-10 % of the volume (Figure 5-7
(a)). After necking of H-MnP, the strain in the area of the neck strongly increases.
The plastic deformation that H-MnM can endure between necking and rupture is
significantly less compared to S355M. This is evident from the relatively low
reduction in area. Thus, the H-Mn clad of H-MnP ruptures before the true failure
strain of the S355 base material is reached (Figure 5-7 (b+c)). It is possible that
the segregation and the TiN precipitations negatively influence the crack
initiation as seen in the in-situ bending tests. At the onset of clad failure, the
base material has not yet suffered severe ductile damage evolution. Thus, the
base material remains intact when the clad ruptures (Figure 5-7 (d)). However,
the notch effect of the crack, e.g. the ruptured clad, causes stress driven stable
crack growth (Figure 5-7 (e+f)). Due to the crack propagation, the base material
fails earlier than it would under normal necking conditions. Therefore, the failure
of H-MnP is first inhibited by the H-Mn clad layer postponing the onset of necking,
however, afterwards accelerated clad rupture is found. Overall, the clad
nonetheless increases the technical failure strain.
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Schematic failure behavior of H-MnP during tensile test: Uniform
elongation beyond the uniform elongation of the CS (a), onset of necking
(b), crack initiation in the clad (c), rupture of the clad and strain
localization at the base material adjacent to the crack (d), crack
propagation into the base material (e) and continuous crack propagation
through the whole specimen until fracture (f).

5.3 Wear behavior
Wear of the tribosystem disc/disc carrier should be minimized as much as
possible. Severe wear with large wear particles can contaminate the oil and
cause failure of the mechatronic unit of the gearboxes. Beyond that, wear at the
disc carrier is more problematic than wear at the disc. While wear at the disc
does not significantly change its tooth geometry and function, wear at the tooth
surface of the disc carrier creates grooves. These grooves can negatively
reduce the torque capacity of friction clutches. Therefore, tribosystems with
wear mainly taking place at the disc carrier are less favorable than tribosystems,
where wear is taking place at the disc.
Using the wear rate ratio 𝑟𝑘 =

𝑘𝐷𝐶
𝑘𝑆𝐷

, with 𝑘𝐷𝑆 being the wear rate of the disc carrier

and 𝑘𝑆𝐷 being the wear rate of the steel disc, it can easily be determined,
whether wear happens at the disc carrier (𝑟𝑘 > 1) or rather at the steel disc (𝑟𝑘 <
1).

5.3.1 Pin-on-plate test
Regarding the wear rate ratio, the CS show a better tribology behavior in the
pin-on-plate tests than S355M For the CS, wear mostly takes place at the pin.
For the pairing DC01/S355M, the wear rate of the plate is higher than the wear

106

Discussion

rate of the pin because of the pin’s higher hardness. The worn surfaces show
that the dominant wear mechanism is abrasion.
The different wear behavior for the pairings with the plate materials HBSP, HMnP and 18-10P can also be explained by the hardness. Even though the
hardness of the pin is similar to the hardness of the HBS clad, and even higher
than the hardness of the H-Mn and 18-10 clad, the high level of hardness of
DC01 results mostly from strain hardening during fine blanking. However, the
contribution of hardness to the wear resistance, gained by strain hardening, is
limited [84]. Therefore, the hardness of the three materials is effectively higher
than the hardness of the pin, with wear taking place mostly not at the plate, but
at the pin. The main wear mechanisms are abrasion and adhesion. The higher
tendency of H-MnP and 18-10P to adhesive wear is surprising, since their clads
feature a different lattice (fcc) than the pin (bcc). The main wear mechanism for
the pairing DC01/DP600P is abrasion, with wear also taking place mostly at the
pin. The better wear resistance of DP600P does not originate from the hardness,
which is only slightly higher than the hardness of S355M. The wear resistance
of DP600P is increased by the harder perlite phases that are embedded in the
soft ferrite matrix. Hard particles can effectively enhance the resistance against
abrasive wear [84]. Since the microstructure of 100Cr6C also consists of hard
particles (spheriodized cementite) in a soft ferrite matrix, higher wear resistance
was expected. However, the wear mechanism of the pairing DC01/100Cr6C is
not only abrasion, but also adhesion. The adhesive wear is the reason why the
wear rate for both, pin and plate, is higher in comparison to S355M. 42CrMo4P
and 37MnB4P also have a ferritic-perlitic microstructure, but compared to
DP600P they have a higher wear rate. This might be caused by the
decarburization at the surface.

5.3.2 Component test
Interpretation of the friction energy
To characterize the wear behavior found in the component tests, the results of
mass loss, the worn surfaces and the friction energy curves are examined. To
better understand the individual results of the different materials and load cases,
firstly, the significance of the friction energy will be discussed. The differences
between the actual energy brought into the system, and the measured friction
energy have already been mentioned in Section 3.2. However, when the friction
energy curves are compared with the direct quantity of mass loss, a strong
correlation is found. Differences between experiments conducted with identical
parameters that are found in the friction energy curves can also be found in the

Discussion

107

total mass loss. For example, Experiment No. 2 of S355M at 25 N/mm² is
particularly notable with slightly higher friction energy during the first 200,000
cycles (Figure 4-22 (a)). Compared to the other two experiments (No. 1 and No.
3), it also shows the highest total mass loss. Other notable examples are
Experiments No. 1 and 2 using 100Cr6C at 40 N/mm² (Figure 4-22 (b)), which
do not display a perfect monotonic course of the curve after 200,000 cycles, but
increased friction energies at 1 million and 2 million cycles, respectively. Both
have a higher total mass loss than Experiment No. 3. A strong correlation with
the direct quantity of mass loss shows that the friction energy is a good
representation of the wear behavior. While the mass loss can only provide
information on the wear after the experiment, the friction energy provides timeresolved information, making it possible to detect changes in the tribosystem.
Such changes are usually an increase of the friction energy. An increase of the
friction energy can be caused by significant surface changes, and/or an increase
in the wear rate [184,185]. Both indicate an unstable tribosystem. A high
scattering of friction energy between experiments with identical parameters,
especially after the run-in, indicates a strong tendency of the tribosystem to
become unstable.
To correlate and compare the wear rate of two load cases of the same material
based on friction curves, the friction curves determined from analysis sequence
B (Figure A-11) with a ‘normalized’ torque are more suitable. By accounting for
the normal load, the wear rate is also ‘normalized’ with respect to the load.
S355:
The initial increase of friction energy with a local maximum and a change to a
monotonic course, as seen for S355M and 100Cr6C, indicates run-in behavior
[78]. For a surface pressure of 25 N/mm², the monotonic course of the friction
energy curve with relatively low scattering between the experiments, indicates
a stable tribosystem. Based on the wear marks found on the disc carriers, the
main wear mechanism can be identified as abrasive wear. For a better
comparison of the wear behavior between the two load cases, the wear rate is
calculated based on the total mass loss (Figure 5-8). The wear rate of the steel
discs is significantly lower than the wear rate of the disc carrier (𝑟𝑘 > 1). Thus,
the steel disc wears down the disc carrier. For the case of an overload (40
N/mm²) the tribosystem becomes unstable, as seen by the very different friction
energy curves and severe wear. The wear rate is increased by an order of
magnitude. Additionally, the wear rate ratio changed to 𝑟𝑘 ≈ 1. The change of
the wear rate ratio, as well as the massive increase of the wear rates indicate a
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change in the wear mechanism. This is also evident by the very differently worn
surfaces of the steel discs and disc carriers.
In his study, Kohlmann et al. [89] also investigated the wear of disc carriers
consisting of S355M in a very similar configuration. The present characteristic
course of the friction energy curves, as well as the susceptibility to the increase
of surface pressure, are in good agreement to their findings.

Figure 5-8

Wear rate calculated for steel discs and disc carriers using the weighed
mass loss. For the wear rate of the steel discs, the total mass loss of all
three steel discs was used.

100Cr6:
The total mass loss of 100Cr6C for a surface pressure of 25 N/mm² is slightly
lower than that of S355M, but characterized by higher scattering. The major
difference, however, is that the wear rate ratio is <1. Thus, wear mostly occurs
at the steel disc. Since the steel discs used for the experiments were the same
for S355M and 100Cr6C, the change of wear towards the steel disc means that
100Cr6C has a higher wear resistance than S355M. As discussed earlier, this is
expected to be caused by the specific microstructure of 100Cr6. While for the
pin-on-plate tests the wear rate of 100Cr6C was higher than that of S355M, this
is reversed with the component tests. Here, the wear behavior is not only
superior in regards to the wear rate ratio, but it also has a lower wear rate for
disc and disc carrier. On the worn surface of the 100Cr6C disc carrier, abrasive
wear marks were found, as well as many small pits. These pits look similar to
wear marks created by pitting, where micro cracks nucleate and grow in brittle
material driven by high stresses. However, these mechanisms usually only
occur for hardened materials at high Hertzian pressure and for rolling contact.
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In this case, the ferritic microstructure of the 100Cr6 clad is rather soft and very
ductile. Thus, fatigue related mechanisms based on stress driven crack growth
are unlikely to happen here. Due to the ductility of the material and the motion
of the counterpart (sliding), wear according to the delamination theory is more
likely. The flake-like wear debris that was found at the wear marks (Figure 4-25d)
supports this theory. The high number of cracks found in one of the pits (Figure
5-9c) indicates that small particles would have quickly broken out, under
continued wear load. Together with the cascade surface topology seen in Figure
5-9d, this indicates that pits developed by a subsequent break out of shallow
wear particles. The very fine microstructure with spherical carbides explains the
rather fine surface of the pits. Hence, the main wear mechanisms of 100Cr6C
are abrasion and delamination.
A comparison of the worn surfaces reveals that the wear mechanism is the same
for both surface pressures. However, at the higher surface pressure the wear
rate increases, especially for the steel disc. In addition, the scattering in the
mass loss and the friction energy curves is significantly higher, indicating that
the tribology system becomes more unstable at a surface pressure of 40 N/mm².
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Figure 5-9
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Overview image taken by SEM of a wear mark of the CS consisting of
100Cr6C after testing with a surface pressure of 25 N/mm² (a). For
comparison the z-scaled topography view is shown in (b). The black
arrows in the overview images (a) and (b) indicate the area that is shown
with higher magnification in (c) and (d).

DP600:
For DP600C the wear rate ratio is ≈ 1 for both load cases. Thus, the steel discs
and disc carriers are equally worn down. The wear rates are similar to those
found for S355M and a surface pressure of 25 N/mm², however, with a slightly
lower wear rate for the disc carriers. Different to S355M and 100Cr6C, the wear
rates of DP600C are identical in both load cases. The friction energy also shows
identical behavior for both load cases, which is particularly notable in the friction
energy curves, that are measured using the normalized torque in the analysis
sequence B. This shows that the wear behavior is not changed by the overload.
The low scattering of the friction energy curves and their perfect monotonic
behavior indicate a very stable tribology system with steady and uniform wear.
At first glance, this interpretation does not match the wear surfaces, which partly
show very irregular topography and large holes. On closer examination, similar
signs of delamination wear are found at the surfaces of DP600C, as in the case
of 100Cr6C. However, the structure found for the DP600C, like the cascade and
the material particles, are larger in size. The cascade surface also looks much
sharper. The sheet-like particles and the layered break out indicates
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delamination wear. In combination with the ductile behavior of DP600C and the
signs of strong plastic deformation, found at the wear surfaces, it is highly likely
that the wear mechanism is delamination as described by Suh [86]. Hence, the
sliding of the disc causes severe plastic deformation on the surface of the disc
carrier. Under the surface, dislocations pile up at the perlite grain boundaries
and voids nucleate, based on ductile damage processes. With further
deformation the voids grow and coalescence. Eventually, the voids reach a
critical size and flat material particles are sheared out of the surface. The size
of the material particles and the characteristic geometry of the worn surface
(Figure 4-26) is expected to be related to the microstructure. The microstructure
of DP600C features ferrite and perlite grains in the clad that are elongated by
plastic deformation during the forming process. The microstructure of 100Cr6,
however, is characterized by very small spherical carbides. Thus, the wear
particles breaking out of the surface of DP600C are much larger in size than the
wear particles of 100Cr6C.
Considering that the pits evolve by delamination wear, smooth friction energy
curves are much more likely, as if the pits were formed by adhesive wear.
Adhesive wear would cause sudden break out of large material particles. The
resulting large wear debris and the suddenly changed surface topology probably
would change the friction dramatically and, thus, the friction energy.
Delamination wear, however, is thought to be characterized by a continuous and
steady production of rather small wear debris and, thus, steady friction energy.
General considerations
The wear marks found at the teeth of the steel discs are mostly in accordance
with the discussed findings. The molten material, however, was completely
unexpected and cannot be explained. Although it is known that the peak
temperatures of the asperities can exceed the melting temperature of the
materials, such behavior is usually not witnessed in the tribosystem of disc and
disc carrier [89].
As mentioned in the literature review, delamination wear can be correlated with
the LCF properties of a material. The LCF properties can be affected by predeformation [186,187]. Disc carriers are subject to large plastic strains during
manufacturing. Additionally, ductile damage processes that occur during
forming are the same as those that determine the wear behavior of delamination
wear [86]. Thus, it is very likely that the manufacturing process influences the
wear resistance of 100Cr6C and DP600C.
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The wear rates of the component test are more than an order of magnitude
higher than the wear rates found for the pin-on-plate tests. This is probably
caused by the higher level of abstraction, and thus, differences in the real
contact situation between the tooth of the disc and flank of the disc carrier.
However, the discussed pre-deformation of the disc carrier in the component
test could have also contributed to the higher wear rates. Besides the
differences in wear rates, 100Cr6C showed a lower total mass loss in the
component test compared to S355M, while the reverse was found for the pin-onplate test. However, for the final evaluation of the resistance, the results of the
component test are more significant due to the reduced level of abstraction.

5.4 Residual stresses
In the ‘as-received’ state, the residual stresses of all materials were relatively
low compared to their yield strength. Even the highest residual stresses were
below 1/3 of the yield strength. The very similar course of the depth curves of
S355M and DP600C indicates that the evolution of residual stresses is not
dictated by the clad layer for DP600C. The slightly different residual stresses of
100Cr6C are likely related to the different processing route with its annealing
process after hot rolling. The fact that for both CSC, no jumps in the residual
stresses at the interface were found, strongly indicates that the clad layer does
not have a significant influence on the residual stresses. It is expected that the
similar material properties of the clad layer and base layer are the reason for the
little influence of the clad layer on residual stresses. Furthermore, the similar
chemical composition results in similar phase transformation behavior. Hence,
no time-shifted phase transformation between clad and base material occurs
during hot rolling, which could induce residual stresses.
The residual stresses found after bending, with compressive stresses
perpendicular to the bend axis and tensile stresses parallel to the bend axis, are
characteristic for sheet metal after bending [19]. Semiatin and Piehler reported
a jump of the residual stresses at the interface of a 2LL, consisting of aluminum
and stainless steel, after elongation [140]. Such a jump is not found for the
investigated CSC in this study, possibly because of the aforementioned similar
material properties. However, the slight change of the course of the curve found
for 100Cr6C is located at the interface. This could be correlated to the different
strain hardening behavior of 100Cr6. This correlation would be in accordance
with the influence of the clad on the strain distribution, found in the in-situ
experiments. Overall, the residual stresses after bending are low compared to
the yield strength of the material.
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6 Conclusion
The starting point for this thesis was the question, as to whether CS could be
employed for disc carriers to omit heat treatment. Therefore, the formability,
wear resistance and residual stresses of CS and S355 were investigated.
Research Question 1 – Formability
To compare the formability of S355M with CS, a method is required to
characterize formability. From this Research Question 1a was derived. To
identify a suitable characterization method, the stresses and strains of the disc
carrier were analyzed and compared with those occurring during formability
tests. By manufacturing a disc carrier with a CS that featured a very brittle clad,
the critical areas during forming were identified as the radius of the cup (during
deep drawing) and the flank of the tooth (during rolling). As determined by
forming simulations, the stress state in the critical areas equals the stress state
prevailing during bending at the outer radius. Thus, a bending test is a suitable
method to characterize the formability of steel for the manufacturing of disc
carriers.
Based on bending tests, the formability of S355M and CS was investigated. The
failure mechanism deduced for bending of cladded steels with strong interfaces
and thin clads can be summarized as follows. During bending inhomogeneities
in the material cause an inhomogeneous strain distribution and the evolution of
shear bands. The shear bands intensify with increasing bending angle. The
highest strains occur where shear bands cross each other at the outer radius.
In these areas the strain localizes further. The locally varying strains in the clad
result in non-uniform clad thicknesses. The different clad thicknesses manifest
themselves on the surface in the form of undulations and ridges. The high
strains in the localized areas promote ductile damage processes, which soften
the material and amplify strain localization. The clad starts to neck in the areas
of high strain localization. The shape of the neck depends on the local alignment
of the shear bands. At the surface, cracks initiate and cause the necked clad to
rupture. The ruptured clad acts as a notch, resulting in strongly localized strain
in the base material and eventually, evolution of a characteristic V-form. The
crack propagates into the base material and severe strains finally lead to
delamination of the ruptured clad.
The failure limit of S355M was not reached in the bending test due to its high
formability. Nonetheless, the results indicate that the failure mechanism during
bending of S355M is similar to shear band driven failure, which is known from
the bending of aluminum or high strength steel. Thus, the basic mechanism of
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failure initiation, characterized by shear band evolution and strain localization,
is identical for S355M and CS. However, for CS the following failure process
characterized by necking and rupture of the clad, is different. The clad also
influences strain distribution in the bent specimen.
By conducting in-situ tensile tests, the differences between the necking behavior
of S355M and CS were investigated. It was revealed that the necking behavior
is primarily determined by the base material due to its high volume fraction, and
thus, is not much different in CS compared to S355M. This however, is only valid
for clad materials that have a similar mechanical behavior as the base material.
As seen for H-MnP, clads with very different mechanical properties can have a
significant influence on the necking behavior. A high strain hardening of the clad
can delay the onset of necking. On the other hand, fracture can be accelerated,
if the clad exhibits premature failure. Instead of sudden rupture after severe
necking, the material fails by stable crack growth, initiated by the failed clad.
The failure mechanisms found during bending of CS can be modelled by an
FEM simulation that is enhanced by a coupled ductile damage model and a
spatial flow stress distribution (SFSD). By implementing a SFSD, locally
inhomogeneous material properties that are required to enable shear band
evolution are modelled. With the ductile damage model, the softening effect of
damage processes are taken into account. Additionally, the ductile damage
value enables an easy implementation of a fracture criterion. With element
deletion, even crack initiation and rupture of the clad can be accurately modelled
by the proposed framework. Since the stress state during bending equals the
stress state in critical areas during forming of the disc carrier, the framework is
suggested to be a good approach to model the failure of CS during forming of
disc carriers (Research Question 1b). Although, the 3D modeling will result in a
large number of elements and extremely long calculation times, in a few years,
this issue is expected to be resolved with increasing calculation power.
Research Question 2 – Wear resistance
While overall wear is required to be as minimal as possible, wear at the disc
carrier is more problematic than wear at the steel discs. In the initial pin-on-plate
experiments it was found for reference material S355M, that wear occurs on the
plate material (representative of disc carrier) rather than on the pin
(representative of steel disc). For the investigated CS, the wear rate of pin and
plate is either similar or lower for the plate, indicating a better wear resistance
of CS compared to S355M. With respect to the total mass loss, however, the CS
did not show significant benefits.
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In the component test, the wear behavior of S355M, 100Cr6C, and DP600C was
further evaluated. It was found that the three materials show completely different
wear behavior. For S355M5, the wear rate ratio is > 1 with abrasion wear taking
place mostly at the disc carrier, due to its relatively low hardness. When surface
pressure is increased, the tribosystem becomes unstable with greatly increased
wear rate, a change of wear mechanism and a large scattering of wear mass
and friction energy. The 100Cr6C has an increased wear resistance against
abrasion due to the hard carbides in the ferritic matrix. The increased resistance
of the disc carrier results in a wear rate ratio < 1. The main wear mechanism is
also abrasive, however additionally some delamination wear occurs. When the
surface pressure is increased, the wear rates also increase. For DP600C, the
wear rate ratio is ≈ 1. The wear mechanisms are abrasion and delamination.
Due to the coarser microstructure, the size of the wear debris produced by the
delamination is also greater than for 100Cr6C. Therefore, the amount of wear,
and thus, the impact of delamination wear is greater, than for 100Cr6C. In
contrast to the other two tested materials, DP600C is not susceptible to
overloads, i.e. the wear rate is equal for both tested surface pressures. The total
mass loss of the two CS was lower than the total mass loss of S355M. Hence,
the wear resistance of the tested CS is superior to S355M.
Research Question 3 – Residual stresses
After hot rolling, no pronounced residual stresses were found in the investigated
CS. The residual stresses of S355M and DP600P are very similar. Due to the
similar properties of the clad and base material, the clad has no influence on
evolution of residual stresses. The residual stresses of 100Cr6C are slightly
different to those found in the other two materials, which is expected to be
caused by a different processing route (as described in Section 5.1) and not by
the clad layer. Forming of the CS does not induce major residual stresses that
are related to the layered architecture. Small differences to the residual stress
evolution of S355M caused by forming are presumed to be induced by the
different strain hardening.

In contrast to the disc carriers and the discs used in current dual clutches, the disc
carriers and discs used in this study did not undergo thermochemical heat treatment.
Thus, the wear resistance of the tested condition of S355M does not correspond to the
wear resistance of the discs and disc carriers used in currently produced dual clutches.
5
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Cladded steels for clutch disc carriers
In this thesis, it was shown that properly designed CS have a high and sufficient
level of formability as well as a better wear resistance than S355M. Additionally,
neither during manufacturing of the CS nor during forming do significant residual
stresses evolve, which are related to the layer design. Thus, CS can be used as
a substitute for S355 to increase the wear resistance. However, as known for
tribosystems, whether the wear resistance is sufficient for the envisioned
application must be validated for each case individually.
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7 Outlook
The possibility of combining contradicting material properties and producing
graded materials in a cost-effective way creates a high potential of employing
CS for high performance parts in large scale production. The huge potential was
demonstrated using the example of the disc carrier. Nevertheless, especially for
formability it was found that many correlations between the material properties
of the constituents and the properties of the CS are not yet completely
understood. Strain hardening and the reduction in area are expected to
determine the necking behavior of the clad, however, the quantitative
dependency is not clear. In the case of bending, shear band evolution was found
to be critical. Still, whether the shear bands are mostly determined by the base
material or clad material needs further investigation. Furthermore, the thickness
of the clad is an important design property and the results of this study strongly
indicate that clad thickness greatly influences failure behavior. However,
detailed quantitative analyses with respect to this correlation are not possible
using the available data. Since the required material properties depend on the
envisaged application, the layer architecture will differ for each case. To be able
to properly design new CS, a more in-depth understanding of the correlations
between layer design and formability is needed. To answer most of the
remaining issues, a CS consisting of S355 and a brittle material should be
produced with equal volume fraction and of sufficient thickness. By grinding the
material from both sides, different clad thicknesses can be achieved. When one
side is completely removed, the monolithic material is retrieved. Thus, CS with
different clad thicknesses can be compared with monolithic material that has
identical material properties as the constituent materials. By repeating the test
series with a more ductile material as a clad, most of the prevailing research
questions can be answered. After further validation, some of the questions could
also be answered by utilizing the developed simulation framework. Furthermore,
the simulation itself could be further optimized. Simufact.forming provides
remeshing functions, with which the failure could be simulated well beyond clad
rupture, without the problem of severe element distortion. By exploiting a
delamination stress as contact constraint between clad and base material, the
accuracy of modeling the delamination behavior can be increased. In addition,
other damage models, e.g. the Gurson-Tvergaard-Needleman model, could be
used instead of the Lemaitre model.
With further understanding of the formability of CS, it might be possible to design
cladded steels that have the same formability, but with even higher wear
resistance than the CS investigated in this study. As far as wear properties are
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concerned, however, it is possible to relate these properties to monolithic
materials. Nevertheless, different processing parameters could affect the
microstructure of the clad, which will have an impact on wear properties.
Therefore, the processing parameters must be compared carefully when wear
properties are transferred from monolithic materials to CS.
In the SEM analysis of the worn steel disc molten steel was found. Such
behavior is not expected for the tribosystem disc/disc carrier and requires further
investigations.
The residual stresses found in the investigated materials were relatively low,
and mostly not related to the clad layer. For austenitic clad layers however,
significant residual stresses could emerge during hot rolling, as the clad will not
undergo phase transformation during cooling, which the base material does.
Before the employment of such CS, this issue must be investigated.
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Figure A-1

Cross section of the bent H-MnP specimen after bending to 60°, 90°, 120°
and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-2

Cross section of the bent DP600P specimen after bending to 60°, 90°,
120° and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-3

Appendix

Cross section of the bent 42CrMo4P specimen after bending to 60°, 90°,
120° and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-4

Cross section of the bent 37MnB4P specimen after bending to 60°, 90°,
120° and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.

140

Figure A-5

Appendix

Cross section of the bent 18-10P specimen after bending to 60°, 90°, 120°
and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.

Appendix

141

Figure A-6

Cross section of the bent 100Cr6C specimen after bending to 60°, 90°,
120° and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-7

Appendix

Cross section of the bent DP600C specimen after bending to 60°, 90°,
120° and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-8

Cross section of the bent S355M specimen after bending to 60°, 90°, 120°
and 150°. The arrows in the insets showing overview micrographs,
highlighting the area of the high-resolution micrographs.
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Figure A-9

Appendix

Worn surface of the plate and the pin for the pairing DC01/S355M, with
SEM images showing abrasive wear marks and plastic deformation in the
run-off area.

Figure A-10 Worn surface of the plate and the pin for the pairing DC01/100Cr6C. The
SEM images shows material break outs.
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Figure A-11 Friction energies, determined during the analysis sequence B for S355M
(a), 100Cr6C (b) and DP600C (c).

Figure A-12 Weighed mass losses of discs and disc carrier after wear testing.
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Figure A-13 SEM images of worn disc teeth for S355M with a surface pressure of 25
N/mm² (a) and 40 N/mm² (b), 100Cr6C with a surface pressure of 25
N/mm² (c) and 40 N/mm² (d) and DP600C with a surface pressure of 25
N/mm² (e) and 40 N/mm² (f).
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